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ABSTRACT 

Most research work on activated carbon systems has been concerned only 
with the adsorption process. Nevertheless, controversy still exists on 
the mechanism by which metal cyanide complexes such as Au(CN)2 are 
adsorbed onto activated carbon, and whether these complexes are 
decomposed to irreversibly adsorbed species, such as AuCN and Au( 0l. As 
these species determine directly the need for cyanide during the elution 
process, the first part of this thesis was devoted to a study of the 
reversibility of adsorption of metal cyanides on activated carbon and the 
·role that oxygen plays in the adsorption reactions. 

It was found that the formation of AuCN was mainly a function of the type 
of carbon used and that oxygen did not promote the decomposition of 
Au(CN)2 to AuCN. Although the dissolved oxygen level affected the 
equilibrium loading of anionic metal cyanides, it did not participate 
directly in the adsorption reaction. Au(Dl was formed only under drastic 
conditions of low pH's and high temperatures. It was now possible to 
select a carbon on which no irreversibly adsorbed species were formed in 
order to study the mechanism of the desorption of- gold cyanide and to 
determine the need for cyanide in the elution process. 

Although the loaded carbon contained only Au(CN)2, the presence of 
cyanide was found to drastically enhance the elution of the gold. It was 
shown that the cyanide present in the elution step of an AARL elution was 
less important than the cyanide in the pretreatment solution. It was 
concluded that the cyanide passivates the carbon for the adsorption of 
anionic metal cyanides by reacting with the functional groups on the 
carbon surface. However, the presence of high concentrations of cations 
promotes the formation of neutral ion-pairs with the anionic metal 
cyanide on the carbon and thereby hinders the desorption of the metal 
cyanide in the pretreatment solution. Once the bulk of the cations are 
removed in the elution stage, the desorption of the gold increases 
rapidly. 

As the concentrations of cyanide and the spectator cations, as we 11 as 
their reactions, were found to affect the gold cyanide equilibrium, these 
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factors had to be accounted for in modelling the gold elution process. 
The system was simplified by using only one cation, namely potassium. 
Models were then developed to simulate the changes in· cyanide and 
potassium concentrations during the elution of the gold cyanide. This 
enabled the calculation of a shifting gold cyanide equilibrium isotherm 
as a function of time and position in the column. The elution of the 
gold cyanide was found to be diffusion controlled only under conditions 
of weak desorption. Under these conditions, the desorption of the gold 
cyanide was simulated with a model accounting for mass transfer between 
the micropores and the macropores of the carbon, surface diffusion in the 
macropores, and film diffusion through the liquid layer surrounding the 
carbon particles. Under strong elution conditions (i.e. high 
temperatures and efficient pretreatments) the resistanc• to mass transfer 
becam~ negligible and the desorption of the gold could be modelled with 
an equilibrium mode 1. The equilibrium mode 1 was shown to be applicable 
to both the Zadra .and the AARL elution processes. 

Simul at i ans of exp·erimental data were presented as evidence of the 
validity of the models. Furthermore~ the models were used to perform a 
parametric sensitivity analysis and to predict the elution profiles 
during a continuous elution process. 
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SAMEVATTING 

Die meeste navorsingswerk op geaktiveerde koolstof het tot dusver 
gekonsentreer op die adsorpsie proses. Daar heers egter nog heelwat 
polemiek oor die meganisme waarmee metaalsianied komplekse soos Au(CN)2 
op koolstof geadsorbeer word, en of hierdie komplekse afgebreek word na 
onomkeerbaar geadsorbeerde spesies soos AuCN en Au(Ol. Aangesien die 
noodsaaklikheid van sianied in die elueringsproses bepaal word deur die 
teenwoordigheid van hierdie spesies, is die eerste gedeelte van hierdie 
proefskrif afgestaan aan 'n studie van die omkeerbaarheid van die 
adsorpsie van metaalsianiede op geaktiveerde koolstof, en die rol wat 
suurstof in die adsorpsi~reaksies speel. 

Daar is gevind dat die vorming van AuCN hoofsaaklik 'n funksie is van die 
tipe koolstof wat gebruik word en dat die afbreking van Au(CN)2 na AuCN 

1nie deur suurstof bevorder word nie. Alhoewel die opgeloste suurstofvlak 
die ewewigslading van anioniese metaalsianiede be1nvloed het, het dit nie 
direk deelgeneem aan die adsorpsiereaksies nie. Au(Ol is slegs onder die 
uiterste kondisies van lae pH en hoe temperatuur gevorm. Met hierdie 
kennis was dit toe moontlik om 'n koolstof te kies waarop geen 
onomkeerbaar geadsorbeerde spesies gevorm word nie ten einde die 
meganisme van desorpsie en die noodsaaklikheid van sianied in die 
elueringsproses te bestudeer. 

, Dit is gevind dat selfs met net Au(CN)2 teenwoordig op die gelaaide 
koolstof, die desorpsie van goud drasties verhoog word deur die 
teenwoordigheid van sianied. Daar is verder aangetoon dat die sianied in 
die elueringstap van 'n AARL elueringsprosedure nie so belangrik is as 
die sianied wat in die voorafbehandeling gebruik word nie. Hieruit is 
afgelei dat die sianied die koolstof passiveer vir die adsorpsie van 
anioniese metaalsianiede deur die reaksie daarvan met die funksionele 
groepe op die oppervlak van die koolstof. Min desorpsie van goud v-i-nd 
egter in die voorafbehandelingstap plaas, omdat die hoe katioon 
konsentrasie die vorming van neutrale ioonpare met die anioniese 
metaalsianied bevorder. Dit is eers nadat die grootste gedeelte van die 
katione verwyder is in die elueringstap, dat die desorpsie van die goud 
vinnig toeneem. 
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-Aangesien dit gevind is dat die 
toeskouer kat i one, asook hul 1 e 
beinvloed, moes hierdie faktore in 

konsentrasies van die sianied en 
reaksies, die goudsianied ewewig 

ag geneem word in die modellering van 
die desorpsie van die goudsianied. Om die model te vereenvoudig, is 
slegs een katioon, naamlik kalium, gebruik. Madelle is toe ontwikkel 
waarmee die veranderinge in die stanied- en kaliumkonsentrasie gedurende 
die desorpsie van die goudsianied beskryf kon word. Hierdie modelle het 
dit moontl ik gemaak om 'n verskuiwende goudsianied ewewigsisoterm te 
bereken as 'n funksie van tyd en hoogte in die kolom. Dit is gevind dat 
die desorpsie van die goudsianied slegs ender kondisies van swak 
desorpsie diffusiebeherend was. Onder sulke toestande kon die desorpsie 
van die goud beskryf word met 'n model wat voorsiening maak vir massa
oordrag tussen die mikro~ en makroporiei van die koolstof, 
oppervlakdiffusie in die makroporiei, en dfffusie deur die vloeistoflagie 
om die koolstofkorrels. Hoe temperature en effektiewe voorafbehandelings 
(d.w.s. sterk elueringskondisies) het die weerstand teen massa-oordrag 
sodanig verlaag dat die desorpsie van die goudsianied met 'n ewewigsmodel 
beskryf kon word. Die ewewigsmodel was van toepassing op beide die AARL 
en Zadra elueringsprosesse. 

Simulasies van eksperimenteel gemete elueringsprofiele is voorgele as 
bewys van die geldigheid van die verskillende modelle. Die modelle is 

. verder gebruik in 'n sensitiwiteitsanalise en ook om die 
elueringsprofiele van 'n kontinue elueringsproses te voorspel. 
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INTRODUCTION 

Charcoal (or activated carbon) has long been highly valued for its unique 
properties as an adsorbent. Today, the applications of activated carbon 
range from the treatment of drinking water to the filtering of cigarette 
smoke. One of these present day uses of activated carbon is the recovery 
of precious metals from solution. 

Although the ability of activated carbon to adsorb gold from leach 
liquors was discovered as early as the middle of the nineteenth century 
(Acton, 1982), it was not economical to apply the technology, because the 
carbon had to be smelted to recover the adsorbed metal. This was changed 
in 1952 with the development of the Zadra process for the elution of gold 
and silver from activated carbon. Since then, numerous gold extraction 
plants have employed the carbon-in-pulp (CIP) process or variations 
thereof. 

1.1 DESCRIPTION OF THE CIP PROCESS 

Bailey (1987) described the CIP process as follows : "The carbon-in-pulp 
. process recovers gold in solution from slurry streams by contacting the 
carbon with the pulp and separating the two by screening." Figure 1.1 
shows how this is achieved on a typical CIP plant. The following . 
discussion of the CIP process flow sheet was obtained from Fleming 
(1983), Jackson (1986), Van Deventer (1984a}, and Bailey (1987). 

The milled ore is screened at 0.6 mm to remove impurities such as 
woodchips and ore grains larger than the carbon particles (1 to 3 mm). 
This ensures that only the carbon would be retained on the screens in the 
adsorption section. 
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The screened pulp is then fed to the leaching section where gold is 
believed to react with cyanide via the following reactions (Finkelstein, 
1972) : 

2Au + 4CW + 02 + 2H20 __ ,. 2Au(CN)2 + H202 + 20W 

4Au + sew + 02 + 2H20 4Au (CN)2 + 40W 

[ 1.1] 

[1.2] 

Sodium cyanide and lime are added to each of the leach tanks. (The lime 
is added to stabilize the cyanide.) Air is sparged into the tanks to 
supply oxygen for the dissolution reaction. A retention time of 12 to 24 
hours is provided for the leaching reactions by passing the ore through a 
number of leach tanks in series. The pulp is agitated by rubber-coated 
impellers. 

The go 1 d adsorption section consists of a further number of tanks in 
series through which the pulp flows counter-current to the charcoal. The 
pulp flows through a series of interstage screens via a launder into the 
next adsorption vessel which is on a lower level. The barren pulp 
(tailings) is discharged from the 1 ast stage. Because of the 1 arger 
particle size of the carbon, it is retained by the screens. The carbon 
is pumped batchwise in the opposite direction. The loaded carbon from 
the first tank is screened and washed before being transferred to the 
stripping {or elution) section. 

The gold is eluted from the loaded carbon by washing it with a strong 
caustic cyanide solution in an elution column at temperatures higher than 
90 °C. The different elution techniques are discussed in more detail in 
the next section. Go 1 d and s i 1 ver are recovered from the concentrated 
eluate either by electrowinning or zinc cementation. 

The eluted carbon is regenerated by heating it to at least 650 °C for 30 
minutes in the absence of air. This removes organic contaminants 
adsorbed on the carbon surface and thereby restores the activity of the 
carbon. The reactivated carbon is screened to remove the fines before it 
is recycled to the last stage of the adsorption circuit. 
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1.2 EXISTING ELUTION PROCEDURES 

Adams and Nicol (1986) identified mainly three methods of elution which 
are employed at present. These methods are : 

(1) the Zadra (or Homestake) method in which a warm cyanide solution is 
being circulated through an elution column and one or ·more 
electrowinning cells in series (Zadra, 1950), 

(2) the Anglo American Research Laboratory (AARL) method which involves 
a pretreatment step with a hot cyanide solution followed by elution 
with hot deionised water (Davidson, 1986a), and 

(3) the organic solvent methods, which are variations of (1) and (2), 
but with 1 arge quantities of organic so 1 vents such as methano 1, 
ethano 1 , acetone or ace ton itri 1 e in the e 1 uate (Es pie 1 et a 1. , 

1987, 1988; Muir et al., 1985b). 

Muir et al. (1985a) published the most recent innovation for the recovery 
of gold from activated carbon, called the Micron Solvent Distillation 
Procedure. As in the AARL method, the carbon is first presoaked in about 
1 bed volume of 5% NaCN, 1% NaOH solution. The subsequent elution step 
involves the distillation at total reflux of an organic solvent/water 
mixture with a column of loaded carbon acting as the fractionating 
medium. As the organic so 1 vent condenses, it washes the go 1 d off the 
carbon and into the boiler below. One of the advantages of the process 
is that it concentrates the eluted gold in less than 1 bed volume of 
eluant. This method is not recommended by Costello et al. (1988) for the 
elution of large tonnages of carbon. 

Comparisons of the different elution procedures by Muir et al. (1985a) 
and Davids_on (1986a) indicated that neither the Zadra elution nor the 
elution with polar organic solvents could compete favourably with the 
AARL elution procedure in terms of operating costs. Although studies by 
Paterson (1987) showed insignificant differences in operating and capital 
costs between the AARL and Zadra systems, the AARL process was preferred 
for its shorter elution time. According to Costello et al. (1988) and La 
Brooy and Ariti (1988), the AARL elution system proves to be very useful 
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in the expansion of existing plants, because 

(a) 2-3 elution cycles per day can be performed in a single column, and 
( b) the recovery of the gold by elect rowi nn i ng or . zinc cement at ion is 

independent of the elution. 

Plant upgrades can thus be accomplished fairly easily by an increase in 
the number of eluate tanks and recovery capacity. 

Davidson (1986a) reported that the AARL elution process was successfully 
tested on pilot plant scale at the Vaal Reefs Mining and Exploration 
Company (1975) and the Fairview Gold Mine (1978). The President Brand 
Gold Mine was the first mine to use the process on a large scale (1980). 
Most of the early C. I. P. pl ants in Australia used the Zadra elution 
technique, whereas the AARL process tends to be preferred on the newer 
and larger plants (La Brooy and· Ariti, 1988). 

1.2.1 AARL elution steps (Davidson, 1986a; Brittan, 1988) 

A flow diagram for the basic AARL elution system is shown in Figure 1.2 .. 

r The elution column is filled via gravity with loaded carbon from a 
flooded carbon storage hopper. The carbon is then washed with 
approximately 1 bed volume of dilute hydrochloric acid, followed by 2 to 
4 bed volumes of water. Th~ acid requirement will depend largely on the 
calcium carbonate content of the carbon. Experience has showed that 1 
bed volume containing 3 vol.% of a 33 mass% HCl solution effectively 
removes calcium from the carbon. Cold acid will remove calcium and zinc, 

\"~\~ whereas hot acid (90 °C) will remove calcium, zinc, nickel, and large 
portions of iron and silica. No gold, silver or copper are eluted by the 
acid. During the acid wash and the subsequent rinse with water, the 
system is brought to its operational temperature (110-120 °C) and 
pressure (200-300 kPa). 

' The main benefits of a hct acid wash can be summarized (Davidson, 1986a) 
as follows : 

(a) The removal of calcium carbonate can be seen as part of the 
regeneration of the carbon. Calcium carbonate clogs the carbon 

Stellenbosch University  https://scholar.sun.ac.za



5 

pores and leads to both poor adsorption as well as poor elution, 
(b) A hot acid wash ensures that the system will be at or near the 

operational temperature for the cyanide pretreatment and elution, 
(c) The acid washed carbon is less sensitive to water quality, and 

efficient gold elution can be achieved using a goo~ quality 
regional water, 

(d) It is claimed that hot acid washing reduces the mass loss of carbon 
during the thermal regeneration, and 

(e) Fewer impurities such as organic contaminants and ferrocyanides are 
transferred to electrowinning or zinc precipitation. 

It was found (Briggs, 1983), however, that the elution efficiency was 
unaffected by performing the acid wash only after the carbon regeneration 
step. This eliminated the risk of mixing hydrochloric acid and sodium 
cyanide solution. 

After the carbon has been rinsed with water, one bed vo 1 ume of the 
pretreatment solution is pumped into the column and the carbon allowed to 
soak for approximately 30 min. at the operating temperature. Most plants 
use a pretreatment solution containing 3 mass % NaCN and 1 to 3 mass % 

NaOH. The reagent cyanide requirement was found to .be insensitive to the 
gold loading on the carbon (Briggs, 1983). 

Elution of the gold is accomplished with 5 to 8 bed volumes of a high 
qua 1 ity softened water at a fl owrate of 2 bed vo 1 umes per hour. The 
water should contain preferably less than 300 mg/l sodium. Softening of 
the water will also prevent the choking of the primary .heat exchangers. 
Flow is usually in an upward direction to remove gas evolved in the acid 
wash and to facilitate the servicing of choked eluate collectors at the 
top rather than the bottom of the column. 

At the end of the elution, the column is cooled to below the boiling 
point by havjng the final bed volume enter the column at ambient 
temperature. 

In areas where the availability of good quality water is a p~oblem, the 
water consumption of the AARL process can be reduced by the use of split 
elution (La Brooy and Ariti, 1988). This involves the use of the last 4 
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bed volumes of eluate as par~ of the feed for the next elution. To 
prevent the build up of dissolved salts in the system, occasional strips 
have to be carried out with only fresh water. 

1.2.2 Zadra elution steps (Bailey, 1985) 

Figure 1.3 contains the flow scheme for a Zadra elution system (Zadra, 
1950) as published by Bailey (1985). 

The Zadra elution technique differs from the AARL process in that no' 
cyanide pretreatment is conducted and that the eluant is recycled th~ough 
electrowinning cells in series with the column. The eluate contains 0.2 
to 0.5% NaCN and l to 2% NaOH. Before being fed to the column, the 
eluate is preheated to 120 °C in a eluate/eluant heat exchanger and a 
steam heater in series. The hot eluant leaving the column is cooled to 
below its ambient boiling point in the eluate/eluant heat exchanger and a 
water cooler. The solution normally gravitates to the electrowinning 
cells where the gold is recovered from the solution which is then pumped 
back to the elution column. The build-up of contaminants is prevented by 
replacing all or part of the eluting solution with fresh eluate. 

1.3 CHARACTERISTICS OF ACTIVATED CARBON 

Activated carbon is manufactured from a 1 arge variety of carbonaceous 
materials such as peach pips and coconut shells. The raw material is 
first carbonized in the absence of air at 400 to 500 °C to form a char. 
It is then heated further to temperatures in the region of 1000 °C in an 
oxidizing atmosphere (such as steam) to activate the carbon. This 
produces a highly porous structure with a surface area of up to 
1400 m2.g-1 and a pore volume of 0.5 to 1.8 ml.g-1 • The oxidation process 
also results in the formation of oxygen-containing functional groups on 
the carbon surface which are believed to contribute to the adsorption 
process (Acton, 1982). 

McDouga 11 and Fleming ( 1986) presented the structures of some surf ace 
oxides that were proposed to be present on activated carbon. These 
included carboxyl groups, phenolic hydroxyl groups, quinone-type carbonyl 

1., 
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groups and lactones. 

It is believed that oxygen or quinone/hydroquinone type couples are 
responsible for the redox potential of activated carbon (Tsuchida and 

Muir, 1986a) : 

¢ + 2H20 + 2e

O 

40W 

! y + 20W 

OH 

. [1.3) 

[ 1. 4] 

The potent i a 1 of the carbon will be determined by the potent ;a 1 of the 
functional groups exhibiting redox behaviour, as well as the pH of the 
solution in the pores of the carbon. 

While the activation process determines mainly the functional groups on 
the carbon surface, the structure of the pores is a function of the 
source material (McDougall and Fleming, 1986). The pores· are usually 
classified in terms of their diameters as follows : 

Macropores 500 - 20000 nm 
Mesopores 100 - 500 nm 
Micropores 8 - 100 nm 

A graphical presentation of the porous structure of activated carbon is 
shown in Figure 1.4. It can be seen that the smaller pores are assumed 
to branch·off the macropores. 

Clauss and Weiss (1977) stated that adsorption may be associated with the 
available carbon surface, or with specific parts of it (such as the basal 
planes or the edges of the crystallites), with micropores or other local 
imperfections, or with specific functional groups. They measured the 
adsorption of Au(CN)~ on graphite and a variety of carbons pretreated 
with. different reagents. Although the study did not rev ea 1 the exact 
method of fixation, it was concluded that adsorption is related to 
specific sites and is not a property of the surface as such. Adsorption 
of go 1 d cyanide was proved not to be re 1 ated 0 to the bas a 1 graph it i c 
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planes, carboxylic groups or basic surface oxides. 

However, in a titrimetric study on activated carboh {Parentich and 
Kinsella, 1984), it was found that both basic and acid surface groups are 
involved in the adsorption of gold onto activated carbon. 

1.4 THE MECHANISM OF ADSORPTION 

No agreement has yet been reached regarding the mechanism by which metal 
cyanides are adsorbed onto activated carbon. The following factors are 
believed to contribute to the disagreement among researchers on this 
subject {McDougall and Fleming~ 1987) 

{a) The complexity of the carbon surface hinders the instrumental 
analysis thereof by techniques such as infrared spectroscopy, 

{b) Different types of carbons have been used in the various 
investigations, and 

{c) The adsorption reaction has been studied at different experimental 
conditions, for example degrees of agitation or the concentrations 
of other reagents. 

All of the proposed mechanisms for the adsorption of gold or silver 
cyanide from alkaline solutions at room temperature that have been 
published since 1974, can be grouped into mainly five categories : 

{a) Adsorption as M"+{Au{CN)~)n 

Davidson {1974) proposed a mechanism in which the extent of 
adsorption depends on the concentration and character of the 
"spectator" cations {M"+) present in the solution. The calcium 
aurocyanide was reported as the most strongly adsorbed species in 
the series Ca2+>Mg 2+>W>L i+>Na+>K+. The differences in the 
behaviour of these cations could not be explained in terms of ionic 
strength al one. His theory is supported by a series of three 
publications (McDougall et al., 1987, Adams et al., 1987a, Adams et 
al., 1987b), comparing the mechanisms for the extraction of 
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aurocyanide by 1-pentanol, polymeric adsorbents and activated 
carbon. 

These mechanisms propose the formation of a neutral ion-pair 
species in the organic phase or on the adsorbent. As can be 
expected from Le Chatelier's principle, the equilibrium 

Na+(aq) + Au(CN)2 (aq) NaAu(CN) 2 (erg) [ 1. 5] 

was found (McDougall et al., 1987) to be shifted to the right by an 
increase in the cation concentration. (In the above equation, org 
denotes the adsorbent phase.) For the case of the activated carbon 
(Adams et al., 1987b), the improved capacity for gold in the 
presence of larger cations was explained by the lower aqueous 
solubilities of aurocyanide salts with these cations, thus 
favouring the formation of an ion-pair. The even higher gold 
capacity in the presence of small (but strongly electrophilic) 
cations like W, Li+ and Be2+ was attributed to the interaction 
between these cations and the electron-donating cyanide groups of 
the aurocyanide anion by polarization of the surrounding water 
molecules. At low pH values, it was found (Adams and Fleming, 
1989) that the gold is initially loaded as K+[Au(CN)2] or 
Ca2+[Au(CN)2] 2, with the K+ and Ca2+ slowly being displaced by H+ as 
equilibrium is approached. 

(b) Adsorption as Mn+(Au(CN)2)n followed by partial reduction 

McDougall et al. (1980) suggested that the initial stage of adsorp
tion involves the adsorption of the less soluble Mn+(Au(CN)2)n 
complex (Mn+= Ca2+, W, Na+, K+). This is followed by a reduction 
step in which part of the Au(CN)2 is converted into an 
irreversibly adsorbed species. Even though the exact character of 
the reduced species could not be determined, the existence thereof 
was indicated by XPS studies of the loaded carbons. From the XPS 
spectra, an oxidation number of 0.3 was calculated for the gold 
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adsorbed on the carbon. Two possible gold species were proposed : 
(i) A sub-stoichiometric Au(CN)x species (i.e. a chain of gold 
atoms with CW acting as a bridging group). Because of strong 
interaction with the carbon, the gold will be in an oxidation state 
between 0 and 1. 
(ii) A cluster~type compound of gold, such as [Au 11 (CN) 3L7], where L 
= P(C

6
H

5
)

3
• Such a cluster will contain both Au(Ol and AuOl, 

resulting in a total oxidation number of less than 1. 

(c) Adsorption of Au(CN)2 followed by partial degradation to AuCN 

Tsuchida et a7. (1984) observed a molar ratio of adsorbed Au(CN)2 
to K+ of 1.0 on carbon that has been deoxygenated under vacuum at 
950 °C. The higher ratio (2.5:1) measured on normal carbon implied 
that part of the Au(CN)2 was adsorbed as a neutral species. 
Tsuchida and Muir (1986b} proposed the following dual mechanism for 
the adsorption of Au(CN)2 : The cyanide complex adsorbs onto the 
carbon by anion exchange with OW, followed by the partial 
oxidation thereof to AuCN by chemisorbed oxygen. The AuCN does not 
take part in the equilibrium between Au(CN)2 in solution and on 
the carbon, thus allowing higher gold loading than would be the 
case on deoxygenated carbon. Further proof for the oxidation-
reduction part of the mechanism was obtained by measuring the redox 
potential of the carbon during the adsorption of metal cyanides 
(Tsuchida and Muir, 1986a}. It was found that the adsorption of 
CW, Au(CN}2 and Ag(CN}2 irreversibly decrease the carbon 
potential, indicating the reduction of a surface oxidant. A more 
pronounced decrease in the potent i a 1 in the presence of Ag ( CN} 2 
than Au(CN}2 suggested less oxidation of Au(CN}2 than Ag(CN}2 
on the carbon. The oxidative mechanism appeared to be enhanced by 
the absence of free cyanide and·a pH of 7 rather than a pH of 10. 

Cook et al. (1989} followed a similar approach to that of Tsuchida 
(1984}, but used "normal" carbon only. They reported loaded Au:K 
ratios of 1:1 for adsorption from deoxygenated solutions, but much 
higher ratios (31:1} than Tsuchida from aerated solutions. It was 
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suggested that AuCN was formed in the presence of oxygen through 
the oxidation of cN-. 

Yet, other workers (Jones et al., 1988; Adams and Nicol, 1986; 
Adams and Fleming, 1989) confirmed the absence of any irreversibly 
adsorbed species like AuCN or Au on their carbons by eluting all of 
the adsorbed gold with hot sodium hydroxide solutions. This could 
be achieved for carbons loaded from both alkaline and acidic 
solutions at room temperature (Adams and Nicol 1986; Adams and 
Fleming, 1989). These findings led them to reject a mechanism in 
which it is assumed that AuCN is formed on adsorption. 

(d) Adsorption in an electrical double layer 

In their studies on the adsorption of silver cyanide onto activated 
carbon, Cho and Pitt ( 1979b) found that Na+ and Ca2+ were adsorbed 
only in the presence of the anionic metal cyanide. They postulated 
that the cations adsorb onto the silver cyanide anions already 
adsorbed on the active sites of the carbon surface. Adsorption of 
these cations promote further silver cyanide adsorption, thus 
creating an electrical double layer. The theory of anion 
adsorption is supported by the observation by Dixon et a7. (1978) 
that the zeta potential of the carbon becomes more negative as more 
silver cyanide is adsorbed. 

However, the neutral Hg(CN) 2 species is adsorbed onto activated 
carbon to an extent comparable to that of Au(CN); (Tsuchida, 
1984). Furthermore, Hg(CN) 2 can displace Au(CN); from loaded 
activated carbon. This implies (Adams et al., 1987b) that these 
two species compete for the same adsorption sites, thus 
contradicting a mechanism of anionic adsorption. The effect of 
perchlorate on the adsorption of gold onto activated carbon 
provided more evidence against such a mechanism : Whereas ClO~ was 
found to be extremely detrimental to the loading of Au(CN); onto 
an anion-exchange resin, it affected the adsorption onto carbon 
only slightly (McDougall et a7., 1980). 
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(e) Adsorption in the graphitic structure 

According to Jones et al. (1988), the Au(CN)2 anion is being 
adsorbed with out change or chemical reaction in its normal linear 
form (N=C-Au-C=N) in a symmetrical environment para 11 el to the 
graphitic planes of the carbon. A similar theory was published by 
Groszek (1970) to explain the selective adsorption of organics on 
graphite. Jones et al. (1988) postulated that the gold cyanide 
adsorption bond is formed by charge transfer of 0.3 to 0.5 electron 
to the central Au-cation from the delocalized w-electron system of 
the graph it i c structure. At a pH of 10 in the absence of free 
cyanide the equilibrium adsorption and desorption isotherms for 
gold on Cal gon GRC 22 were i dent i cal . It was cone l uded that 
Au ( CNt2 is being adsorbed without chemical change. As further 
proof, an Au: N mole ratio of 2 has been measured on the loaded 
carbon with the use of X-ray photoel·ectron spectroscopy (XPS). 

1.5 THE INTER-RELATIONSHIP BETWEEN ADSORPTION AND ELUTION 

Few, if any, desorption processes are possible without being preceded by 
an adsorption process. This is (unfortunately for Mammon) also true for 
the elution of gold from activated carbon. The starting-point of the 
desorption wi 11 therefore be determined by whatever has· happened in the 
adsorption step. 

With regard to elution, the most important difference between the 
·proposed mechanisms for adsorption concerns the character of the adsorbed 
species. Possible adsorbed gold species include KAu(CN) 2, HAu(CN) 2, 

Au(CN)2, AuCN, Au and the sub-stoichiometric species proposed _by 
McDougall et al. (1980). The ·latest investigations of loaded carbon 
surfaces by direct ~nalysis with X-ray photoelectron spectroscopy (XPS) 
(Cook et al., 1989; Jones et al., 1988) and Mossbauer spectroscopy 
(Cashion et al., 1988) show beyond doubt that the gold adsorbed on the 
carbon is present only in the Au(Il oxidation state. This leaves only 
AuCN and Au(CN)2 (adsorbed with or without cations) as possible adsorbed 
gold species. No evidence of the presence of AuCN could be found by 
Mossbau.er analysis. What is more, this analysis was carried out on a 
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sample of dry carbon loaded with gold approximately one year before. In 

the case of the XPS investigations, Jones et a7. (1988) found only 

Au{CN)2 on carbon loaded from alkaline solution, whereas Cook et a7. 

{1989) proposed that the gold was present as a combination of KAu{CN) 2 

and AuCN, with the latter being the dominant species at high gold 

loadings. 

In studying the elution process, it will also be important to account for 

the kinetics of adsorption. If the carbon was, for example, loaded-with 

gold over a short period of time from a solution with a high gold 

concentration, most of the gold would be adsorbed near the external 

surface or in the macropores of the carbon and might be more read i 1 y 

available for desorption. 

1.6 OBJECTIVES OF THIS STUDY 

As illustrated above, the adsorption of metal cyanides onto activated 

carbon has been studied extensively. Although controversy still exists 

on the mechanism of adsorption, it was shown ~hat the adsorption of gold 

cyanide from clear solutions can be modelled accurately (Van Deventer, 

1984b) without accounting for chemi ca 1 changes in the adsorbed state. 

However, if species such as AuCN are formed on the loaded carbon, the 

leaching thereof might affect the kinetics of elution. 

It is believed that cyanide is needed in gold elution processes to 

"convert the adsorbed gold to a more readily elutable cyanocomplex form" 

(Brittan, 1988), while others claim that all the adsorbed gold can be 

eluted with distilled water (Jones et al., 1988). The disagreement on. 

the form of the adsorbed species thus had to be resolved before a study 

of the elution process could be attempted. The specific objectives 

were : 

To establish whether irreversibly adsorbed metal cyanide species are 

formed on the loaded carbon and to determine what role oxygen plays. 

in the adsorption reaction thereof. 
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To determine the most important sub-processes of elution (such as the 
reactions of cyanide) and to quantify their effects on the elution 
of gold cyanide. 

To investigate the mechanism of the elution of gold cyanide and to 
determine the associated role of cyanide. 

To develop a general model for the elution of gold cyanide by both the 
AARL and Zadra procedures. Although such a model al so had to 
account for important sub-processes other than the desorption of 

, the gold, it was attempted to keep the model as simple as possible 
so as to enhance it~ functionality. It was also to be applicable 
to different reactor configurations and Operating procedures, such 
as batch and continuous column operations, as well as starting with 
filled or drained beds. 

To evaluate the general model by testing it .against gold elution data 
obtained from experiments on laboratory and pilot plant scale. 

To investigate the sensitivity of the model to changes in equilibrium and 
kinetic parameters. 

To use the model for predicting continuous elution profiles so as to show 
how it can be used to optimize the operation of such a continuous 
process. 
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OXYGEN AND THE NATURE OF 

THE ADSORBED SPECIES 
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In order to study the desorption of gold cyanide from activated carbon, 
it is important to know the initial condition for desorption, which is 
the same as the final condition for the adsorption process. It is not 
only necessa.ry to know the concentration of gold on the loaded carbon, 
but also the form in which it is adsorbed as this will determine the need 
for cyanide in the elution process. As discussed in Chapter 1, 
controversy exists on the nature of the adsorbed species and the role 
which oxygen plays in transforming one species into another. This 
chapter was therefore devoted to shed more light on these subjects, and 
to create a better understanding of the starting point of the desorption 
process. 

2.1 EXPERIMENTAL 

2 .1.1 Chemicals 

The gold and silver used in the experimental work were supplied by Barry 
Colne & Co. in the form of KAu(CN) 2 and AgCN respectively. The AgCN was 
dissolved in water at 95 °C by the addition of 10% more than 
stoichiometric KCN. Despite the excess of cyanide, the solutions had to 
be filtered t-0 remove grains of undissolved AgCN. It was found that the 
resulting Ag(CN); solutions contained practically no free cyanide. This 
can be ascribed to the rapid decomposition of cyanide at the high 
temperature employed to dissolve the AgCN. Mercury in the form of 
Hg(CN) 2 was used in comparative experiments. Distilled water was used 
throughout. The pH was adjusted by the addition of small amounts of HCl 
and KOH. All chemicals were of AR grade. 
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2.1.2 Carbon 

Mainly two types of experimental coconut shell carbon, designated A and 
B, were used for the experiments in this chapter. Only the 1.7 to 2 mm 
sieve size fraction was used. Various tests were conducted on the 
carbons to try and match their characteristics to their interaction with 
metal cyanides. Figure 2.1 shows their zeta potential versus pH curves 
determined at 25 °C. Both carbons revealed a point of zero charge at a 
pH of 1.8, and a natural pH in distilled water of 5.5. Th_e iodine test 
described by Hassler (1974) was performed on both carbons. Carbon A 
adsorbed 48% of the available iodine and carbon B 53%. The zeta 
potential and iodine number proved to be of little value in the 
prediction of a carbon's adsorption capacity for metal cyanides. Whereas 
carbons A and B have nearly identical zeta potential versus pH curves, 
they differ significantly in the adsorption of metal cyanides. The 
iodine test suggested a difference of 10% in the adsorptio~ behaviour of 
the two carbons, while their equilibrium metal cyanide loadings at a 
solution phase concentration of 10 mg/l differed by approximately 58% and 
18% for gold and silver respectively. 

Carbons A and B had apparent densities of 1080 and 1004 kg.m-3 

respectively. The apparent densities were calculated by dividing the 
mass of a known number of oven dried particles (with the same sieve size 
diameter) by the total volume based on the assumption of spherical 
particles. The Langmuir surface areas of carbons A and B were determined 
with a Micromeritics Flowsorb 2300 apparatus as 1070 and 1870 m2.g-1 • 

Unless otherwise specified, the carbon was dried at 120 • C for 3 days 
before being weighed and used in the experiments. 

Some of the experiments were conducted with an industrial, eluted carbon 
from the Beatrix mine in South Africa. The carbon, which will be 
referred to here as carbon BTX, was acid washed and rinsed with deionised 
water to remove as many impurities as possible. A BET surface area of 
792 m2

• g-1 and an apparent density of 838. 8 kg. m- 3 was measured for the 
carbon. Figure 2.2 shows the particle size distribution of carbon BTX. 
The mean particle size was calculated as 1.42 mm. 

( 
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2.1 .• 3 Analytical methods· 

A Beckman ~ 70 meter with a Beckman combination pH electrode was used to 
measure the pH of the solutions. The dissolved oxygen concentration was 
monitored with a Schott Gerate model CG867 oxygen meter. The metal 
concentrations in solution were determined with a Varian AA-1275 atomic 
absorption (AA) spect~ophotometer, and the loadings on the carbon 
calculated by mass balance._ Table 2.1 summarizes the spectrophotometer 
conditions for the elements in this study that were determined in this 
way. Samples with solution phase concentrations higher than Cmax were 
diluted prior to analysis. 

A AgN0
3 

titration was used to test for free cyanide. KI was used as an 
indicator. Free cyanide reacts with Ag+ as in Equation 2.1. At the end 
point of the titration, i.e. when all the cyanide has been reacted, the 
silver·. reacts with the iodine (Equation 2.2) and forms a yellow 
precipitate of Agl. 

2CW + AgN03 ---+ Ag(CN)2 + No; 
i- + AgN03 .89.l + NO; 

[ 2 .1] 

[2.2) 

Zeta potential measurements were conducted with a Rank Brothers Mark II 
instrument. 50 mg of powdered carbon (de < 125 µm) was mixed with 1 
litre of distilled water and conditioned for 20 minutes at 25 °C before 
any measurements were made. The zeta potentials presented, are average 
values of measurements at potential differences of 51.9 and 71.5 mV. 

Fourier Transform Infrared {FTIR) scans of the carbons were obtained by 
using. the "DRIFT" technique on a Perkin-Elmer model 1710 infrared 
spectrophotometer . Owing to the intense background caused by organic 
groups on the carbon, sufficiently high loadings of gold were required in 
order to observe the v(CN) vibrations of the gold cyanide species. For 
this purpose 0.5 g of powdered carbon was contacted for 5 days with 0.8 
litre of solution containing 200 mg Au/l at a pH of 8.5. This resulted 
in metal loadings of approximately 60 mg Au/g carbon. At the end of the 
adsorption period !he loaded carbon was filtered and washed with 
distilled water to remove any dissolved gold present in the liquid layer 
surrounding the carbon particles. The moist samples were then analysed 
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in their wet state so as to prevent possible changes in the gold species 
upon drying. It was found that the spectrum remained unchanged after 80 
to 100 scans were performed on a sample. A standard of 100 scans per 
spectrum was therefore used for all the FTIR work. 

A scanning electron microscopy (SEM) study was performed on carbon BTX. 
The images and accompanying X-ray spectra were recorded on a JEOL JSM-35 
scanning electron microscope coupled to an EDAX model 7078 energy
dispersion X-ray apparatus. 

2.1.4 pH of adsorption 

Davidson et al. (1979) investigated the effect of pH on the adsorption of 
gold and silver from gold-plant solutions and recommended the 
acidification of pregnant solutions before contact with carbon. A pH of 
5 or lower resulted in less fouling by calcium carbonate, higher gold 
adsorption rates and less displacement of adsorbed silver by gold. 
Although most gold extraction plants still use pH values higher than 10, 
there is a tendency towards lower pH's with improvements in control 
systems (Davidson, 1986b). 

Unless specified otherwise, all the adsorption experiments were conducted 
at a pH of 8.5. 

2.1.5 Equilibrium adsorption experiments 

The equilibrium isotherms were determined by contacting weighed, oven 
dried samples of carbon with 1 litre solutions of gold or silver cyanide 
with known initial concentrations for 21 days. In earlier investigations 
(Cho and Pitt, 1979a) equilibrium was assumed as litt1e as 3 hours after 
the activated carbon was brought into contact with the metal cyanide 
solution. Van Deventer (1984), however, showed that even after one week 
significant loading still takes place. Equilibrium was practically 
obtained only after 3 weeks. Despite this, most workers still determine 
equilibrium isotherms .over periods ranging from 20 hours (Adams et al., 

1987b) to 4 days (Tsuchida et al., 1985) to 1 week (Adams and Fleming, 
1989). 

After equilibrium was attained, the metal cyanide concentrations in 
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solution were determined by AA-analysis, and the concentrations of metal 
cyanide on the carbon calculated as : 

{v .. C.-v .C) Q = i i e e 
e 

with ve the volume of solution at equilibrium. 
than v; {the initial volume), because of 
adsorption period. 

[2.3] 

v was generally smaller e 

evaporation during the 

Part of this study was devoted to the contacting of carbon with solutions 
at different levels of dissolved oxygen. For the experiments at 
0 mg 02/l the solutions were depleted of oxygen by purging with nitrogen 
for approximately 1 hour before adding the carbon. The·bottles were then 
tightly sealed and rolled end over end. After the 3 week adsorption 
period, the oxygen concentrations were measured and found to be zero. 
The equilibrium experiments at oxygen concentrations other than 0 mg/l 
were conducted in stirred reactors with loose fitting lids. Constant 
dissolved oxygen levels were maintained by a continuous supply of air
oxygen or air-nitrogen mixtures to the surface of the solutions via 
plastic tubes through the lids. 

All the equilibrium isotherms in this chapter were determined at a room 
temperature of 17 to 22 ·c. 

2.1.6 General 

More detail of the individual experiments are supplied in the tabulation 
of the experimental results in Appendix K. 

2.2 EFFECT OF OXYGEN ON ADSORPTION OF METAL CYANIDES 

2.2.1 Equilibrium studies 

The gold loading capacity of activated carbon was reported to decrease 
when the adsorption was conducted under a nitrogen instead of an air 
atmosphere {Dixon et al., 1978). No difference in adsorption could be 
observed between runs in which air or pure oxygen was present. It was 
postulated that the exclusion of oxygen reduces the amount of active 
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' sites available for adsQrption. From the abo~e observations the question 
arises whether the concentration of oxygen, or just the availability 

thereof, is important. 

A series of experiments was then carried out to determine the effect of 
the concentration of dissolved oxygen on the equilib~um loadings of gold 

"· and silver cyanide. Figures 2.3 to 2.5 show the isothe~ms determined for 
t 

carbon A, and Figures 2.6 and 2.7 those for carbon B. From these figures 
it is clear that characteristic gold and silver isotherms exist at 
different dissolved oxygen levels. It was found that the Freundlich 
equation {Eq. 2.4) could be fitted to each se~ of experimental dat~ The 
values of the equilibrium constants are summarized in Tables 2.2 and 2.3. 

(' 

Q = A C n e e \ [2.4] 

\ 
The equilibrium metal loadings calculated from these isotherms at a Ce of 
10 mg/l are plotted in Figure 2~a as a function of the oxygen ~ 

concentration. For both carbons there existed oxygen levels above which 
the equilibrium loadings showed no further increase. For carbon A this 
point for both gold and silver was approximately 9 mg 0/1. Oxygen 
concentrations higher than 9 mg/l caused a decreased silver loading on 

\ 

carbon A. The maximum loading of gold on carbon B had already been 
reached at an oxygen concentration of 4.2,mg/l, while this point appeared 
to be slightly higher for silver. 

The detri menta 1 effect of oxygen concentrations higher than 9 mg/l was 
further investigated by comparing the rates of adsorption from solutions 
in contact with air and solutions in contact with pure oxygen. The 
oxygen concentrations for these two cases were measured as 9 and 40 mg/l 
respectively. Figure 2.9 shows that purging with pure oxygen instead of 
air decreased the rale of adsorption of Au(CN)2 from an alkaline 
solution. However, at a pH of 3.5, the higher oxygen concentration led 

\: 
to a slightly higher rate of adsorption (Figure 2.10). \ 

From the equilibrium experiments at O mg 0/1, it follows that 
significant loadings of gold and silver are obtained even in the absence 

·of oxygen. This means that, if oxygen is necessary for the adsorption of 
metal cyanides, the adsorption in the absence of dissolved oxygen had to 

·. 
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occur via the use of chemisorbed oxygen. 

2.2.2 Chemisorbed vs. dissolved oxygen 

The following observations led Jones et al. (1988) to believe that 

carbon-oxygen functional groups on activated carbon do not take part in 

the adsorption reaction : 

(1) Gold can be adsorbed onto carbon up to very high loadings (2 

mmol/g) without any apparent restriction. In contrast, the oxygen 

con cent ration on the carbon . surf ace has been determined as being 

smaller than 0.1 mmol/g. This does not agree with theories in 

which it is assumed that adsorption involves the reaction ·between 

equimolar amounts of Au(CN); and oxyg~n. 

(2) Pretreatment of the carbon with Mn02, which will oxidize oxygen

funct i ona 1 groups to C02, did not 1 ower the go 1 d capacity of the 

carbon. 

Tsuchida et al. (1985) investigated the effect of oxygen by comparing the 

adsorption onto "norma 111 and "deoxygenated" carbon. The 1 atter was 

prepared by heating carbon at 950 °C under .vacuum for approximately 10 

hours. By this procedure most of the chemi sorbed oxygen were removed. 

As expected, higher loadings of gold were obtained on the normal carbon 

under an air atmosphere than on the deoxygenated carbon under a nitrogen 

atmosphere. The loading on the deoxygenated carbon could be increased to 

that on the normal carbon by exposure of the solution to oxygen. 

However, no results were presented to enable a comparison of the 

adsorption on norma 1 and deoxygenated carbon both in the absence of 

dissolved oxygen. It is thus impossible to determine the relative 

importance of the chemi sorbed and dissolved oxygen from the results of 

Tsuchida et al. (1985). More light is shed on the problem if those 

results are compared to those of Cook et a 1. ( 1989). I dent i ca 1 mo 1 ar 

ratios (1:1) of loaded Au:K were reported for adsorption onto 

deoxygenated carbon (Tsuchida et al., 1985) and normal carbon (Cook et 

al., 1989) from deaerated solutions. (Norit R2020 carbon was used in 

both studies.) From the arguments of Tsuchida et al. (1985), these 

similar ratios can be interpreted as an indication that the mechanism of 

gold adsorption is the same in both cases. (It was shown by Tsuchida and 
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Muir (1986a) that the ratio of adsorbed gold to potassium increased up to 
31:1 in aerated solutions.) This implies that the chemisorbed oxygen on 
normal carbon has a negligible effect on the mechanism of adsorption if 

compared to the effect of oxygen in solution. 

Tsuchida (1984) ascribed the increased adsorption in the presence of 
oxygen to the oxidation of Au ( CN) 2 to AuCN. However, although XPS 
investigations of gold loaded carbons showed an increase in the 
concentration of oxygen groups on the exterior surface of the carbon, 
Cook et al. (1989) concluded that oxygen is not associated directly with 
the adsorption mechanism of the gold as the adsorbed Au:CN ratio was 
found to be homogeneous throughout the carbon particles. 

2.2.3 Adsorption of Hg(CN) 2 

When Hg(CN) 2 is dissolved in water, it remains in the solution as the 
neutral Hg(CN) 2 molecule. Although it has no charge, it is adsorbed onto 

activated carbon to the same extent as Au(CN)2 and Ag(CN)2 (McDougall 
et al., 1980; Tsuchida, 1984). It has even been reported (Adams et al., 
1987b) that Hg(CN) 2 can displace adsorbed Au(CN)2 from carbon. In 
Experiments 19(a) and (b) the adsorption of Hg(CN) 2 onto carbon A from an 
aerated solution was compared to its adsorption from a deaerated 
solution. After an adsorption period of 2 days the mercury concentration 
in the deaerated solution was slightly lower than that in the aerated 
solution. To investigate the possibility that pure oxygen may have a 
detrimental effect on the adsorption of Hg(CN) 2 similar to that observed 

for Au(CN)2, the adsorption of Hg(CN) 2 from an oxygen saturated solution 
was compared to that from a solution saturated with air (Experiment 19 
(c) and (d)). The adsorption efficiency was exactly the same in both 
cases. 

From these results it follows that the adsorption of Hg(CN) 2 is 

unaffected by oxygen. This implies that if Au(CN)2 is adsorbed as a 
neutral species (eg. KAu(CN) 2), the adsorption thereof should be 
independent of the dissolved oxygen concentration. 
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2.2.4 Ion-exchange 

As a mechanism of ion-exchange for the loading of metal cyanides onto 

activated carbon cannot be ruled out completely, the effect of oxygen on 

the adsorption of Au(CN)2 on a weak-base ion exchange resin was 

investigated in Experiment 20. It was found that the adsorption was 

unaffected by the presence or absence of oxygen. This suggests that if 

the adsorption of anionic metal cyanides onto activated can be described 

by an ion exchange mechanism, oxygen cannot be involved in the adsorption 

reaction itse 1 f, but is used in rendering the surface of the carbon 

receptive for adsorption. 

The change in the zeta potent i a 1 of carbon A with a change in oxygen 

concentration was measured in Experiment 21. Although the zeta potential 

was much less sensitive to changes in [02] than to changes in pH, 

increased oxygen concentrations led to less negative zeta potentials. 

However, the higher zeta potential of the carbon in water that was 

saturated with oxygen instead of air is not reconcilable with the 

decreased gold adsorption experienced at oxygen levels higher than that 

in equilibrium with air. 

2.2.5 Lowering of [0
2

] during adsorption 

Figure 2.11 illustrates the effect of lowering the oxygen concentration 

during the adsorption of gold cyanide onto carbon A. Although it was 

possible to increase the loading of gold and silver at 0 mg Ozll by 

increasing the level of dissolved oxygen, the adsorption 
not be reversed by lowering the oxygen concentration. 

deciease in the oxygen concentration in Figure 2.11 
adsorption, but did not cause the loaded gold to desorb. 

reaction could 
The step-wise 

retarded the 

Similar behaviour was observed for the elution process. For the 

experiment in Figure 2.12, three id.entical samples of carbon A were 

loaded with gold in open containers (i.e. it was exposed to oxygen during 

the adsorption reaction.) The loaded carbon was then transferred to 

vessels containing water at a pH of 12 and oxygen concentrations of 0, 9 

and 40 mg/l. The rate of desorption was unaffected by the dissolved 

oxygen level. Yet, in a similar experiment ,(Figure 2.13) it was found 

that oxygen had a small negative effect on the desorption of gold from 
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loaded carbon onto which the adsorption had taken place in the absence of 
oxygen. 

2.3 CONSUMPTION OF OXYGEN 

It is well-known that activated carbon chemically adsorbs oxygen to form 
carbon-oxygen surface groups (Parentich and Kinsella, 1984). These 
complexes are believed to have an important effect on the behaviour of 
the carbon. Besides the adsorption of oxygen by dry carbon, a further 
quantity of oxygen is adsorbed in the presence of water or other source 
of hydronium ion. 

With a constant feed of dissolved oxygen (as in a packed column) carbon 
can adsorb oxygen up to levels of 600 µmole 02/g carbon (or 19~2 mg 02/g 
carbon) over a period of 2 months (Prober et al., 1975). However, only 
small quantities of oxygen are adsorbed from aerated water in closed 
containers. From the results for Filtrasorb 400 (Fig.6 of Prober et al., 
1975) it can be calculated that over a period of 2 weeks carbon will 
typically adsorb 0.2 mg O/g carbon from water in a closed container. 
Physical adsorption accounted for only 5% of the total adsorption. The 
rest was attributed to oxidation reactions forming groups such as 
quinones, carboxylic acids and basic oxides. Oxide groups increase the 
polarity of activated carbon and, depending on the specific adsorbate
oxi de interactions, can enhance or decrease the adsorption of polar 
adsorbates (Prober et al., 1975). The adsorption of 02 onto carbon A was 
investigated in Experiment 25. In this experiment, a sample of carbon A 
was contacted with distilled water in. a tightly sealed bottle for 2 
weeks. From the difference between the oxygen concentration in the 
solution with carbon, and the oxygen concentration of a reference 
solution without carbon, it was calculated that the carbon adsorbed 
0.45 mg 02/g carbon. 

When the adsorption of gold or silver cyanide onto activated carbon 
occurs in a closed vessel, a decrease in the oxygen concentration can be 
monitored as shown in Figure 2.14(a). If it is estimated that the carbon 
alone adsorbed 0.45 mg 02/g, it seems that the adsorption reaction of the 
metal cyanide must have been responsible for the rest of the oxygen 
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consumed (1.8 mg 02/g). No stoichiometric relationship could however be 
found between the amount of gold adsorbed and the oxygen consumed (Van 
der Merwe and Van Deventer, 1988). Furthermore, it was found that the 
results from experiments where the oxygen concentration was measured 
continuously did not correlate with experiments in which only the initial 
and final oxygen concentrations were measured. One of the main reasons 
for the discrepancy was the inability to calibrate the oxygen meter 
during experiments in which the dissolved oxygen level was monitored 
continuously over periods of up to 90 hours. The unreliability of the 
oxygen measurements without frequent calibration is illustrated in Figure 
2.14(b) where the same experiment was repeated 4 times. In order to 
calibrate the meter, it had to be removed from the reactor, and that 
would have led to breaking the closed system. Further experiments were 
thus conducted in tightly sealed bottles and the oxygen and metal cyanide 
concentrations measured only at the start and end of the runs. 

The results of the experiments in which only the initial and final 
concentrations were measured, are summarized in Table 2.4. As a test of 
the impermeability of the wax sealed tops of the bottles used in these 
experiments, a bottle was filled with distilled water at an 02 

concentration of 0 mg/l, sealed and rolled for 5 days. At the end of the 
period it was. opened and the oxygen concentration measured as 0. 5 mg/l 
(Experiment 27(a)). Even though this concentration is low in comparison 
with the 9 mg 0/1 concentration difference between the environment and 
the solution, the bulk of the oxygen is believed to have entered the 
solution while measuring the oxygen concentration. Experiments in these 
bottles were thus regarded as being conducted in completely closed 
systems. 

Experiments 27(i) to 27(1) in Table 2.4 compare the uptake of oxygen from 
distilled water by carbon A after being dried at different temperatures. 
The consumption of oxygen increased with an increase in drying 
temperature of up to 200 °C. The decreased consumption by the sample of 
carbon that was dried at 300 °C can possibly be ascribed to a .change in 
the intrinsic characteristics of the carbon at the high temperature. The 
sample of carbon that was used without pre-heating, resulted in a slight 
increase in the oxygen concentration in solution. Carbon BTX displayed 
similar behaviour (Experiments 27(n) and 27(o) in Table 2.4). It arises 
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from these results that the surface oxygen on the carbon is in 
equilibrium with the oxygen of its surroundings. If this equilibrium has 
been shifted by, for example, a change in temperature, the carbon will 
adsorb or desorb oxygen in order to satisfy the new equilibrium. From 
Experiments 27(d) to 27(f) it follows that the adsorption of oxygen by 
carbon A is independent of the pH of the water. 

The possibility of an increased consumption of oxygen during the 
adsorption of Au(CN)2 onto carbon A was investigated in Experiment 
27(b). To eliminate the contribution of the carbon to the consumption of 
oxygen, the carbon was soaked in aerated, distilled water for more than 
24 hours prior to the experiment. The subsequent adsorption of gold by 
this carbon in a closed vessel was accompanied by a decrease in oxygen 
con cent ration of only 0. 2 mg/l . This small dee line in oxygen 
concentration led to an adsorption of gold in the closed system similar 
to that of a reference solution open to the atmosphere (Experiment 27(c) 
in Table 2.4). For silver cyanide instead of gold cyanide (Experiments 
27(g) and 27(h)) 0.5 mg 02/l was consumed during the adsorption reaction. 
Even though the final oxygen concentration was as high as 8.3 mg/l, 
compared to the 8.8 mg 0/1 in the open system, 35 % less silver was 
adsorbed in the closed than in the open system. As the equilibrium 
experiments predict a much lower sensitivity of silver adsorption to 
oxygen concentration, it follows that the difference in silver adsorption 
had to be caused by another factor, such as the pH of the solution. Both 
solutions had an initial pH of 8.5, but at the end of the runs the pH in 
the open system was 7.6 compared to 8.7 in the closed vessel. The drop 
in pH of the open system was attributed to the availability of C02 in 
air. 

The effect of pH on the consumption of oxygen during the adsorption of 
gold was examined in Experiments 27(0), 27(p) and 27(r). Although the 
consumption of oxygen was increased by the addition of Au(CN)2, the 
molar ratio of adsorbed Au to adsorbed 02 was more than 7:1. The low pH 
of 3.9 increased the consumption of oxygen only marginally, resulting in 
much less oxygen consumed per mole of gold adsorbed. This is in 
contradiction to the mechanism proposed by Tsuchida (1984). The lower pH 
should have resulted in more Au(CN)2 being converted to AuCN, i.e. a 
higher demand for oxygen per mole of gold adsorbed. 
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In the mechanism of Tsuchida (1984) the CN- that is released during the 

adsorption of the Au(CN)2 is oxidized to co~- and NH 3 • The first step 

in the oxidation of cyanide occurs via the following reaction : 

. [.2. 5] 

A comparison of the results of Experiments 27(q) and 27(o) in Table 2.4 

confirms the increased demand for oxygen in a cyanide solution containing 

carbon BTX. · The molar ratio of CW consumed to 02 consumed was however 

6:1. · If the stoichiometry in Equation 2.5 is accounted for, it implies 

that only 33% of the cyanide was oxidized and the rest adsorbed. For 

carbon A (Experiment 27(m)) even less oxygen was consumed for a similar 

cyanide consumption. By applying the same argument to this experiment, 

it follows that 95% of the CN- was adsorbed onto carbon A, while only 5% 

was oxidized. 

To model the adsorption of silver cyanide in packed beds of activated 

carbon, Jansen van Rens burg and Van Deventer ( 1985) used equilibrium 

isotherms determined in sealed bottles. Equilibrium isotherms determined 

in open vessels predicted higher adsorptirin efficiencies than were 

measured experimentally. This was attributed to low oxygen 

concentrations in the column, resulting from co-adsorption of 02 with 

Ag(CN)2· As the results in Experiment 27 do not suggest a large 

consumption of oxygen, the oxygen concentration during the adsorption of 

gold in a column of carbon was monitored and plotted in Figure 2.15. 

Because of the low flow rate in the column, the readings on the oxygen 

meter were adjusted with a predetermined calibration curve. The details 

of the procedure are summarized in Experiment 28. From Figure 2.15 it 

follows that the oxygen concentration did not change through the column. 

The following points must however be stressed 

(a) Au(CN}2, and not Ag(CN}2, was used in Figure 2.15. The 

adsorption of silver cyanide may result in higher oxygen 

consumptions. 

(b) No free cyanide was present in this experiment. The oxidation of 

cyanide in the presence of activated carbon consumes large 

quantities of oxygen (see Experiment 27) and wi 11 result in lower 

oxygen concentrations in the column. 
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(c) To minimize the interact ion between the dissolved oxygen and the 

funct i ona 1 groups on the surface of the carbon, the carbon was 

soaked over night in aerated, distilled water prior to the 

experiment. 

2.4 REVERSIBILITY OF ADSORPTION IN AN ALKALINE MEDIUM 

The reversibility of the adsorption of gold onto activated carbon is a 

function of the nature of the adsorbed species. Whereas Au ( CN) ~ and 

M"+(Au(CN)~)n are soluble in distilled water, AuCN or Au would require 

the addition of cyanide to form Au(CN)2 before it can enter the solution 

phase. Reversible adsorption is therefore defined here as desorption 

without the addition of cyanide. As it was proved beyond doubt that no 

metallic gold is formed upon adsorption of gold cyanide on activated. 

carbon in alkaline solutions. (Adams et al., 1987b; Cook et al., 1989; 

Cashion et al., 1988), it leaves AuCN as the only known, irreversible 

species. 

Fleming (1988) investigated the reversibility of adsorption of gold 

cyanide by mixing small, unloaded carbon particles with large, gold 

loaded carbon particles in distilled water. When the particles were 

mixed intimately in a rolling bottle, it was found that· an equal 

distribution of gold between the particles was reached in less than 24 

hours, regardless of the concentration of free cyanide in solution. The 

same result could be achieved even after heating the gold loaded carbon 

at .. 200 °C for 24 hours before the experiment.. This was interpreted as 

proof that no chemical change occurred in the adsorption-desorption 

mechanism as a result of heating, and that the adsorption of gold cyanide 

was fully reversible. If, however, the particles were separated by a 

glass frit, very little migration took place from the loaded to the 

unloaded particles. Most of the Au(CN)2 is therefore transferred upon 

contact between particles across the liquid film surrounding the 

particles without entering the bulk of the solution. 

McDougall et al. (1980) found however that a new equilibrium was not 

established upon contact of gold loaded carbon with distilled water and 
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criticized the adsorption models of workers who assumed that the 

adsorption process was reversible. 

2.4.1 Desorption with distilled water 

It was decided to make use of the difference in solubility of Au(CN)2 

and AuCN in order to determine the fraction of gold loaded onto activated 

carbon as AuCN. While AuCN is practically insoluble in the absence of 

free cyanide (Weast, 1985), the Au(CN)2 could be eluted with distilled 

water, and the difference between the eluted and remaining gold accounted 

for as AuCN. The pH of the distilled water was raised to approximately 

12 by the addition of KOH. The presence of KOH enhances the desorption 

. of Au(CN)2, but does not form a complex with AuCN. 

Proper mass balances could not be obtained using conventional desorption 

methods (i.e. temperatures > 90 ·c and pH > 12) without the addition of 

free cyanide. In the absence of cyanide a yellow precipitate was 

observed in the solutions and on the carbon. The precipitate on the 

carbon had the same appearance as that of metallic gold on carbon loaded 

from AuCl4 solutions. To prevent the possible decomposition of the 

Au(CN)2 species at high temperature, further determinations of AuCN were 

conducted at room temperature. The results of these tests (Experiments 

29 to 33) are summarized in Table 2.5. In Experiment 29 all the gold 

loaded onto carbon A under alkaline conditions and at an oxygen 

concentration of 9 mg/l could be recovered without the addition of 

cyanide. This means that even after a loading period of 3 weeks no 

Au(CN)2 changed to AuCN. Under the same adsorption conditions 62% of 

the adsorbed silver was reduced to AgCN (Experiment 30) . The silver 

cyanide complex, Ag(CN)2, is therefore less stable than the 

. corresponding gold complex. The formation of AuCN on carbon B was tested 

in Experiment 31. Only 79% of the gold adsorbed onto carbon B from an 

alkaline, aerated solution could be recovered with distilled water 

through which N2 was purged. After adsorption from a solution depleted 

of oxygen, 75% of the gold could be eluted as above. This means that 

about 20% of the gold on carbon B was present as AuCN and that the· 

formation of AuCN is independent of the dissolved oxygen concentration. 

Experiment 32 shows that, as for carbon A, no decomposition of Au(CN); 

took place on carbon BTX. 
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The formation of AuCN on carbons A and B was investigated in three more 
independent tests : 

2.4.2 Fourier Transform Infrared scans 

Fourier Transform Infrared (FTIR) scans of KAu(CN) 2 powder and gold 
loaded carbons A and B are presented in Figures 2.16 to 2.18. The v(CN) 
vibrations of the two gold cyanide species have been published (Adams, 
1967) as follows : 

Au(CN); in aqueous solution : 2147 cm- 1, and 
AuCN in the solid state : 2239 cm- 1 • 

The FTIR scan of KAu(CN) 2 in the solid state showed a peak at 2154 cm-1 

and not at 2147 cm-1 • The v(CN) vibration of Au(CN)2 can thus be 
shifted depending on the spectator cation and the state of the species. 
Therefore, the peaks within 2 cm- 1 from the published values were marked 
in Figures 2.17 and 2.18. Only the Au(CN)2 peak was observed for carbon 
A, while both the Au(CN)2 and AuCN peaks appeared in the case of carbon 
B. 

2.4.3 Equilibrium isotherms 

The fraction 6f the adsorbed Au(CN)i that is converted to AuCN no longer 
participates in the equilibrium between Au(CN)2 in solution and 
Au(CN)2 in the adsorbed phase. This is illustrated in Figure 2.19 where 
the equilibrium isotherm for adsorption of gold onto carbon B was 
compared with the isotherm determined for desorption under the same 
conditions.· As 20% of the adsorbed gold is present as AuCN, the isotherm 
for desorption is approximately 20% higher than that for adsorption. As 
expected, there is no difference between the isotherms for adsorption and 
desorption of gold in contact with carbon A (Figure 2.20). From Figure 
2.21 it follows that the same applies for carbon BTX. 

2.4.4 X-ray photoelectron scans 

X-ray photoelectron scans (XPS) of gold loaded samples of carbon A and B 
were carried out by the Division of Mineral Products, CSIRO, Curtin 
Unive~sity, Western Australia. From measurements of the Au 4f and N ls 
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signals it was possible to determine the ratio of CN to Au on the gold 
loaded carbon. The results of the tests are plotted in Figure 2.22. 
Carbon A showed an average CN:Au ratio of 2, which corresponds to 
Au(CN)2, whereas the ratio on carbon B was of the order of 1.3:1, 
indicating a mixture of Au(CN)2 and AuCN. 

2.5 EFFECT OF TEMPERATURE AND pH ON THE NATURE OF ADSORBED SPECIES 

As discussed previously, if an irreversibly adsorbed gold cyanide species 
is formed on ·carbon loaded under "normal" CIP conditions, most 
researchers (Tsuchida, 1984; Adams et al., 1987b; Cook et al., 1989; 
Baily, 1987) agree that that species will be AuCN. Much controversy 
exists, however, on the nature of the adsorbed species in the presence of 
acids, high temperatures or high alkalinity. ·An example of these extreme 
conditions can be found in the hot acid wash step recommended for the 
AARL elution process (Davidson, 1986a). 

A precipitate of AgCN will form in acidified Ag(CN)2 solutions at room 
temperature even in the absence of activated carbon (McDouga 11 et a 1., 

1987; Davidson et al., 1979). Au(CN)2 is more stable in an acid medium, 
as it was found that no precipitation of gold occurred over a period of 
24 hours at a pH as low as 1 (Davidson et al., 1979). Degradation to 
AuCN took place only if the acidified gold solutions were heated to 60 °C 
(McDougall et al., 1987). However, when hydrophobic polymeric adsorbents 
were present in these solutions, AuCN precipitation also occurred in the 
cold solutions (Adams et al., 1987a). It was postulated that a 
hydrophobic surface catalyses the reaction : 

Au(CN)2 + W AuCN + HCN. [2.6] 

Similar behaviour was observed when the equilibrium gold loading on 
various resins was tested (Adams et al., 1987a) for hysteresis following 
heating to 100 °C. Even though the adsorption on most resins was fully 
reversible, hysteresis did occur in the case of a chelating resin. This 
was seen as an indication that AuCN was formed at the elevated 
temperature. As this resin was in the protonated form, the W required 
in the above reaction was readily available. In the case of activated 
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carbon (Adams et al., 1987b), no hysteresis could be detected on 
reheating. In the presence of excess acid, however, significant 
degradation of Au(CN); occurred at elevated temperatures. 

Davidson (1974) showed that when loaded carbon. was exposed to an acid 
wash at room temperature, a pretreatment with KOH was necessary to ensure 
a gold recovery of .more than 90%. This led him to believe that at the 
low pH prevailing during an acid wash, part of the gold is adsorbed as 
the more firmly held HAu(CN) 2 and the rest (less than 11%) is reduced to 
the metallic state. 

Adams and Fleming (1989) investigated the effect of boiling acid followed 
by treatment with hot sodium hydroxide in more detail. They proposed 
that boiling acid converts the aurocyanide on the loaded carbon to AuCN. 
Nevertheless, it was found that even after extended periods of acid 
treatment, a minimum of 50% of the adsorbed gold could be eluted with hot 
sodium hydroxide (0.1 M). It was suggested that under these conditions 
AuCN is reduced by the carbon as follows 

[2.7] 

The fact that this reaction occurs only in alkaline solution and not 
after treatment with boiling acid; was explained by the possible 
formation of a more mobile intermediate species such as AuCNOH-. 

From the results of Experiments 29 and 33(a) in Table 2.5 it follows that 
approximately 15% of the Au(CN); adsorbed onto carbon A from a solution 
with a pH of 3.5 was decomposed to an irreversibly adsorbed species. 
Intere~tingly, the formation of the irreversible species was not 
increased by an increase in oxygen concentration (Experiment 33(b)). 
FTIR scans of carbons A and B loaded from acidified gold cyanide 
solutions are presented in Figures 2.23 and 2.24. While no AuCN could be 
found on carbon A loaded from alkaline solutions (Figure 2.17), the AuCN 
peak shows clearly on the scan in Figure 2.23 of carbon A after exposure 
to an acidified gold sblution. The presence of the Au(CN); peak in both 
Figures 2.23 and 2.24 indicates that not all of the Au(CN); was 
decomposed to AuCN. 
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The effect of high temperature on the transformation of Au(CN)2 to an 
irreversible species was investigated in Experiment 38. A sample of 
carbon BTX was loaded from an alkaline gold solution and then oven dried 
at 150 °C for 18 hours. In subsequent elutions with distilled water, 
only 60% of the gold could be recovered. This means that the Au(CN)2 
species is susceptible to degradation at higher temperatures even without 
the addition of acids or other chemicals. Espiell et al. (1987) reported 
that at temperatures of higher than 300 °C, metallic gold was formed on 
the carbon. 

The results of Adams and Fleming (1989) presented above led to the. 
possibility that the determination of AuCN by elution of Au(CN)2 with 
cold, distille~ water at a pH of 12 could be inaccurate. ~his led to an 
SEM study of gold loaded carbon BTX exposed to HCl and KOH solutions at 
different temperatures. 

Figure 2.25, an SEM photograph of carbon BTX loaded from a AuCl~ 

solution, was used as a basis for this study. The gold adsorbed from 
such a solution is reduced to the Au(O) state on the carbon and can be 
seen clearly as white spots on electron microscope photographs. Under a 
reflected light microscope the gold shows as bright, golden metallic 
particles. Thus, from Figure 2.26 it follows that exposure of carbon BTX 
to a cold 0.1 M KOH solution, after it was loaded with gold from a 
Au(CN)2 solution, did not result in reduction of Au(CN)2 to Au. After 
boiling the loaded carbon in the hydroxide solution, some bright spots 
were observed with the electron microscope (Figure 2.27(a)). 
Microanalysis of the particles (Figure 2.27(b)) revealed the M-line for 
Au and the K-lines for potassium and chloride. No bright spots could be 
seen under an -0ptical microscope. As the AuCN determinations with 
distilled water were conducted at room temperature and a KOH 
concentration of· 10 times lower than in these experiments, it can be 
safely assumed that no reduction of Au(CN)2 or AuCN to Au would have 
taken place. 

The sample of gold loaded carbon in Figure 2.28 was boiled in distilled 
water without adjusting the pH. From this photograph and the result of 
Experiment 38 above, it follows that a portion of the adsorbed Au(CN)2 
was decomposed to AuCN by exposure to temperatures between 100 °C and 
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150 °c, but that further reduction to Au will only take place under more 

extreme conditions. Figures 2.29{a) and (b) represent such a condition. 

In this case a sample of gold loaded carbon BTX was boiled in distilled 

. water containing 3 ·vol % of a 33 mass% HCl solution. The large crystals 

that formed under these conditions (compare Figure 2.29(b) to Figure 

2.27{a)) contained mainly Au as can be seen from the X-ray analysis 

thereof (Figure 2.29(c)). Under an optical microscope it appeared 

similar to the gold adsorbed from a AuCl~ solution. 

The effect of Au(o) on the Au(CN)2 equilibrium was investigated in 

Experiment 39. A sample of carbon BTX was loaded with gold cyanide and 

then boiled in a HCl solution to decompose the adsorbed gold to Au(o) as 

above. This gold loaded sample of carbon was then contacted with an 

alkaline Au(CN)2 solution for three weeks and its adsorption capacity 

compared to that of a fresh sample of carbon BTX. The adsorption 

capacities of the two samples of carbon for Au(CN)2 were nearly 

identical. This means that the irreversibly adsorbed metanic gold did 

not take part in the Au(CN)2 equilibrium. However, in the presence of 

free cyanide, some of the Au would have been dissolved, and this would 

have resulted in a decreased adsorption of Au(CN)2. 

2.6 SUMMARY OF RESULTS 

Dissolved oxygen was found to play a vital role in the adsorption of 

anionic metal cyanides onto activated carbon. Although the g6ld loading 

capacities of the tested carbons were directly related to the dissolved 

oxygen concentration, the small oxygen consumptions during the adsorption 

of the metal cyanides indicate that oxygen does not take part in the 

adsorption reaction. Furthermore, if oxygen did take part in the 

adsorption reaction of metal cyanides, concentrations higher than 9 mg 

02/1 would have led to increased adsorption capacities, which was not the 

case. It was illustrated that chemisorbed oxygen on the surface of the 

carbon plays a minor role in comparison to oxygen in solution. It is 

postulated that physically adsorbed oxygen, which is in equilibrium with 

the oxygen in solution, acts as a surfactant which renders the carbon 

surface more or less receptive to the adsorption of anionic species. It 
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is possible that an increase in the dissolved oxygen concentration not 

only increases the zeta potential of the carbon, but also screens off the 

carbon surface for adsorption of solutes. These two opposing effects 

wil 1 result in an increase in the adsorpt i vity up to a point where the 

block-out effect exceeds the effect of the higher zeta potential and 

therefore results in lower adsorption of anioniC: metal cyanides with a 

further increase in oxygen concentration. 

In solutions where free cyanide was present, the consumption of oxygen 

was increased because of the oxidation of cN- to co~- and NH3 • Although 

the formation of AuCN can increase the consumption of oxygen, oxygen did 

not promote the decomposition of Au ( CN) 2 to AuCN. In c 1 osed systems 

where no free cyanide was present, the carbon itself was the main 

consumer of oxygen. The uptake of oxygen by activated carbon in such a 

closed system reduces the dissolved oxygen concentration and thereby 

lowers the adsorption capacity of the carbon for anionic metal cyanides. 

The fraction of adsorbed Au ( CN) 2· that wil 1 be decomposed to AuCN was 

found to be a function of the pH and temperature of the solution, and the 
type of activated carbon used. Under "normal" CIP conditions, but with 

no free ·cyanide present, 20% of the go 1 d adsorbed onto carbon B was 

present as AuCN, whereas no decomposition took pl ace on carbons A and 

BTX. The formation of AuCN was enhanced by lowering the pH at room 

temperature. However, a combination of low pH and high temperature, as 
would be found in the hot acid wash step of an AARL elution, led to the 
reduction of both Au(ll species to metallic gold, Au( 0l. 

The finding that no AuCN is formed on carbon BTX under normal CIP 

conditions will have a significant bearing on investigating the effect of 
a cyanide pretreatment on the elution of the adsorbed gold. If cyanide 

is found to enhance the e 1 ut ion of go 1 d from carbon BTX, the increased 

desorption cannot be ascribed to the transformation of AuCN to Au(C~)2. 
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Table 2.1 
AA settings for determination of various elements. 

Element Mode Wavelength Slit ~ax [nm] Width [nm] ppm] 

Au Absorption 242.8 1.0 30 
Ag Absorption 328.l 0.5 20 
K Emission 776.5 0.2 2000 

Table 2.2 
Freundlich isotherm constants for adsorption onto carbon A. 

Oxygen Gold Silver 
-1eve1 
[mg/l] A n A n 

0.0 7.302 0.339 2.192 0.530 
4.4 13.478 0.264 8.920 0.409 
9 .O(atm.) 18.970 0.219 13.620 0.398 
14.5 18.470 0.226 7.603 0.482 

Table 2.3 
Freundlich isotherm constants for adsorption onto carbon B. 

Oxygen Gold Silver 
1 evel 
[mg/l] A n A n 

0.0 22.020 0.168 9.206 0.194 
4.2 35.370 0.159 18.134 0.286 
9.0(atm.) 38.646 0 .131 25.374 0.223 
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Table 2.4 
The consumption of oxygen by activated carbon in the presence and absence of 
metal cyanides. 

Experiment 27 (b) (c) (d) 

Carbon A A A 
Carbon pretreatment* D,S D,S D 
Drying temp. [°C] 110 110 llO 
Open/Closed bottle c 0 c 
pH 8.5 8.5 11.2 
Metal cyanide (M) Au Au 
Ci (M) [g/m3

] 22.8 19. 7' 
C (M)/Ci (M) 0.478 0.487 
[02]diff. [mg/l] 0.2 1.4 

Experiment 27 (g) (h) ( i ) 

Carbon A A A 
Carbon pretreatment* D,S D,S 
Drying temp. [°C] 110 110 
Open/Closed bottle c 0 c 
pH 8.5 8.5 ' 
Metal cyanide (M) Ag Ag 
Ci (M) [g/m3] 23.2 23.2 
C (M)/Ci (M) 0.634 0.440 
[02]diff. [mg/l] 0.5 -0.2 

Experiment 27 (m) (n) (o) 

Carbon A BTX BTX 
Carbon pretreatment* D 
Drying temp. [°C] llO 
Open/Closed bottle c c c 
pH 
Metal cyanide (M) CN 
Ci (M) [g/m3

] 409 
C (M)/Ci (M) 0.941 
[Oz]diff. [mg/l] 0.6 0.2 -0.5 

*carbon pretreatment : 
D = Oven dried at specified temperature for 24 hrs 
S = Soaked in aerated, distilled water for 24 hrs 

(e) ( f) 

A A 
D D 
110 · 110 
c c 
9.1 3.2 

1.2 1. 4 

(j) ( k) ( 1 ) 

A A A 
D D D 
110 200 300 
c c c 

1.3 1.8 0.3 

(p) (q) (r) 

BTX BTX BTX 

c c c 
8.8 3.9 
Au CN Au 

70.5 409 70.5 
0.400 0.954 0.148 
0.5 3.2 0.7 
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Table 2.5 
Determination of adsorbed species by elution with distilled water. 

Exp. no. 29 30 3la 3lb 32 33a 33b 

ADSORPTION 

Carbon A A B B BTX A A 
Metal (M) Au Ag Au Au Au Au Au 
mg 0/1 9.0 9.0 9.0 0.0 9.0 9.0 40 
pH 8.5 8.5 8.5 8.5 8.5 3.5 3.5 
t [days] 21 21 1 1 3 2 2 
QM (mg/g] 36.6 33.6 19.2 13.6 26.2 22.6 22.6 

ELUTION 

% Eluted 100 38 79 75 100 84 89 
MCN/M ( CN) 2 - 0.0 1.63 0.27 0.33 0.00 0.19 0 .12 
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Figure 2.3 Equilibrium adsorption of Au(CN)- on carbon A at 
different constant oxygen concentrations. (Exp. ~,4,5 and 6) 
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Figure 2.4 Equilibrium adsorption of Ag(CN)- on carbon A at 
different constant oxygen concentrations. (Exp. ~,8 and 9) 
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Figure 2.7 Equilibrium adsorption of Ag(CN)- on carbon B at 
different constant oxygen concentrations. (Exp. ~4, 15 and 16) 
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Figure 2.11 Lowering of the oxygen concentration during the 
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Figure 2.14(b) The reproducibility of the continuous monitoring of the 
dissolved 02 level during the adsorption of Au(CN)2 in a closed vessel. 
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Figure 2.17 FTIR scan of carbon A loaded with gold cyanide from an 
aerated alkaline solution. 
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Figure 2.25 SEM photograph of surface of carbon BTX loaded with Au(DJ 
from an AuCl solution. (Magnified 2000 x) 

Figure 2.26 SEM photograph of surface of carbon BTX loaded with gold 
cyanide from an Au(CN)2 solution. (1 g of carbon stirred for 7 h in a 
solution with C.

6 
= 20u g.m-3). Soaked loaded carbon in a cold 0.1 M KOH 

solution for 5 h. (Magnified 2000 x} 
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Figure 2.27(a) SEM photograph of surface of carbon BTX loaded with gold 
cyanide from an Au(CN)_2 solution. (1 g of carbon stirred for 7 h in a 
solution with C.G = 20u g.m-3 ). Boiled loaded carbon in a 0.1 M KOH 
solution for 5 ~. (Magnified 2000 x) 

Figure 2.27(b) X-ray scan of sample of carbon used in Figure 2.27(a}. 
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Figure 2.28 SEM photograph of surface of carbon BTX loaded with gold 
cyanide from an Au(CN)- solution. (I g of carbon stirred for 7 h in a 
solution with C.~= 2oa g.m~). Boiled loaded carbon in distilled water 
for 5 h. (Magn~tied 2000 x) 

Figure 2.29(a} SEM photograph of surface of carbon BTX loaded with gold 
cyanide from an Au{CN)2 solution. (1 g of carbon stirred for 7 h in a 
solution with C. 6 = 20u g.m-3). Boiled loaded carbon in 3 vol.% of a 33 
mass% HCl solution for 5 h. (Magnified 200 x) 
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Figure 2.29(b) SEM photograph of sample of carbon in Figure 2.29(a) 
(Magnified 2000 x) 

---------------·----

Figure 2.29(c) X-ray scan of sample of carbon used in Figure 2.29(a) 
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3 

SUB-PROCESSES OF ELUTION 

Cyanide and hydroxide salts are added during both the AARL and Zadra 

elution procedures to enhance the elution of the gold cyanide. The 

concentrations of the additives change continuously during the elution 

process because of dilution, adsorption and decomposition thereof. As 

the equilibrium between the adsorbed gold cyanide and the gold cyanide in 

solution is affected by these concentrations and other physical 

conditions, it was important to quantify the effects of such influences 

on the ~lution of gold. 

Adams and Nicol (1986) listed the most significant influences on elution, 

in order of decreasing importance, as follows : temperature, cyanide and 

hydroxide concentrations, and the ionic strength of the el uant. 

Likewise, Davidson (1986a) considered the temperature and reagent cyanide 

addition to be the most important factors affecting gold elution. In 

cases where the loaded carbon contained large amounts of calcium 

carbonate, the temperature and acid washing of the carbon were considered 

to be most important for efficient elution (Davidson and Veronese, 1979). 

Although it is believed (Davidson, 1986a) that the effects of 

temperature, reagent cyanide addition and ionic strength gradient are 

confounded to such extent that it is "not possible to quantify each 

parameter in isolation", an attempt was made in this chapter to quantify 

the effects of the most important influences on the gold cyanide 

equ il i bri urn. 

An important factor which was overlooked by most workers is the effect of 

adsorption on the desorption process. The adsorption process will 

determine (a) the form in which the gold is adsorbed, and (b) the radial 

distribution thereof through the carbon particles. It was shown in 

Chapter 2 that the gold can be loaded on the carbon as Au(CN)2 or AuCN 

Stellenbosch University  https://scholar.sun.ac.za



63 

and that the ratio between these species will determine the extent of 

elution in the absence of cyanide. Although the form in which the gold 

is adsorbed will have little or no effect on the elution efficiency if a 

cyanide pretreatment is conducted, it is important when studying the 

pretreatment process to know which adsorbed species are present. 

The kinetics of the adsorption process will determine the radial 

distribution of the adsorbed gold. The depth to which the gold has 

penetrated into the porous structure of the carbon might determine the 

ease with which it will desorb. This was touched upon by Van Deventer 

(1986) in his study of the kinetics of the adsorption of gold cyanide. 

3.1 EXPERIMENTAL 

3.1.1 Activated carbon 

All the experimental data on the elution of gold cyanide have been 

collected by using carbon BTX. The carbon was tested for the formation 

of AuCN as described in Chapter 2. It was found that no AuCN was formed 

on the carbon during adsorption from alkaline solutions at room 

temperature. An apparent density of 838. 8 kg. m-3 was measured for the 

carbon. The pore volume of the carbon was determined as 6.34xlo-4 m3 .kg-1 

by measuring the mass loss upon oven drying of a sample of carbon 
saturated with water. The average particle size was 1.42 mm {Experiment 

2) and provided a Void fraction of 0.292 in a packed column. 

3.1.2 Columns 

The AARL elution column is usually constructed of rubber-lined mild steel 

to permit the acid treatment to be carried out in the same vessel as the 

elution (Brittan, 1988). The choice of a column lining will be most 

important as this will determine the maximum temperature at which the 

column can be operated {Davidson, 1986a). Butyl rubber linings should be 

adequately vulcanised and not used at temperatures higher than 110 °C. 

Other possible linings include Hastalloy C and PDVF (polidivinylidine 

fluoride). Costello et al. (1988) solved the problem of elution at 

higher temperatures by performing the acid wash in a separate rubber. 
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lined vessel and the elution at 130 ·c in a stainless steel column. 

The objective of this study was to investigate the fundamentals of 
elution and not to achieve the highest possible elution efficiencies. A 
"comfortable" temperature of 70 ·c was therefore selected for most of the 
elution runs. These investigative runs were conducted 
with a temperature controlled water jacket. A 
experimental setup is provided in Figure 3.1. 

in a glass column 
drawing of the 

Unless otherwise 
specified, the pretreatment steps were conducted outside the column in 
50 ml glass beakers. After the pretreatment, the carbon was separated 
from the solution with a tea strainer, and excessive pretreatment 
solution removed by blotting with filter paper. The carbon was then 
dropped into the glass column containing half a bed volume of eluant at 
the elution temperature. The starting time for the elution was taken as 
the moment when flow of eluant was introduced. The eluant passed through 
the column in a downward direction under gravitation. The flow rate was 
periodically measured with a measuring flask and stop watch. Adjustments· 
to the flow rate were made with the valve on the outlet of the column. 
Preheating of the feed was accomplished by keeping the section of the 
column above the carbon bed filled with eluant. 

A stainless steel column with a hot oil jacket was used for comparative 
tests on a larger seal e and for runs at higher temperatures than were 
possible with the glass column. A graphical presentation of the column 
and its utilities is shown in Figure 3.2. The eluant was pumped upwards 
through the column with a positive displacement pump. A single pass 
shell and tube exchanger was used to preheat the feed to the operating 
temperature of the column. By using a high flow rate of oil and more 
than 2 meters of tube in the preheater it was possible to obtain a 
temperature difference of less than 2 ·c between the el uant and oil 
leaving the preheater. The oil from the preheater could therefore be fed 
directly to the jacket of the column to control the operating temperature 
of the carbon bed within 2 ·c of the feed temperature of the eluant. The 
outlet temperature of the eluant from the preheater was controlled by a 
feed back controller that was connected to the electrical heating 
elements of the oil heater. At temperatures higher than 90 ·c the column 
was pressurized by the use of a valve on the outlet of the column. The 
eluate was cooled by passing it through a coil that was submerged in cold 
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water. Four thermocouples were inserted into the carbon bed to monitor 
the temperature at different heights in the column. 

The dimensions of the columns are summarized in Table 3.1. A bed volume 
(BV) is defined here as the empty volume of the reactor that is occupied 
by the packed bed of carbon, i . e. 1 BV = a. h. One bed volume of the 
glass column contained 9.4 g of dry carbon BTX, and the stainless steel 
column 3500 g. 

3.1.3 Chemicals 

To·simplify the investigation it was decided to use mainly the potassium 
salts of aurocyanide, cyanide and hydroxide. 
other cations, or combinations thereof, c~h be 
Unless otherwise specified, the pretreatment 

In more complex ~ystems 

treated similarly to K+. 
, 

step for AARL type of 
elutions in the glass column involved soaking of the carbon for 30 min. 
in 20 ml of a 20 g KCN/l solution at room temperature. As no acid 
treatments were conducted, no KOH was added to the pretreatment 
solutions. The high concentration of cyanide in the pretreatment ensured 
sufficiently high pH values in the pretreatment step as well as the 
subsequent elutions. The pH of the distilled water used as eluant was 

' . also not adJusted. 

3.1.4 Equilibrium tests 

Batch experiments were conducted in 1000 ml stirred reactors with loose 
fitting lids to minimize evaporation at temperatures higher than room 
temperature and to prevent contamination with oil from the overhead 
stirrers. Equilibrium experiments at higher temperatures were conducted 
in a temperature controlled water bath. 
measured after a period of 3 weeks. 

The equilibrium conditions were 
The values of the pH and 

concentrations of reagents used in the quantification of the influences 
were measured at the same time as the equilibrium gold concentrations. 
As it was proved earlier that the equilibrium isotherms for adsorption 
and desorption of gold in contact with carbon BTX are the same, a 11 the 
equ i1 i bri um data presented here were determined for adsorption. 
Furthermore, the determination of equilibrium data by adsorption involves 
only the adsorption step, whereas measuring desorption equilibria 
requires an adsorption and desorption step. As the concentrations of 
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gold have to be measured after each step, less errors are possible in the 

case of determining the equilibria by adsorption than desorption. 

3.2 SUB-PROCESSES 

The continuous change in the conditions during the e 1 ut ion step of the 

AARL procedure is the result of mainly three important sub-processes 

occurring simultaneously. The most obvious of these is the desorption of 

the gold, followed by the diffusion thereof out of the carbon into the 

interparticle solution. The other two sub-processes involve the removal 

of the pretreatment reagents from the carbon bed. These two processes 

are defined as, firstly, the diffusion of cations from the pores of the 

carbon, and, secondly, the decomposition and diffusion of the cyanide 

from the carbon pores. 

Figure 3.3 shows a typical elution profile obtained at 70 °C. The 

concentrations of the gold, cyanide and potassium have been normalized 

for comparative reasons. Note the sharp decline in the cyanide and 

potassium concentrations within the first two bed volumes. The tailing 

effect is because of the reagents being trapped in the pores of the 

carbon. The peak in the gold profile only appears once the bulk of the 

pretreatment reagents have been removed. The pH remains high for the 

whole duration of the run, even though the pH of the water supply has not 
been adjusted. 

As discussed earlier, the gold cyanide equilibrium is affected by the 

above mentioned factors. Because these factors change continuously 
throughout the e 1 ut ion, the go 1 d cyanide equ i 1 i bri um wi 11 al so change 

continuously. It is therefore important to know the equilibrium isotherm 

at all possible combinations of these factors. Furthermore, it will only 

be possible to model the elution of the gold cyanide once models have 

been developed to describe the changes in the concentrations of the 

cyanide and the potassium. 
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3.3 MODIFIED FREUNDLICH ISOTHERM 

At each possible combination of factors, such, as pH, temperature and 
cyanide concentration, a unique Freundlich isotherm can be measured for 
the equilibrium adsorption of aurocyanide onto a specific activated 
carbo·n. To determine the two parameters, A and n, in the isotherm, at 
least 3 to 4 combinations of equilibrium gold loadings and concentrations 
were required. It is clear that it would have been impossible to 
establish the gold cyanide equilibrium at enough combinations of 
conditions to enable extrapolation to other combinations. 

In an attempt to minimize the parameters in the Freundlich isotherm, 
Equation 2.4, it was decided to investigate a possible relationship 
between A and n. From the work of Cho and Pitt (1979a) it seemed that 
lowering of the equilibrium constant, ,A, is usually accompanied by an 
increase in the value of the exponent. The values of A and n determined 
(Van Deventer, 1984) for more than ten different carbons under different 
adsorption conditions were then plotted in Figure 3.4. From this plot it 
is clear that n decreases linearly with an increase in A, and that the 
Freundlich isotherm for the adsorption. of gold cyanide onto activated 
carbon can be modified to : 

Q = A c bA+B 
eG eG [3.1] 

where b and B are constants that can be determined from Figure 3.4 or by 
measur'ing the Freundlich isotherms f~r a specific carbon at different 
conditions. With only the one unknown, A; in the isotherm expression, it 
was now possible to describe the equilibrium at a certain combination of 
factors with on 1 y one v a 1 ue · of Qe

6 
and Ce

6
• By keeping a 11 factors 

constant and changing only one factor at a time it was thus possible to 
quantify the effect of each factor on the value of A, and therefore its 
effect on the gold cyanide equilibrium. 
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3.4 FACTORS INFLUENCING THE ELUTION OF AUROCYANIDE 

3.4.1 Temperature 

The adsorption of go 1 d onto activated carbon is an exothermic process 
{Nicol, 1986; Davidson, 1974) and an increase in temperature will shift 
the equilibrium to favour desorption. Temperature is considered 
{Davidson, 1986a; Adams and Nicol, 1986; Nicol, 1986) to be the most 
important factdr in the efficient elution of gold and other metal 
cyanides from activated carbon. It was found that ah increase in elution 
temperature from 90 °C to 110 °C significantly improved the elution 
efficiency and maximum eluate concentration for all carbons tested 

·{Davidson and Veronese, 1979). McDougall et al. {1980) related the need 
for high elution temperatures to the more than 14 times higher solubility 
of KAu.{CN) 2 in hot than cold water. They further reported that plots of 
the logarithm of the equilibrium solution phase concentration versus the 
reciprocal of the absolute temperature in Kelvin gave a set of straight 
1 i nes. From these p 1 ots an average va 1 ue for the i sosteri c heat of 
adsorption was calculated as 42 kJ.mo1-1 • Similar linear relationships 

. ' 

were found by plotting the distribution of gold between the liquid and 
solid phases at equilibrium {K = QjCe) versus l/T for two sets of data 
with different initial gold concentrations {Adams et al., 1987b). 

Figure 3. 5 presents . equilibrium isotherms determined for go 1 d cyanide 
adsorption onto carbon BTX at temperatures of 22 °C, 30 °C, 40 °C and 
60 °C. Higher temperatures would have necessitated the addition of 
cyanide to prevent the formation of AuCN. As cyanide · is readily 
hydrolysed at high temperatures, it would have been impossible to 
determine all equilibria it the same cyanide concentration. The A and n 
values, determined by fitting the Freundlich equation to the 4 sets of 
experimental data in Figure 3.5, are summarized in Table 3.2. A least 
squares regression on the data in Table 3.2 provided the following 
correlation between A and n for carbon BTX : 

n = -0.002688.A + 0.2902 [3. 2] 

The predicted exponents (n d) in Table 3.2 were calculated with Equation pre 

3.2. Further proof for the validity of Equation 3.2 was obtained by 
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using the correlation for n on the experimental data in Figure 3.51 to 
determine an average A-value for each temperature. The curves in Figure 
3.6 were calculated with these average A-values as follows : 

Q = A.C -0.002688.A + 0.2902 
eG · eG 

[3.3] 

Whereas the lines in Figure 3.5 were calculated by fitting the Freundlich 
isotherm (Equation 2.4) to the experimental data, the lines in Figure 3.6 
were calculated with the modified isotherm (Equation 3.3). The main 
advantage of using Equation 3.3 is that it contains only one parameter 
(A), which makes it easier to quantify the effect of a factor, such as 
temperature, on the gold cyanide equilibrium. Therefore, all of the A
values presented from here onwards, were calculated with Equation 3.3. 

To test the validity of an Arrhenius relationship between temperature and 
the equilibrium gold loading on carbon BTX, the logarithm of A was 
plotted in Figure 3.7 against the reciprocal of the absolute temperature 
in Ke 1 vi n. The straight line through the data represents the fo 11 owing 
relationship : 

A = 0.019 exp(2190/T) [3.4] 

3.4.2 pH of solution 

Davidson (1974) related the effect of pH on the adsorption of metal 
cyanide complexes to the strong adsorption of both hydroxide and 
hydronium ions, whereas Adams et al. {1987b) and Adams and Fleming (1989) 
favoured a mechanism in which OW reacts with the functional groups on 
the surface of the carbon. Table 3.3 summarizes the relationships 
'between the equilibrium metal loading and pH as calculated from the 
results of previous workers. It was found that log-log plots of the data 
resulted in straight lines in all 4 cases. 

The A values for gold cyanide in contact with carbon A at different pH 
values are plotted in Figure 3.8. To eliminate the effects of other 
influences on the equilibrium, all the experiments in Figure 3.8 were 
conducted at room temperature, a [CN-] = 0 g/m3 , and a [K+] = 1100 g/m3 • 

The same potassium concentrations were achieved by the addition of KCl. 
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It was shown (McDougall, 1982) that the chloride ion has a negligible 
effect on the interaction between gold cyanide and activated carbon. 
From the straight line obtained in Figure 3.8, the following relationship 
was found to describe the effect of pH on the value of A 

A= 113 exp(~0.16 pH) [3.5] 

Figure 3.9 shows a repetition of the above experiment at a temperature of 
40 °C, a [CW] = 0 g/m3 , and a [K+] = 1500 g/m3 • Al though the constants 
in Equation 3.6 at 40 °C differed from those determined at room 
temperature, the function remained the same : -

A= 138 exp(-0.21 pH) [3.6] 

3.4.3 Cyanide concentration 

It was found (Adams and Nicol, 1986) that the rate of desorption ·in a 
Zadra type of elution reached a maximum at a cyanide concentration of 0.2 
M. The decrease in elution rate at higher concentrations was ascribed to 
the opposing effect of cyanide and ionic strength. It was illustrated 
that, at a constant ionic strength (achieved by the addition of NaCl), an 
increase in cyanide and hydroxide concentrations resulted in faster 
desorption kinetics. The effect of cyanide on the equilibrium adsorption 
of gold cyanide on carbon BTX (see Figure 3.10) was thus determined at a 
constant potassium concentration of 1200 g/m3 • As in the case of the 
determination of the effect of pH, KCl was added to the so 1 ut ions to 
achieve the same [K+]'s. Even though the initial pH's were all adjusted 
to the same value by the addition of KOH, the pH-values at equilibrium 
ranged between 8.6 and 10.5 because of the different cyanide 
concentrations. In spite of the variation in pH values, a log-log plot 
of A vs. ([CW]+l) produced a perfect straight line (Figure 3.10). The 
value of 1 was added to the cyanide concentration to prevent taking the 
log of 0. From Figure 3.10, it followed that A can be written as a 
function of the free cyanide concentration in solution as follows : 

A = 32 (CN + lr0.155 [3. 7] 
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3.4.4 Cation concentration 

The gold loading capacity of carbon increases with an increase in cation 
concentration. The beneficial effect of cations on gold adsorption is 
reported (Costello et a7., 1988) to be in the order Ca2+ > Mg 2+ > W > Na+ 
> K+. Thus, a low ionic strength and the absence of Ca2+ and Mg 2+ will 
favour desorption. Nicol (1986) presented equilibrium data to illustrate 
the increase in gold loading capacity with an increase in ionic strength 
from 0.005 to 1.0 M. The Joading capacities have been given at a fixed 
solution phase concentration and will therefore be representative of the 
constant A in the Freundlich isotherm. A least squares regression on his 
data sh~wed ln(A) to be a linear function of ln(ionic strength). 

The equilibrium capacity under elution conditions will not only be a 
function of the concentration of cations in the liquid phase, but also of 
the cations adsorbed on t~e carbon (Davidson, 1974). Table 3.4 shows 
typical metal loadings of carbon loaded from a gold plant effluent. It 
can be seen that during an acid wash, most of these elements are removed. 
Furthermore, .it was shown (Davidson, 1974) that during the pretreatment 
step the aurocyanide anion will be preferably 1 inked to the. spectator 
cation introduced with the pretreatment reagents. From these 
observations it can safely be assumed that after an acid wash and a 
cyanide or hydroxide pretreatment the main cation to be considered in the 
elution step will be the cation introduced with the pretreatment 
reagents. 

Because different cations, even with the same charge, have different 
effects on the adsorption and desorption of Au(CN)~, it was decided to 
treat each cation separately and not to study the ionic strength as such. 
Furthermore, it is unlikely that an ion such as CN-, which has a positive 
effect on desorption, will contribute to the negative effect of the ionic 
strength. As discussed earlier, mainly potassium was studied here. Even 
though other cations will affect the adsorption of gold to different 
degrees, the trends will be similar to that observed for potassium. This 
is illustrated in Figure 3.11 where ln(A) was plotted as a function of 
the concentration of potassium and calcium respectively. The 
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relationship between A and the cation concentration was the same for both 

cations : 

A= 24 (CK+ 1)0.069 [3.8] 

A = 26 (Cea + 1) 0.127 [3. 9] 

The stronger dependence on the calcium concentration than the potassium 
concentration can be seen clearly from Figure 3.11 and Equations 3.8 and 
3.9. Although inconceivable, a nil cation concentration was provided for 

in the (Ccat + 1)-term. 

The effect of using NaCN instead of KCN as pretreatment .reagent in an 
AARL elution was investigated in Figure 3.12. Little or no difference 
could be observed in the resulting gold elution profiles. 

The W cation was not treated here as another cation, because it was 
already accounted for in the effect of the solution pH. 

3.4.5 Cyanide pretreatment in an AARL elution 

It was shown (Davidson and Duncanson, 1977l .that more than 99% of the 
gold loaded onto Le Carbone G210 could be recovered with deionized water 
after a pretreatment with potassium carbonate. A nearly identical gold 
elution profile was obtained with an equimolar sodium carbonate 
pretreatment. The carbonate pretreatment 1 ed, however, to poor e 1 ut ion 
of silver and other base metals as well as the build-up of calcium 
carbonate on the carbon. The poor e 1 ut ion of the meta 1 s, other than 
gold, was blamed on the·instability of,these complexes under high pH 
pretreatment conditions. Further tests indicated that it was the higher 
hydroxide concentration associated with the addition of carbonate, and 
not the carbonate itself, that was responsible for the efficient elution 
of gold. The carbonate in the pretreatment was then replaced with sodium 
hydroxide and sodium cyanide. The sodium cyanide was added in order to 
increase the stability of the metal cyanide complexes. Further 
investigations revealed that the elution of all the metal cyanide species 
(including gold) could in fact be improved by adding less hydroxide to 
the pretreatment. Hydroxide is st i 11 added to the pretreatment, but 
mainly to stabilize the cyanide, (for safety reasons). 
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The relative insignificance of hydroxide compared to cyanide in the 
pretreatment is illustrated in Figure 3.13. Ide~tical elutions were 
carried out with identical samples of gold loaded carbon. The only 
difference was that the one sample was pretreated with a KCN solution and 
the other with a KOH solution with the same pH and potassium 
concentration as the cyanide solution. In the case of the cyanide 
pretreatment the maximum gold concentration in the elution was more than 
10 times higher than for the hydroxide pretreatment. 

As discussed previously, the effect of cyanide in the above experiment 
cannot be linked to the dissolution of an irreversibly adsorbed gold 
species. Furthermore, if CW displaces Au(CN)2 from loaded activated 
carbon by a mechanism of competitive adsorption, it would have been 
expected that more desorption of gold would have occurred during the 
pretreatment step. What is even more peculiar, is that the peak in the 
gold elution profile appeared only after most of the cyanide was already 
washed out of the carbon bed. An experiment, (see Figure 3.14), was then 
devised to investigate the necessity for cyanide in the eluant. To 
ensure the lowest possible carry over of cyanide from the pretreatment to 
the elution stage, the carbon was boiled in the pretreatment reagent to 
decompose most of the cyanide. At the end -of the pretreatment, the 
cyanide concentration was measured as 80 mg CN-/l (compared to the 
initial concentration of 8000 mg CW/l). The elution step of this 
experiment consisted out of two stages. During the first stage an eluant 
containing 2000 ppm potassium (as KCl) was pumped through the carbon bed. 
The high cation concentration suppressed the elution of the gold and 
provided 4 bed volumes of eluant to rinse the carbon of cyanide that was 
carried over from the pretreatment step. For the second stage of the 
elution the potassium rich eluant was replaced with distilled water. 
Even though the cyanide concentration in the solution was practically 
zero at this stage, a peak in the gold concentration appeared almost 
instantaneously. Moreover, the maximum gold concentration was more than 
60 % higher than that measured in a similar elution without the initial 
high cation stage (Experiment 50). This can be ascribed, however, to the 
more "intense" pretreatment that was carried out here. 

From the above experiment it follows that the free cyani~e that is 
present during the elution step of the AARL procedure is of secondary 
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importance to that in the pretreatment. This means that it is the effect 
of the cyanide that was present in the pretreatment step and not the 
carry-over of pretreatment reagents to the eluant that enhances the 
elution of the gold. Because' of the high ionic strength in the 
pretreatment step, the bulk of the gold desorption occurs only during the 
e 1 ut ion stage once the cation concentration is 1 owe red. The hori zonta 1 
position of the gold peak will therefore be a function of the kinetics of 
the removal of the cations carried -0ver from the pretreatment stage. 

The deactivation of activated carbon by cyanide was investigated by 
comparing the gold adsorption ability of fresh carbon to that of carbon 
that was pretreated in a strong cyanide solution. When this test was 
done initially, the carbon that was treated with cyanide was boiled in 
distilled water before the adsorption test to decompose all the free 
cyanide occluded in its pores. No difference could be detected in the 
subsequent behaviour of the two samples of carbon towards gold cyanide. 
The test was then repeated, but instead of boiling the cyanide treated 
carbon, the remaining cyanide was eluted with distilled water in" a glass 
column at room temperature. The carbon was then removed from the column 
and the adsorption of gold cyanide onto the pretreated carbon (in a batch 
strirred tank reactor) was compared·- to -the· adsorption onto a similar 
sample of fresh carbon in Figure 3.15. The lower adsorption capacity of 
the pretreated sample proves that the surface of the carbon was changed 
in such a way that its affinity for the aurocyanide anion was reduced. 
This deactivation can however be reversed easily by exposure of the 
carbon to high temperature. 

The effect of cyanide in solution and the effect of cyanide that was 
decomposed or adsorbed on the carbon, will be referred to ·here as the 
effect of cyanide and the effect of cyanide-age respectively. The 
cyanide-age of the carbon, QN, is defined as the amount of cyanide, in 
g CN-/kg carbon, that was previou~ly adsorbed or oxidized on the carbon. 
Experiment 55 represents an attempt to quantify the effect of cyanide-age 
on the desorption of gold cyanide. For this experiment, 5 samples of. 
carbon BTX were loaded with gold to the same level.· These gold loaded 
samples of carbon were then treated with solutions of different cyanide 
concentrations, before they were transferred to distilled water and the 
gold concentrations monitored. The elution parts of the experiments were 
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conducted in small quantities of water at 70 °C to resemble the high 
carbon concentration in an elution column. Samples of the solutions were 
taken after 22, 52 and 94 hours. As it was found that the gold 
concentration in solution declined with time, it was decided to take the 
concentrations at 94 hours as representative of the effect of the 
cyanide-age on the gold equilibrium. To account for the different pH 
values measured for the 5 samples, the calculated A-values were 
"normalized" for pH by dividing them by exp(-0.2 pH) as determined 
earlier. These normalized A-values were plotted in Figure 3.16 as a 
function of the cyanide-age of the carbon. The A-value was found to be 
related to the cyanide-age, QN, as in Equation 3.10 : 

A = const/(0.06 QN +l) [3.10] 

The value of the constant in Equation 3.10 was determined as 10.2 at a 
solution pH of 10. 

The decline in the concentration of gold in solution during the elutions 
in Experiment 55 can be attributed to two possible factors : 

( 1) The carbon was 1 oaded with go 1 d over a period of 1 ess than 2 days. 
This would have resulted in a concentration gradient of adsorbed 
gold through the carbon particles. Further diffusion into the 
finer pores of the carbon during the elution step could thus lead 
to the re-adsorption of gold that was eluted from the surface of 
the particles during the initial stage of the experiment. 

(2) As discussed earlier, the activity of the activated carbon towards 
gold cyanide can be easily restored after a cyanide pretreatment if 
the carbon is exposed to higher temperatures. The elution 
temperature of 70 °C employed here could therefore be responsible 
for the gradual recovery of the activity of the carbon. This would 
have resulted in the re-adsorption of the gold that was initially 
desorbed. 

The occurrence of re-activation of the carbon after a cyanide 
pretreatment was further investigated by measuring the e 1 ut ion of gold 
from carbon that was loaded over a period of three weeks. Sufficient 
time was thus allowed during the adsorption stage to ensure a homogeneous 
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distribution of gold throughout the carbon particles, and thereby 
eliminating factor {l} above .. The elution profile determined in a batch 
reactor, after a cyanide pretreatment in a separate container; is 
presented in Figure 3.17. Desorption occurred for the initial 3 hours of 
the experiment, whereafter the concentration of gold in solution started 
to decrease. In this case the re-adsorption of the gold could only be 
ascribed to the deterioration of the effect of the cyanide pretreatment 
in the elution step. This re-activation of the carbon makes it difficult 
to accurately quantify the effect of the cyanide pretreatment, or 
cyanide-age, on the gold cyanide equilibrium. By the time that 
sufficient. time has elapsed to reach equilibrium, the effect of the 
cyanide-age has already been destroyed. 

3.4.6 Presence of irreversibly adsorbed species 

Davidson and Veronese {1979} reported nearly identical gold elution 
profiles for loaded carbon that has been air-dried, oven-dried at 110 °C 
or used as is. All of these carbons, however, have been acid washed and 
pretreated with cyanide before the elution. As discussed earlier, the 
oven drying of 1 oaded carbon can 1 ead to the formation of AuCN or Au(Dl 
and care should be taken in the cyanide pretreatment of such carbons to 
ensure the "leaching" of any irreversibly adsorbed species before the 
elution. 

From Figure 3.18 it becomes evident that the leaching of AuCN or Au 
during the .elution step will slow down the process and affect its 
efficiency. Although the experiments in Figure 3.18 were conducted in 
batch, the same detrimental effec~ of an irreversibly adsorbed species is 
expected for the Zadra elution process in which no cyanide pretreatment 
is conducted. Under such circumstances the reaction of AuCN or Au with 
CN- can become rate controlling. The batch elution profiles presented in 
Figure 3.19 are of acid washed carbon in cyanide solutions at room 
temperature. The one sample of carbon was powdered before the elution 
and the other used as is. Although the same equilibrium seems to apply 
in both cases, the rate of elution was much higher where· contact between 
the cyanide and the gold species was increased by reducing the particle 
size of the carbon. It is thus expected that particle size will have a 
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significant effect on the rate of Zadra type elutions if the carbon 

contains irreversibly adsorbed species. 

3.4.7 h/d Ratio 

Menne (1987) presented elution profiles obtained from laboratory scale 

columns with h/d ratios ranging from 1.5:1 to 12:1. No apparent effect 

could be observed. Variations due to different h/d ratios on large 

columns were attributed mainly to deviations from plug flow. Da.vidson 

(1986a), on the other hand, supported a chromatographic mechanism for the_ 

process and expected (more so than proved) the resolution of the elution 

profile to be strongly dependent on the h/d ratio. Both workers 

stressed, however, that care should be taken in the design of proper 

distributors for large columns so as to avoid the eluant from bypassin~ 

portions of the carbon bed. 

The effect of the geometry of the elution column was investigated in 

Figure 3.20. The gold elution profiles presented, were obtained by 

performing identical elutions in the glass column and the more than 300 

times larger stainless steel column discussed earlier. These columns had 

h/d ratios of 11.3 and 7.5 respectively. The same flow rate of eluant, 

expressed as number of bed volumes per hour, was used. Nearly identical 

elution profiles were measured for both cases, with only a slightly 

sharper profile for the glass column, which had the higher h/d ratio. 

The relative insensitivity to column geometry, at the same space-time, 

can be seen as an indication that little deviation from plug flow 
occurred. 

3.4.8 Flow rate 

Davidson (1974) investigated the effect of flow rate on the elution of 

gold after a 3 % potassium carbonate/ 1 % potassium hydroxide 

pretreatment and found that sharper elution profiles were obtained at 

lower flow rates. However, in a later publication (Davidson, 1986a) he 

reported that in a column with an h/d ratio of 10, the elution of gold 

was independent of flow rate in the region of 1 to 5 bed volumes per 

hour. (A pretreatment solution of 2 % sodium cyanide/ 2 % sodium 

hydroxide 'was used in the latter study.) The insensitivity of elution 

towards flow rate was interpreted as an indication th~t the elution 
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mechanism was not intraparticle controlled under the specified 

conditions. Davidson (1986a) stated that the choice of a suitable flow 

rate would depend largely on a compromise between peak power demand and 
I 

elution time. Flow rates of 2-3 BV/h are usually employed in order to 

fit the elution into an 8 hour shift. At such low fl ow rates the 

pressure ~rop over the column becomes insignificant. 

Figure 3.21 contains elution profiles obtained from the glass column at 

identical conditions, except for different flow rates of eluant. Nearly 

i dent i cal profiles were measured for fl ow rates of 2. 89 and 5. 89 bed 

volumes per hour. Even at a flow rate of 37 BV/h, the elution of the 

gold was still comparable to elutions in the range of 2 to 6 BV/h. 

The breakthrough curves in Figures 3.22 and 3.23, were calculated from 

data for the adsorption of silver cyanide onto activated carbon in 

columns (Jansen Van Rensburg, 1986). From the curves in Figure 3.22, it 

is clear that adsorption is more sensitive to variations in flow rate 

than is the case for elution. When the conditions are less favourable 

for adsorption, as in the case of Figure 3.23 where a higher pH was ~sed, 

the sensitivity towards flow rate decreases; This implies that even 

though adsorption onto activated carbon is widely accepted to be 

diffusion controlled (Jansen van Rensburg and Van Deventer, 1985; Cho et 

al.,. 1979; Fritz et al., 1981), it is not necessarily the case for 

desorption. 
0 

3.4.9 Distribution of adsorbed gold 

The distribution of gold cyanide through gold loaded carbon particles 

will depend on the initial concentration of gold in solution and the 

duration of contact between the solution and the carbon. The higher the 

initial concentration and the shorter the time of adsorption, the more 
" gold will be adsorbed closer to the p~t-ic'le surface and in .the macro 

pores. If more time for diffusion of 1 the gold is allowed, it will be 

distributed more evenly through the pa1rticle and more gold would have 

diffused from the macropores to the mi cropores. The effect of the 

distribution of adsorbed gold on the desorption thereof at room 

temperature was investigated in Figure 3.24. It was found that the rate 

of elution was higher for carbons that were loaded with gold over shorter 

0 
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periods of time, i.e. where steeper adsorbed gold concentration gradients 
were present on the carbon. 

As with the effect of flow rate, it was found that the elution was less 
sensitive to the distribution of the adsorbed gold under conditions that 
were more favourable for desorption. The gold elution profiles in Figure 
3.25 were obtained for carbons that were loaded with gold for 22 and 72 
hours respectively. 
cyanide pretreatment. 

These elutions were conducted at 70 °C after a 

3.4.10 Organic solvents 

Various solvents have been investigated in published efforts to improve 
·the· elution of gold with the use of pure organic solvents or organic 

solvent/water mixtures (Espiel et a7., 1988;· Muir et a7., 1985a,b). 
These included ethanol (EOH), methanol (MOH), acetone (AC), isopropanol 
( POH), acetoni tril e (AN), dimethyl formami de (DMF), methyl ethyl ketone 
(MEK), acrylonitrile (AcN) and ethylene glycol (EG). 

Muir et a7. (1985b) studied the effect of using organic solvent/water 
mixtures as el uant in the conventional AARL and Zadra el ut ions. They 
reported the effectiveness of the organic solvents in promoting gold 
elution in the order AN > MEK > AC > DMF > EOH. The best results were 
obtained using eluants comprising of 40% (vol/vol) AN/water containing 5 
to 40 g/l NaCN. It was found that organic solvents increase the kinetics 
of desorption, but that they do not cause desorption of gold in the 
absence of cyanide. Furthermore, the addition of organic solvents to the 
pretreatment reagents of the AARL elution was shown (La Brooy and Ariti, 
1988) to have little or no effect upon the subsequent elution with water. 

In elutions with organic ·solvent/water mixtures, the concentration of the 
solvent remains unchanged for the duration of the run. It can therefore 
be assumed that the equilibrium or kinetic parameters for such an elution 
will differ from the parameters for an elution with water with a factor 
that will remain constant during the course of the process. 
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3.4.11 Acid washing 

The use of an acid wash step is advocated mainly for increasing the 

efficiency of the AARL elution (Davidson, 1986a). It was shown that the 

AARL elution process was less sensitive to the ionic strength of the 

eluant after an acid wash. This was especially the case when the gold 

loaded carbon contained large amounts of calcium. Most of the calcium 

was found to be eluted during the acid wash. It was speculated that the 

gold that is loaded from calcium containing solutions is present on the 

carbon as the Ca(Au(CN) 2) 2 ion pair. During the acid wash the Ca is 

eluted and the gold cyanide decomposed to AuCN. In the subsequent 

cyanide treatment step the AuCN reacts with cyanide and the cation (eg. 

Na•) introduced with the pretreatment reagent to form the NaAu(CN) 2 

species. The NaAu(CN)
2 

is adsorbed less strongly than the Ca(Au(CN) 2) 2 

ion pair and is therefore 1 ess sensitive to the water qua 1 ity (ionic 

strength) of the eluant. 

The effect of an acid wash where no calcium is present, was investigated 

in Figure 3.26. The carbon used in the experiments was loaded from gold 

cyanide solutions and treated in acid and cyanide solutions containing H+ 

and K+ as the only cation_s. Mu_ch lower gold elution was measured where 

the carbon was acid washed prior to the cyanide pretreatment. This can 

be attributed to mainly two factors : (a) Even though the acid washed 

carbon was washed with distilled water before it was added to the cyanide 

solution, enough acid was left on the carbon to destroy a large 

percentage of the cyanide that would have been utilized for the 

desorption of the gold, and ( b) the acid lowered the pH of the e 1 uant 

from approximately 10 for the non'"acid washed carbon to 9 for the acid 

washed carbon. It is therefore not advisable to perform an acid wash in 

cases where the cation that is co-adsorbed with the gold is the same as 

that introduced with the pretreatment reagents. 

As discussed, it is presumed that a large percentage of the cyanide 

requirement in the pretreatment is for the neutralization of residual 

acid from the acid wash. It is anticipated that the hydroxide in the 

pretreatment step can be utilized better if the pretreatment step is 

split into a separate hydroxide pretreatment (to neutralize the acid), 

followed by a cyanide pretreatment (to solubility the gold). The carbon 
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used in the elution experiments in this study was loaded from gold 
solutions containing no calcium. No acid treatments were thus conducted 
and no hydroxide was added to the pretreatment solutions. 

3.5 INTER-RELATIONSHIP OF EFFECTS ON GOLD EQUILIBRIUM 

If the e_ffects of cyanide, temperature, cation concentration and pH on 
the equilibrium adsorption of gold cyanide are independent of each other, 
it follows from the law of mass action that the value of A in· the 
Freundlich expression can be written as a product of functions (f1 to f 5) 

as follows : 

[3.11] 

(A
0 

is a constant if all other possible effects are kept constant.) If 
all variables except one are· kept constant in equation 3.11, those 
constant influences can a 11 be combined in the va 1 ue of A and the . 0 

functional form of the relationship between A and the one variable can be 
determined as was done in the previous section. However, if equations 
3.5 and 3.6 are compared, it is clear that the dependency of A on the pH 
is a function of the temperature. Although the functional relationship 
between A and pH was the same at different temperatures, the parameters 
had to be changed. It can thus be expected that more of the effects will 
be dependent on temperature and that Equation 3 .11 cannot be used to 
extrapolate from one temperature to another, except if a 11 the other 
variables remain the same. 

By combining equations 3.5, 3.7, 3.8 and 3.11 for a constant temperature 
and cyanide-age, equation 3.11 changes to : 

[3.12] 

In equation 3.12 the value of A
0 

accounts for all the other effects that 
are kept constant. To investigate the inter-relationship between the 
concentration of cyanide, potassium and pH, equation 3.12 was fitted to 
all the data from experiments 45, 47 and 48 collected at room 
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temperature. The values of the constants in equation 3.12 were 
calculated as 

A
0 

= 87.66, f = -0.104, p = 0.0455, and Ph= -0.1636. 

Table 3.5 compares the values of the measured A-values to those predicted 
by equation 3,5 with the above parameters. The average error was 
calculated as 3 % and the maximum error as 7 %. If the effects of CW, 

K+ and pH were tot a 11 y independent of each other, the values of the 
parameters would have remained the same as those determined previously. 
It therefore appears that interaction between the different effects does 
exist. This interaction is however sma 11 enough to permit the use of 
equation 3.12 within acceptable limits of error. Because of the 
temperature dependency of, for example, the pH, the values of the 
parameters will not be the same at other temperatures. 

3.6 DECOMPOSITION OF CYANIDE 

For the AARL elution process, most of the adsorption and reaction of 
cyanide occurs in the pretreatment step, whereas for the Zadra process,· 
the cyanide is decomposed simultaneously with the elution of the gold. 
Yet, in both processes, both the presence and the reactions of cyanide 
are used to enhance the elution-of the gold. It was thus important to 
investigate the decomposition of cyanide ·and some of the factors 
influencing it. / 

When Bernardin (1970) tried to measure the equilibrium adsorption of 
cyanide onto activated carbon under atmospheric conditions, he 
established that the adsorbed cyanide is oxidized by oxygen in solution 
and on the carbon~ His isotherm results showed that in the presence of· 
air or oxygen, the capacity of carbon for cyanide was respectively 3 and 
6 times higher than in the presence of nitrogen. This is in contrast 
with the findings of the developers of the Kamyr C.I.L.O. process (Elmore 
et al., 1988) in which pure oxygen is injected into a carbon-in-leach 
operation. They reported the consumption of cyanide to be lower than 
that of a conventional, aerated C.I.L. operation. This was accredited to 
shorter treatment time and the exclusion of C02 from the solutions in a 
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/ 

C. LL. 0. operation. The C02 content of air is believed to increase the 
consumption of cyanide by the evolution of prussic acid 

Hco3 + w 
HCN 

[3.13] 
[3.14] 

The last reaction will also account for a large portion: of the cyanide 
consumption in the pretreatment ste.p cif the AARL elution process if it is 
preceded by an acid wash (Davidson, 1986a). Under normal, alkaline gold 
elution conditions, 
and Muir, 1987). 
(Nicol, 1986) to be 

(a) · Hydrolysis 

CW + 3H20 

,J 

cyanide is decomposed via several reactions (Hoecker 
Of these; the following reactions are considered 

the most important_: 

oJ 
J 

[HCOONH4] + ~02 

[HCOONH4] + OW 

Hco3 + NH; 
-(pH 10.5)--+ 

[3.15] 
[3.16] 
[3.17] Hco3 + NH; + 20W 

(b) Oxidation 

cw + ~02 
[CNO-] + 2H20 

[CNO-]_ J [3 .18] 

--· rcof + NH; [3 .191 

The oxidation reaction, equations 3.18 and 3.1~, is catalyzed by the 
presence of activated carbon. Nicol (1986) showed that at room 
temperature, the decomposition of cyanide was very slow unles.s carbon was 
present. He further observed that the effect of the presence of carbon 
decreased with an increase in temperature. This suggests that the 
hydrolysis reaction is dominant at high temperatures, whereas the 
catalytic oxidation reaction is more significant at low temperatures. 
This shift in reaction mechanism.occurs because of the decreased rate of 
the oxidation reaction at the very low dissolved oxygen concentrations 
(Muir et al., 1988) at high temperatures. Muir et al. (1988) regarded 
the hydrolysis reaction as the main caus~ for the loss of cyanide during 
Zadra or AARL elution procedures. They found the rate of hydrolysis to 
be more temperature sensitive than the rate of oxidation, but independent 
of pH higher than 10.5. Measurement of the decomposition rate of cyanide 
revealed first order kinetics for both the hydrolysis and oxidation 
reactions (Hriecker and Muir, 1987). Table 3.6 summarizes the rate 
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constants and activation energies (Ea) determined (Muir et al., 1988) for 
these reactions in the absence of carbon at a pH of 10.5. 

Figure 3.27 shows the effect of temperature on the decomposition of 
cyanide in the absence of carbon. The first order rate constants 
determined from these curves were plotted in Figure 3. 28. As it is 
impossible to isolate the oxidation ,nd hydrolysis reactions, the plots 
in Figures 3.27 and 3.28 represent combinations of these two reactions. 
The rate equation was calculated as 

[3.20] 

The activation energy of 87143 J/mol compares favourably with the 
a~tivation energy for the hydrolysis reaction as reported (Muir et al., 
1988) in Table 3.6. This implies that mainly the hydrolysis reaction 
occurred in the above experiments which were all conducted at 
temperatures of higher than 50 °C. 

In the presence of carbon, the rate constant of the oxidation reaction 
was found to be a direct function of the carbon concentration (Muir et 
a7., 1988). No distinction was however made between adsorption and 
oxidation of the cyanide. It is expected that adsorption would have 
accounted for a large percentage of the "reacted" cyanide, because the 
experiments have been conducted at room temperature to minimize 
hydrolysis of the cyanide. The carbon concentration and particle size 
were reported to have the largest influence on the oxidation of cyanide. 
Although the concentration of carbon proved to be just as important in 
the case of carbon BTX, Figure 3.29 shows that the oxidation of cyanide 
was insensitive to the particle size of the carbon. The mixing speed in 
batch reactors had a much more prominent effect on the decomposition of 
cyanide in contact with carbon BTX (see Figure 3.30). The results of 
Figures 3.29 and 3.30 imply (Levenspiel, 1972) that resistance to film 
diffusion is the rate controlling step and that resistance to pore 
diffusion can be neglected. 

Controversy seems to exist on the relative contributions of the 
adsorption and the decomposition of cyanide on activated carbon to the 
total consumption thereof. Hughes et a 7. ( 1984) reported the adsorption 
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') 

of different anions to be in the order F- < c1- < Br- < 1- < co~- < CW < 

Ag(CN)2 < Au(CN)2· It follows that the adsorption of cyanide should 

be comparable to that of Ag(CN)2· No mention was however made of the 

decomposition of cyanide and it is doubted if it was taken into account. 

Muir et a7. · (1988) claim that the "poor" adsorption of CW at room 

temperature ( O .1 mg/g) is in accordance with the adsorption of other 

simple anions like OW and er. Adams (1990b), however, attributes 35% 

of the cyanide loss, under the same conditions, to adsorption onto the 

carbon (2 mg/g). At high cyanide concentrations, as will be the case in 

the AARL pretreatment, he expects that the relative importance of the 

adsorption reaction wi 11 be reduced. Much of the disagreement on the 

ratio of adsorption to reaction of cyanide that is in contact with carbon 

can be attributed to the variation in the characteristics of activated 

carbons. As illustrated in Chapter 2 under the "Consumption of oxygen", 

carbons A and BTX consumed different amounts of oxygen in achieving 
" 

identical cyanide-ages. As 02 is directly involved in the oxidation 

reaction of cyanide, it follows that large variations in the ratio of 

adsorbed to oxidized cyanide wi 11 occur on different carbons. However, 

it can be assumed that the adsorption of cyanide, like Au(CN}2, will 

decrease with an increase in temperature and that it will become 

negligible under typical elution conditions. 

Another factor that can lead to an apparent increase in the "consumption" 

of cyanide in the pretreatment step of an AARL elution process, is 

dilution. Even though the carbon bed is drained before the pretreatment 

reagents are pumped into the bed, a large volume of liquid is retained in 

the pores of the carbon. By using the physical properties of carbon BTX, 

it was calculated that for pretreatment with l bed volume of reagent 

(Davidson, 1986a}, the pore liquid will dilute the pretreatment reagents 

to 65 % of their original concentrations. 

The concentration profile of cyanide in the eluate of a Zadra elution was 

plotted in Figure 3.31. As no electrowinning of the recovered gold was 

performed, the eluant was not recycled and the carbon was therefore 

supplied with an eluant with a constant cyanide concentration. It is 

evident from the profile in Figure 3.31 that the conversion of the 

cyanide declined with time (constant conversion of a reactant in a plug 

flow reactor results in a constant concentration of the reactant in the 
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solution leaving the reactor, Levenspiel, 1972). This means that the 
activity of the carbon towards cyanid~ was decreased as a result of the 
reaction of the cyanide. The effect of the cyanide-age of carbon on its 
activity towards cyanide was further investigated in Figure 3.32 where 
one sample of carbon was repeatedly contacted (Runs no.1 to 5) with 
"fresh" solutions with the same initial cyanide concentrations. The 
reaction rate constant and initial cyanide-age were calculated for each 
run from the initial and final cyanide concentrations. These reaction 
rate constants were plotted against the cumulative cyanide-age in Figure 
3.33. As expected from Figure 3.32, the rate of the decomposition of the 
cyanide decreased with an increase in the cyanide-age of the carbon. The 
following relationship was found to describe the change in the rate 
constant : 

[3.21] 

where c1 and c2 are constants that will depend on temperature and other 
influences. 

3.7 ADSORPTION AND DESORPTION OF CATIONS 

From Experiment 50 it followed that the concentration of potassium in the 
pretreatment solution decreased from 12300 to 7380 g K+/m3 after it was 
added to the gold loaded carbon. The carbon was however only blotted 
with filter paper after it was removed from the adsorption solution and 
the residual water in the pores could be responsible for the dilution -0f 
the pretreatment reagents. 

In Experiment 71 a sample of dry carbon BTX was added to a KCl solution 
with the same initial potassium concentration as above. This lead to a 
slight increase in the concentration of potassium in the solution. The_ 
increase in the potassium concentration was attributed to the fact that 
the carbon must have contained some adsorbed potassium that was desorbed 
when it was brought into contact with water. When the pretreatment step 
of Experiment · 50 was repeated with dry carbon BTX (Experiment 72a), it 
was found that the potassium concentration decreased from 12481 to 
10213 g K+/m3 and the cyanide concentration from 7435 to 5841 g CW/m3 • 
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The observation that more potassium is adsorbed from a KCN than a KCl 
solution indicates that K+ is co-adsorbed with anions and does not adsorb 
on its own. {It was shown {Tsuchida, 1984) that the adsorption capacity 
of carbon for cyanide is much higher than for chloride.) The molar ratio 
of potassium to cyanide consumed in the above experiment was calculated 
as 1 : 1.03. When the pretreatment was conducted at a higher temperature 
{Experiment 72b), this ratio decreased to 1 : 1.37. This agrees with the 
finding that more decomposition and less adsorption of cyanide occurs at 
higher temperatures. 

Figure 3.34 shows elution profiles for K+ at different flow rates and 
temperatures, but identical KCN pretreatment conditions. It follows that 
the elution of potassium is independent of temperature and fl-0w rates up 
to 37 bed volumes per hour. As expected from the adsorption experiments 
with K+, the elution of potassium is affected, however, by the nature of 
the anion in the pretreatment reagents. This can be seen in Figure 3.35 
where the elution profiles of K+ ·after a KCl and KCN pretreatment were 
compared. The concentration ·of K+ in the eluate was higher for KCN than 
for KCl for most of the run, because of the lower adsorption of K+ from 
KCl than KCN solutions. 

3.8 MECHANISM OF GOLD ELUTION 

Nicol {1986) mentioned that the desorption of gold is thought to involve 
the competitive adsorption of cyanide and aurocyanide on activated 
carbon. Likewise, Tsuchida {1984) assumed that the desorption of gold 
from carbon can be expressed by the following equilibria : 

{AuCN) c + CW 

(Au(CN)2)c + CW 

(Au(CN)2)aq 
(CW)c + (Au(CN)2)aq 

[3.22] 
[3.23] 

Measurements (Tsuchida, 1984) of the activity coefficients of CW and 
Au(CN)2 revealed that in an organic rich environment the activities of 
CN- and Au(CN)2 were respectively 102 - 104 and 20 times higher than in 
water. It was claimed that in organic solvent/water mixtures the much 
higher increase in activity of the CN- than the Au(CN)2 will shift the 
above equilibria to favour the desorption of the gold. The decreased 
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kinetic activity of eluted carbon was attributed to -CN being a poor 
leaving group, as well as to the deactivation of the active sites by the 
oxidation of cyanide by chemisorbed 02 to Co~- and NH; (Tsuchida, Ruane 
and Muir, 1985). In testing the effect of various anions on the elution 
of gold, it was found that anions with higher nucleophilicities were more 
capable of desorbing gold. This was interpreted as an indication that 
the active sites are able to undergo nucleophilic substitution reactions. 

Adams et al. (1987) and Adams and Fleming (1989) explained the desorption 
of Au{CN)2 from activated carbon at high pH on a similar basis to the 
elution from a polymeric adsorbent with phenolic hydroxyl functional 
groups. According to them, the weakly acidic functional groups, such as 
phenolic hydroxyl, are deprotonated by OW, 1 ea vi ng the surface more 
negatively charged and hydrophilic 

R-OH + NaOH [3.24] 

Such a surface will be less compatible with the aurocyanide ion-pair, 
thus favouring desorption. This mechanism is supported by the 
observation {Cho and Pitt, 1979) that an increase in pH results in a more 
negative zeta potential of the activated carbon. 

From the above findings and the results presented in this chapter, it is 
evident that cyanide can promote the elution of gold by 3 different 
mechanisms. These are {l) competitive adsorption (which is regarded here 
as being similar to ion-exchange), (2) reaction with the adsorbed gold 
cyanide species and {3) reaction with the carbon functional groups. As 
discussed previously, the re~ction of cyanide with adsorbed AuCN or Au is 
necessary for the desorption of these irreversibly adsorbed species. 
However, in the case of carbon BTX it was proved that a 11 the go 1 d was 
present as Au(CN)2· In order to determine the relative importance of 
mechanisms {l) and (3), elution runs were carried out on 2 samples of 
carbon with equal cyanide-ages, but with different ratios of adsorbed to 
decomposed cyanide. The cyanide-age of carbon that was exposed to a 
cyanide solution wi 11 increase with increases in ti me of contact, the 
initial concentration of cyanide and the temperature of the solution. An 
increase in temperature will, however, result in a decrease in the 
adsorption and an increase in the decomposition of cyanide. By 
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performing pretreatments at different temperatures, the ratio of 

adsorption to decomposition of cyanide could thus be varied. Even though 

the carbon samples used in Figure 3.36 had identical cyanide-ages of 

7 mg cN-/g, the pretreatments were conducted at 20 °C and 100 °C 

respectively. It is clear that much better elution of gold was obtained 

after the pretreatment at the higher temperature, where very 1 ittle , 

adsorption of cyanide would have occurred. A mechanism of displacement 

of aurocyanide by cyanide during conventional cyanide pretreatment at 

elution temperatures can thus be ruled out to a large degree. As it was 
proved that the cyanide in the pretreatment step does not displace or 

alter the gold cyanide species, it was postulated that the cyanide that 

is decomposed on the surface of the carbon during the pretreatment stage 

· changes the fun ct i ona 1 groups on the surface in such a way that the 

surface becomes less receptive for adsorption. Adams and Fleming (1989) 

presented the following examples of possible reactions that can occur 

between cyanide and the functional groups present on the surface of the 

carbon 

o 0-
11 K I 

R- C- R + CW === R - C - R 
I 

(K = 11000) 

I 
-c-c- -i: cw --4-

1 II 
H 0 

CN 

-C= C- + HCN 
I o-

[3.25] 

[3.26] 

The above reactions would increase the negative charge density on the 

surface and render it 1 ess receptive for Au ( CN) 2. Even though this 
change in the carbon surface would already occur during the pretreatment 

step, the high concentration of cations (Mn+) would favour the formation 

of Mn+(Au(CN)2)n ion-pairs on the carbon surface and thereby restrict 

the desorption of gold during this stage. Once less cations are 

available during the elution stage, the Au(CN)2 will be desorbed from 
the deactivated carbon surface. 

Because of the high cyanide concentration in the pretreatment reagent of 

an AARL elution, the carbon is expected to be deactivated towards cyanide 
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to such a high degree that little more cyanide will be decomposed on the 
carbon during the elution step. Furthermore, this will lead to a low 
sensitivity of the gold towards variations in the cyanide concentration 
in the· elution step. This ties in with the observation by Davidson 
(1986a) that an increase in the cyanide concentration from 3% to 10% in 
the pretreatment had little effect on the gold elution efficiency. At 
cyanide concentrations below 33 the gold elution profile was much more 
sensitive to the pretreatment cyanide additions. The carbon had 
therefore reached its maximum deactivation at a cyanide concentration of 
3 % in the pretreatment and was unaffected by higher cyanide 
concentrations. A similar result was obtained by Laxen et al. (1982) who 
found that a reduction in pretreatment time from 8 hr to 2 hr plus a 4 
times weaker pretreatment solution had no detrimental effect on the 
elution. 

3.9 SUMMARY OF FINDINGS 

Functional relationships were found between the more important effects on 
elution and the gold cyanide equilibrium. Even though the parameters in 
thes~ functionalities might differ under different conditions, the nature 
of the relationships would remain unchanged. 

Cyanide was found to be involved in the gold elution reaction as 
follows 

(1) If an irreversibly adsorbed species like Au(o) or AuCN is present on 
the carbon, the cyanide in the pretreatment step will. convert this 
species to the soluble Au(CN)i species. 

(2) Competitive adsorption of cyanide with aurocyanide will increase 
the elution of the gold, but this was found to play a minor role at 
elevated temperatures. 

(3) The most importanf effect of cyanide is the reaction thereof with 
the functional groups on the carbon surface to passivate the 
surface for the adsorption of anionic metal cyanides and thereby 
promote the elution of the gold cyanide. 

(4) Free cyanide in the elution step of an AARL elution is of lesser 
importance than the cyanide in the pretreatment step. During a 
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Zadra elution, however, the passivation of the carbon by cyanide 
occurs during the elution and will have to be accounted for when 
modelling the process. 

' The elution of gold cyanide is suppressed by the presence of cations 
(M"+) through the formation of M"+(Au(CN)~)n on the carbon. The 
horizontal position of the gold peak in an AARL elution profile was found 
to be a function of the elution of the cations from the carbon bed. 

High temperatures and cyanide pretreatments, i.e. condit i ens favourable 
for desorption, decreased the sensitivity of the elution of gold cyanide 
to flow rate and the radial distribution of the gold through the carbon 
particles. This implies that the resistance to mass transfer was less 
profound under strong elution conditions.--

The three most important sub-processes of the gold elution process were 
defined as the changes in cyanide, potassium and gold concentrations. As 
the changes in cyanide and potassium concentrations directly affect the 
elution of the gold cyanide, a kinetic model for the elution of the gold 
al so has to account for the other two sub-processes. The next three 
chapters are therefore devoted to the development of mathematical models 
to describe each of these sub-processes. 
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Table 3.1 
Dimensions of columns. 

Column Glass Steel 

Height [m] 0.170 0.825 
Bed height [m] 0.143 0.749 
h/d ratio 11.57 7.49 
Fl ow area [m2] 1. 2x10-4 7 .854x10-3 

Bed volume [cm3] 17 .16 5883 

Table 3.2 
Accuracy of predicted Freundlich isotherm exponents for equilibrium gold 
adsorption on carbon BTX. 
n~ed = -0.002688.A + 0.2902 

T [°C] A n npred % error 

22 31.49 0.204 0.206 1.0 
30 25.79 0.210 0.221 5.2 
40 21.84 0.251 0.232 -7.5 
60 13.43 0.247 0.254 2.9 

Table 3.3 
Relationships between A and pH determined from published data. 

Investigators Metal pH Linear relation-
range ship between 

Cho & Pitt (1979) Ag 8-11 ln(Qe) vs. ln(pH) 
or Q vs. pH 

Davidson (1974) Au 4-11 ln(Aj vs. ln(pH) 
. McDougall et a7. ('80) Au 1-12 ln(Q ) vs. ln(pH) 

Adams et a7. (1987) Au 2-14 ln(Kj vs. ln(pH) 
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Table 3.4 
Typical metal loadings encountered on activated carbon in different 
stages of the CIP circuit (Davidson, 1974). (All values in ppm). 

Element Original Loaded Acid-washed 
carbon carbon 1 oaded carb. 

Na 18500 4500 -
K 10400 1900 -
Ca 640 4800 410 
Mg 300 100 -
Au 0 3300 3500 
Ag <10 45 25 
Fe 1500 1500 1600 
Ni 10 2500 290 
Cu 20 240 170 
Co 4 2 -
Zn 120 380 80 

Table 3.5 
Determination of accuracy of predictions of A-values with Equation 3.12. 

Exp.no. A A % Error 
Measured Cale. 

45 15.59 15.16 2.8 
20.60 21.04 2.1 
31.55 31.63 0.3 
34.23 34.90 1.9 
38.05 39.13 2.8 

47 20.63 22.03 6.8 
18.16 18.75 3.3 
15.70 16.06 2.3 
14.41 14.79 2.6 
14.01 13.77 1. 7 
13.58 13.04 4.0 
12.99 12.26 5.7 
12.62 12.17 3.6 
12.05 11.81 2.0 
11.84 11. 22 5.2 

48 29.03 28.13 3.1 
31.52 31. 29 0.7 
33.16 34 .19 3 .1 
37.98 37.46 1. 4 
42.09 40.08 4.8 
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Table 3.6 
Rate constants and activation energies (Ea) for the hydrolysis and 
oxidation reactions of cyanide in the absence of carbon at a pH of 10.5 
(Muir et al., 1988). 

Rate constants [lo-6/s] 
T (°C) 

Hydrolysis Oxidation 

50 0.30 1.10 
60 1.81 1. 51 
80 4.81 4.70 

103 32.80 

Ea [kJ/mol] 87 37 
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Figure 3.30 The sensitivity of the adsorption and decomposition of 
cyanide on carbon BTX to mixing speed. (Exp.68) 
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Figure 3.32 The deactivation of carbon BTX towards cyanide by 
cyanide. (Exp.70) 
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Figure 3.34 The insensitivity of the .elution of potassium to 
temperature and flow rate. (Exp.SO, 61, 62 and 73) 
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Figure 3.36 The effect of the temperature of the cyanide pretreatment 
on the elution of gold cyanide from carbon BTX. (Exp.SO and 64) 
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4 

MODELLING OF CYANIDE PROFILES DURING 

GOLD ELUTION 

It was illustrated in Chapter 3 that cyanide can undergo at least 3 
reactions in a gold elution environment. These are : 

1. Oxidation, 
2. Hydrolysi·s, and 
3. Adsorption. 

Furthermore, it was shown that the uptake of cyanide was independent of 
carbon particle size, but sensitive to mixing speed. This means that the 
mass transfer between the bulk solution and the carbon particles will be 
the rate determining factor and that intraparticle diffusion will be of 
minor importance. A fundamentally correct mathematical model for- the 
change in cyanide concentration during the elution of gold will therefore 
have to account for oxidation and hydrolysis in the bulk solution, film 
diffusion transfer between the solution and carbon particles, · and 
oxidation, hydrolysis and adsorption in the pores of the carbon. As the 
oxidation reaction is catalyzed by activated carbon, the reaction rate in 
the pore liquid will differ from that in the surrounding liquid. 
Furthermore, the reaction rate of the oxidation reaction inside the pores 
will be a function of the cyanide-age of the carbon, because of the 
deactivation effect of cyanide on activated carbon. From Equation 3.18 
it follows that the oxidation reaction rate will also be a function of 
the oxygen concentration. 

The use of such a model will be complicated further by factors such as 

(1) the difficulty to distinguish between the different reactions, 
(2) measurement of the oxygen concentration on the carbon surface, and 
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the influence of other factors, such as pH, which wil 1 have to be 
quantified. 

A mode 1 that would account for a 11 the above factors wil 1 contain at 
least 5 unknown parameters that will have to be determined by fitting the 
model to experimenta-1 data. This wil 1 make the use of such a model 
highly impractical. Furthermore, in the case of an AARL elution it was 
illustrated that the effect of cyanide in the elution step is of minor 
impo~tance and a fundamentally correct model for the cyanide would 
unnecessarily comp 1 i cate the overa 11 mode 11 i ng of the process. To keep 
the model for the cyanide as practical as possible, it was thus de~ided 

to simplify the model significantly. 

4.1 ASSUMPTIONS 

The following assumptions were made to enable the development of a simple 
mathematical model for the change in cyanide concentration : 

(1) The oxidation and hydrolysis reactions of the cyanide in the bulk 
solution can be combined and described by a sfogle first-order 
reaction, 

(2) Adsorption of cyanide at gold elution temperatures is negligible, 
(3) The oxidation and hydrolysis reactions of the cyanide in the carbon 

pores can be combined and described by a single first-order 
reaction, 

(4) The cyanide concentration inside the carbon particles is 
homogeneous, 

(5) Mass transfer between the bulk solution and the pore liquid occurs 
via diffusion through a liquid layer surrounding the carbon 
particles, and 

(6) The combined reaction rate in the pores of the carbon will change 
with the cyanide-age of the carbon as described by equation 3.21. 
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4.2 FORMULATION OF MODEL 

The model for the change in cyanide concentration is presented 

graphically in Figure 4.1. It is also shown how the column is subdivided 

into sections with heights of Ah. Each of these sections is assumed to 

behave as a perfect mixed reactor. It is clear that an ideal plug flow 

reactor is obtained with Ah approaching zero. An imaginary O'th section 

was added at the in 1 et to the co 1 umn to simplify the solution of the 

model. The concentration in the O'th section remains equal to the eluant 

concentration for the whole duration of the run. 

A mass balance of cyanide in the pore liquid is given by 

s p. v p at = fj • ac - kNp. CNp. p. v p' [4.1] 

where ii, the flux of cyanide through the liquid film surrounding the 
particles, can be written as : . 

[4.2] 

With the assumption of spherical carbon particles, the specific external 
area of the carbon becomes : 

[4.3] 

Substitution rif Eq.4.2 and Eq.4.3 in Eq.4.1 yields 

acNp 6k 
ot -p-.~;....P-.d-c (CN-CNp) - kNp'CNp [4.4] 

A mass balance of cyanide in the interparticle solution of a section 
(j+l) of the elution column is : 

v.cN(j) - V.CN(j+l) - n.(1-E).a.Ah.ac - ca.t:.h.kN.cN(j+l) = 

€ .a.l:.h. (dCN(j+l)/dt) [ 4. 5] 

By substituting Eq.4.2 and Eq.4.3 in Eq.4.5, and dividing Eq.4.5 by t:.h 
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and letting Ah ~ 0, Eq.4.5 becomes 

acN = _ !._· acN 6ks{l-E) {C -c ) kN.cN 
at aE ah E d N Np • c 

[4.6] 

kN was calculated as in Equation 3. 20 and kNp assumed to change with the 
cyanide age of the carbon at a given temperature as in Equation 3.21 : 

c 
k = --=1--~ 

Np {QN + l)c2 
[4.7] 

The change in the cyanide age of the carbon was calculated from the 
amount of decomposition of cyanide in the pores of the carbon as 
follows : 

aQN 
at [4.8] 

c1, c2 and k
5 

were unknown parameters that had to be determined by fitting 
the model to experimental data. 

4.3 NUMERICAL SOLUTION PROCEDURE 

Equations 4.4, 4.6 and 4.8 were solved simultaneously by discretizing 
with backward differences in time and column height. This involved the 
following substitutions in Equations 4.4, 4.6 and 4.8 : 
ac c(j.tl - c(j.t-ii 

at At 
[4.9] -= 

ac c(j.tJ - c(j-1.tl 

Ah 
[4.10] = 

where C in Equations 4.9 and 4.10 could be CN; CNp or QN. 

The equations resulting from the above substitutions in Equations 4.4 and 
4.6 were combined to yield : 

c (j, t) = 
N 

cN(j.t-1) + s4.cN(j-l,tl + s1.s3.cNp(j.t-1i 

SS 
[4.11] 
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where the constants S0 to S5 were defined as 

s = 
6k

5
.At 

+ kNp"At + 1 [4.12] 
0 p.Vp.dc 

s = 
1 l/S0 

[4.13] 

s = 
6k

5
.At 

[4.14] 
2 p. Vp.dc.So 

S3 
6 k . ( 1-f) • At 

[4.15] = s . . 

f.dc 

V.At 
[4.16] s = 4 a;E.Ah 

[4.17] 

Discr~tizing Equation 4.8 yielded 

Q (j,tJ = Q (j,t-ll + V k At C (j,tJ N N p • Np• • Np [4.18] 

The following boundary conditions were defined for use with Equation 

4 .10 

( 1) 

(2) 

(3) 

For a Zadra elution c (j,O) = 0 cN(j,O) = 0, Q (j,O) = 0 
Np ' N ' 

C (o.t) = C in eluant N N 
For an AARL elution where the pretreatment was conducted in a 

separate vessel : CNp(j,OJ = l/JN.CNf of pretreatment step, Q/j,O) = QNf 
of pretreatment step C (j,OJ = 0 C (o,t) = C in eluant ' N ' N N 
For an AARL elution where the pretreatment was conducted in the 
column C (j,O} = ljJ C of pretreatment step Q (j,o} = Q of Np N. Nf ' N Nf 
Pretreatment step C (j,OJ = C of pretreatment step C (o. t) = C in 

' N Nf · ' N N 

eluant 

As the decomposition of cyanide was shown to be cat a 1 ysed by activated 

carbon, it was assumed that the concentration of cyanide in the pore 

liquid would be lower than the concentration in the interparticle 

solution at the end of a cyanide pretreatment. The factor l/IN was 
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therefore introduced above to account for the concentration gradient 
between the bulk solution and the solution in the carbon pores. 

A Turbo Pascal procedure was written to cal cul ate the change in the 
cyanide concentration as discussed above. This procedure forms part of 
the program for the elution of gold cyanide and can be found in Ap'pendix 
I as "procedure mod en". 

4.4 EVALUATION OF MODEL 

The experimental data used in the evaluation of the above model were. 
obtained with the same techniques as those described in Chapters 2 and 3. 
The values of the parameters and conditions used in the simulations are 
summarized in Table 4.1. 

Figure 4.2 shows a simulation of the cyanide profile as measured during 
the Zadra elution in Experiment 69. By continuously calculating the 
cyanide-age of the carbon, it was possible to account for the passivation 
of the carbon towards the decomposition of the cyanide. The simulation 
in Figure 4.3 differs from that in Figure 4.2 in that the carbon was 
soaked in a cyanide pretreatment solution before the introduction of the 
feed. This case represents a combination of a Zadra and an AARL 
procedure. To prevent the calculation of a false cyanide-age because of 
dilution, the initial cyanide-age of the carbon was calculated from the 
result of Experiment 73(a) where an identical pretreatment was conducted 
with dry carbon BTX. 

It is illustrated in Figure 4. 4 that the same parameters used for the 
simulation of the cyanide profiles during the Zadra process can be used 
for the AARL profiles. Figure 4.4 contains the plots of results from 3 
different elutions which were identical as far as cyanide is concerned. 
The poor reproducibility is partly because of the tricky end-point of the 
AgN03 titration used for the determination of the cyanide concentration. 

The above 3 simulations illustrate the applicability of the model to 
describe the cyanide profiles during AARL as well as Zadra elutions. All 
the data shown in these figures have been co 11 ected from e 1 ut ions at 
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70 °C. The 
k = 0 and Np 
cyanide in 

120 

simulation in Figure 4.2 has been repeated in Figure 4.5 with 
k = O to show the contribution of the decomposition of 

s 
the bulk solution at different temperatures. From this 

simulation it follows that decomposition in the bulk solution is 
negligible at 70 °C and only becomes significant at 120 °C. Although it 
was not done here, the effect of temperature on kNp can thus be 
determined by repeating Experiment 69 at different temperatures below 

100 °C. 

A similar simulation as in Figure 4.4, but with kNp = kN = 0, gave the 
same curve as in Figure 4.4. This implies that little further 
decomposition of cyanide occurred during the elution step at 70 °C after 
the cyanide pretreatment. The effect of temperature on the cyanide 
profiles during an AARL elution was investigated in Figure 4.6. For 
these simulations it was assumed that the deactivation of the carbon is 
independent of temperature and that the activation energy of the combined 
reactions inside the carbon pores is equa 1 to the activation energy of 
36000 J/mol as determined by Hoecker and Muir (1987) for the oxidation 
reaction. 

From the simulations of the experimental data in Figures 4.2 to 4.4, it 
is clear that satisfactory predictions of cyanide profiles during AARL 
and Zadra elutions can be made with the model presented here. This model 
could thus be incorporated in the model for the elution of gold cyanide 
to assist in the prediction of the gold equilibrium conditions during the 
elution process. 

4.5 SUMMARY 

A simplified model was derived to describe the change in the cyanide 
concentration during the elution of gold cyanide from activated carbon. 
It was illustrated that this model is applicable to both the AARL and 
Zadra elution processes. 
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Table 4.1 
Parameters and conditions used in simulations of cyanide profiles. 

Fig.4.2 Fig.4.3 Fig.4.4 Fig.4.6 Fig.4.6 
Fig.4.6 

CN . 0 4100 4100 4100 4100 
C p1 191 7726 0 0 0 
CNbi 191 7726 0 0 0 NF 

0.07 0.07 0.07 0.26 0.76 c1 
QN. 0 3.39 3.39 3.39 3.39 
T 

1

(KJ 343 343 343 383 423 
VxlO m3/s 1.315 1.356 1.367 1.367 1.367 

h = 0.143 m, a = 1.2xl0-4 m2, de = 0.00142 m, p = 838.8 kg.m-3 , VP = 6.34x10-4 

m3.kg-1, E = 0.292, N = 10, At = 20 s, kN = 4.17xl07 exp(-87143/R
0
T) s-1, 

k
5 

= 2xl0-6 m.s-1, c2 = 3.5, l/JN = 0.9 
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Figure 4.1 Definition of column and graphical presentation of 
elution model for cyanide. 
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Figure 4.2 Simulation of the cyanide profile in the eluate of. a 
Zadra elution. (Exp.69) 
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Figure 4.3 Simulation of the cyanide profile in the eluate of a 
Zadra elution with a cyanide pretreatment. (Exp.74) 
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Figure 4.4 Simulation of the cyanide profile in the eluate of an 
AARL elution. (Exp.40, 50 and 75) 
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Figure 4.5 Predictions of the contribution of the decomposition of 
cyanide in the interparticle solution. 
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Figure 4.6 Predictions of cyanide profiles during AARL elutions at 
different temperatures. 
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MODELLING OF POTASSIUM PROFILES DURING 

GOLD ELUTION 

126 

The section on the adsorption and desorption of cations in Chapter 3 
revealed the following points that had to be considered in the choice of 
a model for the simulation of the potassium profiles during the elution 
of gold cyanide 

(1) Potassium from the pretreatment step of an AARL elution is 
introduced to the elution step through its presence in the pore 
liquid as well as through adsorption on the carbon, 

(2) The profiles for the elution of the potassium proved to be 
independent of flow rate and temperature, and 

(3) A long tail of potassium was evident in all of the experiments. 

Several models were tested in the search for a suitable model for the 
potassium. Some of these models are presented in Appendices A to C. The 
main characteristics of the different models are discussed below on the 
basis of simulation experiences with them. The experimental data were 
collected as destribed in Chapters 2 and 3, and in the tabulation of each 
individual experiment in Appendix K. 

5.1 LEVENSPIEL'S DISPERSION MODEL (APPENDIX A) 

Levenspiel (1972) derived a model for dispersed plug flow specifically 
for high degrees of dispersion. The dispersion coefficient and mean 
residence time were treated here as unknown parameters and varied to 
determine the applicability of the model. The parameters and conditions 
used for the simulation in Figure 5.1 are presented in Appendix A. 
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Figure 5.l(a) shows that the model could be fitted to the experimental 
profile for the first 4 bed vo 1 umes of e 1 uant. Because of the 1 arge 
variation in the potassium concentration, the section of Figure 5.l(a) 
lower than 500 mg K+/l was redrawn in Figure 5.l(b). Most of the 
profiles in this chapter were split as in Figure 5.1 to show both the 
high initial concentrations and the tail sections of the profiles. 

It follows from Figure 5.l(b) that the main disadvantage of the model is 
its inability to simulate the long tail of the potassium profile. This 
implies that the tailing effect of the potassium profile could not be 
attributed to dispersion alone and that the contribution of the stagnant 
regions such as the carbon pores had to be taken into account. 

5.2 "STAGNANT REGION" MODEL (APPENDIX B) 

Wakeman (1976) developed a rigorous model for the "diffusional extraction 
from hydrodynamically stagnant regions in porous media". All of the 
liquid remaining in a bed of porous particles after draining was 
considered as stagnant. This included the liquid in the pores and in the 
contact areas between the particl~s. The model is only applicable to a 
bed of porous particles that was drained before the introduction of the 
eluant. Although this was not true for most of the experiments in this 
thesis, the model was tested to observe its behaviour at especially the 
later stages of the elution runs. It follows from the profile in Figure 
5.2 that it was impossible to fit the model to the experimental data. 
Except for the model's inability to simulate the tail sections of the 
profiles, it was inflexible and could not be adopted to beds that were 
initially filled with eluant. The values of the parameters and 
conditions for the simulation in Figure 5.2 are given in Appendix B. 

5.3 PORE DIFFUSION MODEL (APPENDIX C) 

Leyva (1981) studied the adsorption of KCl on activated carbon and showed 
that the intraparticle diffusion was controlled by pore liquid diffusion 
and that the resistance to external mass transfer was negligible. A 
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similar model was developed here, but with the difference that 2 types of 
pores were considered which presented different resistances to mass 
transfer. Furthermore, the model presented in Appendix C does not 
account for adsorption. 

The initial pore concentration was calculated with Equation 5.1 by 
assuming that a 11 of the adsorbed potassium was present in the pore 
liquid : 

[5.1] 

CfK was taken here as the end concentration of potassium in the 
pretreatment solution and QK, the concentration of potassium adsorbed on 
the carbon surface, as determined in Experiment 72(a). The adsorption of 
potassium was not accounted for separately as this would have complicated 
the model and would have necessitated the determination of equilibrium 
isotherms for potassium at different cyanide concentrations and cyanide
ages of the carbon. 

The behaviour of a model with one type of pore could be simulated by 
setting the fraction of pores which is regarded as macropores equal to 
99.9%. Such a profile is shown in Figure 5.3. A sensitivity analysis of 
the model showed that it would be impossible to simulate the potassium 
profiles with a one parameter model. 

However, by accounting for a mixture of macropores and micropores, it was 
possible to fit the model to the experimental data as in Figure 5.4. The 
first part of the simulated profile represents mainly the diffusion from 
the easily accessible macropores, whereas the tail section is the result 

' 
of diffusion from the micropores. Except for the fact that the model 
fits the experimental data, it has a number of advantages that need to be 
mentioned : 

(1) Provision is made for accumulation in the porous structure of the 
carbon, 

(2) It is possible to adapt the model to beds that are initially filled 
or drained, 

(3) Different initial concentrations can be specified for the inter
and intraparticle solution, and 
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(4) The potassium concentration is calculated throughout the bed and 
not only at the outlet as with the previous models. 

Nevertheless, it does have a major disadvantage : While the elution of 
potassium was found to be insensitive to flow rate, the model is not. 
This is illustrated in Figure 5.5 where the same simulation as in Figure 
5.4 was repeated, but at a higher flow rate. Even though the potassium 
can only be transported from the inside of the particles by a mechanism 
of diffusion, all diffusion models are sensitive to flow rate. This made 
it necessary to simulate the potassium profiles with a less fundamental 
type of model as used for nonideal flow reactors. 

5.4 NONIDEAL FLOW MODEL 

Levenspiel (1972) presented several models specifically for "small 
deviations from plug flow and long tails". The long tails were explained 
as being the result of adsorption on the solid surface and liquid trapped 
in the pores and stagnant regions at the contact points of the solid. 

The model sketched in Figure 5.6(a) represented the concept of 
interaction between a porous structure and the surrounding fluid. The 
tanks A in the main stream can be visualized as the interparticle 
so 1 ut ion and the tanks M in the cross fl ow as the pore vo 1 ume of the 
carbon. Closer inspection of the model indicates that it is identical to 
the pore diffusion model with one type of pore. The nonideal flow model, 
however, permits concepts and configurations that would not have been 
justifiable with a more fundamental model. One such a concept is the 
cross flow ratio which is defined here as : 

X - V /V cross [5.2] 

where V cross is the fl ow rate to and from the deadwater regions. If,.., X is 
assumed to be constant for the reactor that is being studied, the model 
becomes independent of fl ow rate. Three parameters were specified for 
the model, namely the number of stages, the cross flow ratio and the 
fraction of the volume which is not active. 
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As it was i 11 ustrated before that the profi 1 es for fhe potassium cannot 
be simulated with a model with one resistance to mass transfer, the model 
in Figure 5.6(a) was expanded to a model with two interconnected 
deadwater regions as in Figure 5.6(b). These two deadwater regions will 
be referred to here as the macropores and the micropores of the carbon. 
The model in Figure 5.6(a) could be simulated with the model in Figure 
5.6(b) by letting the volumes of the second deadwater regions (i.e. tanks 
B) approach zero. 

5.4.l Material balance equations 

The cross flow ratio~ for the tanks in Figure 5.6(b) are defined as 

Xm = VJV 

and 
[5.3] 

Xb = VtJVm [5.4] 

By dividing the column in sections with equal heights of Ah, and assuming 
the volume of each tank A to be equal to the interparticle solution in 
each section, the volume of these tanks becomes : 

[5.5] 

With the tanks M and B taken as the macro and micropores of the carbon, 
their volumes are written as : 

VM = ~K.a.(1-f).Ah.p.VP 

and 
V8 = (l-~K).a.(1-f).Ah.p.V 
' p 

[5.6] 

[5.7] 

A mass balance for potassium over the j'th tank A in the main stream is : 

a.f .Ah. (~CK(j)/dt) = V(CK(j-lJ_cK{j)) + XmV(CKm(jJ_cK{j)) 
or 
(dCK{j)/dt) = kl(CK{j-lJ_cK{j)) + klXm(CKm(j)_CK(j)) 
with 
k1 = V/(a.cAh) 

[5.8] 

[5.9] 

[5.10] 

.. 
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Similarly, mass balances over the j't~ tanks M and B are 

= k (C {j>-c (j)) + k x (C (jJ_c (j)) 
2 K Km 2 b Kb Km [5.11] 

and 

(dCKb(j)/dt) = k (C (jJ_c (j)) . 
3 Km Kb [5.12] 

with 

k = 2 

and 

k = 3 

~K.a.(l-E).6h.p.VP 
[5.13] 

(l-~K).a.(1-E).Ah.p.VP 
[5.14] 

5.4.2 Numerical solution procedure 

The three ordinary differential equations 5.9, 5.11 and 5.12 were solved 

simultaneously by the use of the 4th order Runge Kutta method. An 

example of this procedure is presented in Appendix D. 

The boundary conditions for the variables CK, CKm and CKb were defined 

as : 

1. For an AARL elution where the pretreatment was conducted in a 

separate vessel · C (j,o) = C (j.o} = C {j,o) where C {j,o} was . Km Kb Kp ' Kp 
calculated as in Equation 5 1 and C (j,O) = C (O,t) = C in eluant . ' K K K 

2. For an AARL elution where the pretreatment was conducted in the 

column : CKm(j,o)' = CKb(j,O} = CKp(j,oJ as above, CK(j,OJ = CKf of 

pretreatment step, and CK(o,t) =CK in eluant. 

3. For a Zadra elution · C (j,O} = C (j,O) = C (j,O} = O, ' Km Kb Kp 
C {j,O} = C (O.t) = C in eluant 
K K K 

A Turbo Pasca 1 routine for the so 1 ut ion of the mode 1 is inc 1 uded in 

Appendix I in the sub-routine designated "procedure mod_cat". 
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5.4.3 Evaluation of nonideal flow model 

The nonideal flow model was used in Figure 5.7 to simulate the elution of -potassium from a bed of carbon after a KCN pretreatment. As expected 

from the results of the pore diffusion model, it was possible to fit the 

nonideal flow model to the experimental data. {The only significant 

difference between these two mode 1 s is the fl ow rate dependency of the 

"mass transfer coefficients" of the nonideal flow model.) The values of 

the parameters and conditions used in Figure 5.7 were : 

N = 10 

xm = 0 .05 

xb = o. 025 

fiK = 0. 57 
h = 0.143 m 
a = I. 2x10-4 m2 

de = 0.00142 m 
p = 838.8 kg.m-3 

VP= 6.34x10-4 m3 .kg-1 

£ = 0.292 

'1t = 20 s· 

Unless stated otherwise, the same parameters were used in all of the 

following simulations of potassium profiles. 

The effect of the number of height increments, N, was investigated in 

Figures 5.8 and 5.9. It is clear from Figure 5.8 that the model is very 

sensitive to variations in N. The profile for a certain number of 

increments can however be closely imitated with less increments by 

changes to the other parameters. The two' nearly i dent i cal profi 1 es in 

Figure 5.9 were obtained for (N, Xm) equal to (50, 0.05) and (10, 0.3) 

respectively. It was thus decided to choose N = 10 for all further 

simulations of potassium profiles obtained from the glass column 

described earlier. 

The possibility of using the nonideal. flow model with one deadwater 

region per stage was tested in Figure 5.10. All the simulated profiles 

were either too high for the initial bed volumes or too high for the tail 
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section. This confirmed the assumption that the potassium profiles had 

to be simulated with a model with accumulation in two separate regions in 

the porous structure. 

Figure 5.11 proves the model's insensitivity to flow rate. The model 

prediction in Figure 5.11 was calculated with the same parameters as in 

Figure 5.7, but at a flow rate of twice that in Figure 5.7. Very high 
. 'If'.·. 

flow rates (in the order of 40 bed volumes per hour) do appear to affect 

the elution of potassium slightly, but with the evidence presented in 

Figure 3.34, it is safe to assume that the elution of potassium from 

packed beds of activated carbon. is insensitive to flow rate within the 

range of flow rates employed for the elution of gold cyanide, 

Furthermore, the model predicts identical concentration versus throughput 

profiles irrespective of the geometry of the column, provided that the 

same number of height increments are used. This is illustrated in Figure 

5.12 where the same profile was obtained for the elution of potassium 

from the glass column and the much bigger stainless steel column. The 

fact that the same number of height increments had to be used in both 

cases implies that the extent of deviation from plug flow was the same in 

both columns. The following two sets of conditions resulted in the same· 

simulated profile given in Figure 5.12 : 

h = 0 .139 m h = 0.749 m 

a = 1. 2x10-4 m2 a = 78.54x10-4 m2 

v = 1. 45x10-s m3. s-1 v = 508x10-8 m3. s-1 

N = 10 N 10 

CKpi = 14000 g.m-3 
CKpi = 14000 g .m-3 

CKbi = 4000 g .m-3 
CKbi = 4000 g .m-3 

c - 0 -3 
KF - g .m CKF = 0 g.m-:3 

The rest of the parameters were the same as before. 

The model al so performs satisfactorily with a constant concentration of 

potassium in the feed to the column as would be the case with water of 

lower quality. The profile in Figure 5.13 was obtained by using. an 

eluant with a potassium concentration of 559 g.m-3 through the addition 
of KCl. 
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However, when KCl was present in the pretreatment step, the parameters 
had to be changed to account for the lower adsorptivity of potassium in a 
KCl than a KCN environment. The profile in Figure 5 .14 was measured 
after soaking the carbon in water containing only KCl. The model was 

. fitted to the experimental data with the following set of parameters : 

N = 10, 

xm = 0. 3, 

xb = 0.0025, and 
/3K = 0.92. 

As little or no adsorption of potassium could be detected from KCl 
solutions, the initial pore concentration for the elution was taken as 
being equal to the end concentration measured in the pretreatment 
solution. By comparing this set of parameters to that used for elutions 
after KCN pretreatments, it becomes clear that the model approaches the 
model of Figure 5.6(a) in the case of poorer adsorption of the cation. 
The "micropore concept" thus seems to be accounting mainly for that 
portion of the potassium that is adsorbed on the carbon. 

Because of the co-adsorption of potassium with cyanide, the model does 
not apply to the initial stages of Zadra elutions as illustrated in 
Figure 5.15. Fortunately, the elution of gold cyanide is much less 
sensitive to the cation concentration in Zadra elutions than AARL 
elutions and it will be illustrated that the poorer prediction as in 
Figure 5.15 will not markedly affect the simulation of the Zadra gold 
elution profiles. 

5.5 SUMMARY 

Most of the models tested in this Chapter failed in describing the long 
tail of potassium observed in the elution experiments. This was 
attributed to the diffusion of potassium into the micropore structure of 
the carbon and to the omission of adsorption of potassium in these 
models. A pore diffusion model which accounted for accumulation of 
potassium in the macropores as well as the micropores of the carbon was 
found to describe the potassium profile effectively, but unlike the 

Stellenbosch University  https://scholar.sun.ac.za



135 

experimental data, this model was sensitive to the flow rate of the 
eluant. The sensitivity to flow rate was overcome by employing a tanks
in-series rionideal flow model with two deadwater regions per stage. This 
model is similar to the pore diffusion model, except that it is 
insensitive to flow rate in the interparticle solution. 
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Figure 5.2(a) Fit of the Stagnant region model to the potassium profile 
of an AARL elution. (Exp.76) 
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·Figure 5.2(b) Tail section of potassium profile shown in Figure 5.2(a). 
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Figure 5.3Ca) Fit of the Pore diffusion model to the potassium profile 
of an AARL elution. Accounted for one type of pore only. (Exp.SO) 
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Figure 5.3(b) Tail section of potassium profile shown in Figure 5.3(a). 
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Figure 5.4(a) Fit of the Pore diffusion model to the potassium profile 
of an AARL elution. Accounted for macropores and micropores. (Exp.SO) 
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Figure 5.4(b) Tail section of potassium profile shown in Figure 5.4(a). 
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Figure 5.5 Fit of the Pore diffusion model to the potassium profile 
of an AARL elution at a flow rate of 37 bed volumes per hour. (Exp.62) 
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Figure 5.7(b) Tail section of potassium profile shown in Figure 5.7(a). 
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Figure 5.8 Sensitivity of the nonideal model for the elution of 
potassium to the number of mixed reactor sections. V = 1.367x10-s m3 .s-1, 

CKpi = 14000 g .m-3
, CKbi = 0 g .m-3

, CKF = 0 g .m-3
, At = 5 s .-

7000 

6000 

5000 

4000 

3000 

2000 

1000 

0 
0 1 

Xm = 0. 05 

Xm = 0. 30 

·2 3 

Noa of bed volumes 
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Figure 5.ll(b) Tail section of potassium profile shown in Figure 
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Figure 5.12 Insensitivity of the nonideal flow model for the elution 
of potassium to the geometry of the elution column. (Exp.59 and 60) 
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Figure 5.14(b) Tail section of potassium profile shown in Figure 
5.14(a). 
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A few attempts have been published to model the elution of gold cyanide 
from activated carbon by the use of the Zadra elution process {Adams and 
Nicol, 1986; Adams, 1990a), the AARL elution process {Stange, 1990; 
Stange· and King, 1990) and organic solvents {Vegter and Sandenbergh, 
1990). Each of these models was developed for a specific elution 
process. Only one general. model was proposed which was claimed to 
describe all of these processes (Van der Merwe and Van Deventer, 1990). 
This model was further refined and elaborated on in this chapter. 

6.1 DISCUSSION OF EXISTING GOLD ELUTION MODELS 

The earliest attempt to model the elution of gold cyanide from activated 
carbon was the modelling of the Zadra process by Adams and Nicol {1986). 

The autho_rs assumed that the adsorption and desorption of go 1 d in the 
presence of cyanide do not involve any slow chemical reactions and that 
the slow steps in these processes can be associated with mass transfer in 
the solid and liquid phases. They considered the carbon as a homogeneous 
phase through which the aurocyanide diffuses to an interface where 
instantaneous equilibrium with the liquid exists. A linear isotherm was 
used to describe this equilibrium. From the interface the gold diffuses 
through a liquid film to the surrounding liquid. To keep the model as 
simple as possible, the intraparticle diffusion was described by a single 
mass transfer coefficient. 

The assumption of a linear isotherm will only be applicable under 
conditions of low solution phase concentrations as was the case for the 
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continuous stirred tank reactor in which they had performed their tests. 

Even though they have included an extension of their model to describe 

the elution in a column, no experimental evidence for the applicability 

thereof was provided. It was supposed that the conditions during the 

course of a Zadra e 1 ut ion remain constant and that the process could 

therefore be modelled with a single, fixed equilibrium isotherm. As 

demonstrated in Experiments 69 and 74, the conditions during the Zadra 

e 1 ut ion of a column of 1 oaded carbon do not remain constant and it is . 

therefore unlikely that the model of Adams and Nicol (1986) will be of 

use in practice. 

This was illustrated in a later publi~ation by Adams (1990a) where it was 

shown that the model applies to very short columns operated at high flow 

rates. (A column with a 5 ml carbon bed was used for an elution at 14.9 

bed vo 1 umes per hour.) Such an .experi menta 1 setup approaches that of a 

mixed reactor to which all of the above arguments apply. The inability 

of the model to describe the elution of gold from a 25 ml carbon bed at a 

flow rate of 2.3 BV/h was attributed to the fact that not enough time was 

allowed for the eluant to diffuse into the carbon. The experiments were 

then changed to fit the model by allowing a "pre-equilibration period" 

during which the carbon was soaked in the eluant for 2 hours before 

starting the elution. The experimental elution profiles obtained after 

this "pre-equilibration" corresponded more closely to the model 

predictions. This can be explained from the results from Chapter 3. The 
cyanide pretreatment reduced the carbon's activity towards cyanide and 

resulted in a low degree of cyanide decomposition during the elution. 

This ensur~d a fairly constant cyanide-age and free cyanide concentration 

during the elution. Moreover, the potassium concentration does not 

change much during a Zadra elution, so that the aurocyanide equilibrium· 

would have remained constant and would thus have enabled fitting a model 

which utilizes a constant equilibrium. In practice, however, Zadra 

elutions are performed without cyanide pretreatments. 

From the results obtained for an AARL~elution in a CSTR it appeared that 

the rate of elution increased during the course of the experiment (Adams 

and Nicol, 1986). This was attributed to the continuous change of the 

ionic strength of the eluate. Nicol(l986) stated that "this phenomenon 

makes simulation of the AARL very difficult, and it is not surprising 
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that there" were at that stage "no published reports of attempts to do 

so." 

The first attempt to model the AARL elution process was published by Van 
der Merwe and Van Deventer (1990) who showed that it was possible to 
model elutions from AARL and Zadra columns with the same fundamental 
model. This model was essentially the same as that used for the 
simulation of the adsorption of gold onto activated carbon (Van Deventer, 
1984, 1985). A shifting equilibrium isotherm was used for the first time 
to account for the changes in cation and cyanide concentrat i ans during 
the elution process.· This model is also the only published gold elution 
model accounting for an initial non-uniform distribution of gold through 
the carbon particles. A copy of this publication is attached in 
Appendix M. 

The concept of a changing equilibrium isotherm was also used in 
publications by Stange and King (1990) and Stange (1990). They used the 
rate expression of Adams and Nicol (1986) in conjunction with a changing 
linear isotherm to describe an AARL go 1 d elution profile. The process 
was considered as a binary system containing gold cyanide and sodium. 
The change in the sodium concentration was modelled with the same rate 
expression. used for the gold cyanide, but with a constant .linear 
equilibrium isotherm. Resistance to film diffusion was assumed to be the 
only rate limiting process for the elution of both Na+ and Au(CN)2· A 
good fit of their model to experimental data measured for a single run 
was presented. An exponent i a 1 rel at i onshi p between the sodium 
concentration and the gold cyanide equilibrium was assumed, but no· 
experimental evidence was provided. 

Vegter and Sandenbergh (1990) also used a one parameter model, similar to 
that of Adams and Nicol (1986), to simulate the elution of gold cyanide 
with organic so 1 ut ions in batch reactors. The equations were however 

·solved for a Freundlich isotherm expression instead of a linear isotherm. 
As no cyanide or cyanide pretreatments were used, the equilibrium 
conditions during an elution run were assumed to remain constant. 

The above observations again emphasize that it is impossible to model the 
elution of gold cyanide without considering the sub-processes which have 
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an influence on the go 1 d cyanide equ i1 i bri um. Another important aspect 
which needs to be taken into account in the modelling of any adsorption 
or desorption process, is the mechanism of intraparticle mass transport. 
This is discussed in the next section. 

6.2 PORE AND SURFACE DIFFUSION MODELS 

The diffusion of an adsorbing solute through the fluid-filled pores of a 
porous solid is generally accepted (Cussler, 1984) to occur via 2 
mechanisms that can act simultaneously. These mechanisms are described 
as follows 

(a) Pore diffusion : This type of transfer involves the diffusion of a 
solute through the pore liquid. Because the pores are tortuous, 
the diffusion effectively takes place over a longer distance than 
it would have in a homogeneous medium. The effective diffusion 
coefficient in the pores (D) can be approximated (Furusawa and· 

p . 

Smith, 1973) as : 

D E D = __ c_, 
p [, 

[6.1] 

where D is the molecular diffusivity, Ee the particle porosity and 
o the tortuosity factor. 

(b) Surface diffusion : The concept of surface or solid~phase diffusion 
is generally used to explain higher diffusion rates than would be 
expected if only pore diffusion is considered, and therefore 
remains difficult to interpret physically (Cussler, 1984). It is 
defined (Vermeulen, 1958) to include "diffusion through a 
homogeneous, permeable (i.e. absorbing), non-porous solid; 
diffusion in a mobile, adsorbed phase covering the pore surfaces of 
a porous solid whose crystalline portion is impermeable; or 
diffusion in an absorbing liquid held in the spaces of a solid." 

All the comparisons of pore and solid diffusion mechanisms have been 
_ based on the adsorption process. According to Ha 11 · et a 7. ( 1966), the 
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same particle can show either pore or solid diffusion behaviour. Pore 
diffusion will be dominant under conditions of high pore fluid 
concentration , and conversely for surface diffusion. Because the two 
mechanisms act in parallel, the fastest one of them will control. 

Weber and Chakravorti (1974) studied the adsorption mechanism by defining 
four types of equilibrium isotherms. These isotherms are (in order of 
increasing adsorptivity) unfavourable, linear, favourable and 
i rrevers i b 1 e. Of these, the unf avourab 1 e isotherm will be the most 
representative of the conditions prevailing during an elution. Although 
their study was concerned mainly with the more favourable isotherms, 
breakthrough curves for an unfavourable isotherm were presented. The 
breakthrough curves calculated with a pore or surface diffusion model for 
the unfavourable isotherm showed 1 i ttl e difference. No values for the 
diffusivities were, however, provided .. 

Mansour et al. ·(1984) studied the simultaneous adsorption of butanol"'.'2 
and 1-amyl alcohol in a stirred finite bath. Their model consisted of 
equations for film transfer, pore liquid diffusion and pore surface 
diffusion. Pore diffusion coefficients of 59 times higher than the 
surface diffusion coefficients were used for both components. The main 
object of their paper was to introduce a general multicomponent 
adsorption model, but no discussion of the values of the diffusion 
coefficients was presented. 

For the simulation of the adsorption of benzene onto activated carbon, 
Furusawa and Smith (1973) had to use a total, effective diffusivity of 
ten times greater than the molecular diffusivity of benzene in water. 
The diffusion coefficient in the pore volume should however be lower than 
the molecular value, because of tortuosity and a void fraction smaller 
than one. They calculated the pore volume diffusivity (OP) as in 
Equation 6.1 with 6 = 4. This calculated pore diffusivity was found to 
be two orders of magnitude smaller than the observed total diffusivity. 
From these results it was concluded that the intraparticle diffusion 
occurs mainly via a mechanism of surface diffusion and that the 
contribution of pore volume diffusion can be neglected. The same 
approach was used in a study -0f the adsorption of benzaldehyde on 
polymeric, porous particles from both methanol and aqueous solutions 
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(Komiyama and Smith, 1974a). It was found that the poor adsorption· of 
benzaldehyde from methanol solutions could be simulated by a pore 
diffusion model. For adsorption from aqueous solution (in which the 
adsorption capacity was much higher), surface diffusion had to be 
included in the simulation. 

Leyva (1981) used a model that included both pore and surface diffusion. 
The pore diffusion coefficient was estimated as above, and the resulting 
one parameter model fitted to the experimental data to .determine the 

' ' 
value of the surface diffusivity. 

Hashimoto et a7. (1975) used the pore and surface diffusion mechanisms 
separately in the simulation of the adsorption of phenol and DBS. In the 
case of the pore diffusion mechanism, the diffusivity was ~alculated as 
above and compared to the observed diffusivity. If the difference 
between these two diffusivities was too large, a surface diffusion 
mechanism was assumed. To -achieve similar results with the pore and 
surface diffusion models, pore diffusivities of more than 2000 times the 
surface diffusivities had to be used. 

The following important conclusions could be drawn from the above 
literature study : 

(1) Pore diffusion is more prevalent at conditions of low adsorption 
equilibria as would be the case for desorption, 

(2) The values used for pore diffusion coefficients were usually higher 
than for surface diffusion coefficients. 

(3) A mechanism of surface diffusion is usually assumed when the rate 
of diffusion is higher than that described by pore diffusion alone. 

6.3 FORMULATION OF COMBINATION MODEL 

Van Deventer (1984) modelled the adsorption of gold cyanide onto 
activated carbon with a surface diffusion model in which the porous 
structure of the carbon particles was artificially divided into 
macropores and mi crop ores. . Although this model gave excellent results 
for the adsorption process, it was shown in the above section that the 
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role of pore diffusion needs to be considered during a desorption 
process. This led to the development ~f a similar model to that of Van 
Deventer (1984), but with the difference that diffusion in the macropores 
was assumed to occur via both pore and surface diffusion. 

The following assumptions were made in the development of the model 

(1) The pores of the carbon can be divided artificially into micropores 
and macropores. Micropores are defined as pores of which the 
diameter is comparable to th~t of the diffusing solute. 

(2) Mass transfer in the macropores occurs via pore liquid diffusion as 
well as pore surface diffusion. 

(3) Because of the steric interaction between the walls of the 
micropores and the solute, it is impossible to differentiate 
between pore and surface diffusion, so that it can be assumed that 
mass transfer between the macropores and the mi cropores can be 
described adequately by a mechanism of surface diffusion. 

(4) The macropores and micropores are uniformly distributed throughout 
the carbon particles, and the pore radius distribution does not 
change from the outside to the inside of the particles. 

(5) Mass transfer between the bulk solution and the particle occurs 
through film diffusion through the liquid film surrounding the 
particles. 

(6) There is no accumulation of solute on the particle surface. 
(7) The adsorption or desorption reaction is 

equilibrium exists between the solute in the 
the adsorbed phase throughout the macropores. 

instantaneous and 
liquid phase and in 

(8) The carbon particles are spherical. 

6.3.1 Macropore mass balance 

A mass balance over the macropores in a spherical shell of thickness Ar 
at a distance r from the centre of a particle is : 

aQ ac · 
a-m 4nr2.Ar.p + {3-m 4nr2.Ar.p.V = 4n{r2ii) A - 47r(r2ii) + at at p s r+ur s r 

4n{r2iip)r+Ar - 4n{r2iip)r - 4nr2 .Ar .p. kb{Qm - Qb), [6.2] 

where a and {3 are the fractions of the total surface area and total pore 
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volume of the carbon available as macropores. Although the subscript G 
was not used in this chapter, all variables refer to gold cyanide. 

By dividing by Ar and letting Ar approach zero, Equation 6.2 changes to : 

aQ ac _1 a(r2ns) + _1 a(r2n0 ) 
a ___!!!.. r 2 + /3 _m r 2 • V = -

at at p p ar p ar 

- r2. kb ( Qm - Qb) [ 6. 3] 

It follows from Fi.ck's law that -the ·mass fluxes, ns and nP, can be 

written as : 

and 

The combination of Equations 6.3, 6.4 and 6.5 yields 

8Qm 8Cm 82Qm 2a0s 8Qm 
a - + /3V - = aD - + - - - kb(Qm-Qb) + at p at s 8r2 r ar 

6.3.2 Micropore mass balance 

The micropore mass balance is written as 

aQb 
(1-a} at = kb(Qm-Qb) 

6.3.3 Mass balance at external· particle surface 

[6.4] 

[6.5] 

[6.6] 

[6.7] 

It follows from the assumption.that no accumulation of solute occurs at 
' 

the external particle surface that : 

n = (n + n ) L p s r=R [6. 8] 

where nL is the mass flux through the liquid layer surrounding the 
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particle : 

fi = k (C - C ) L s s 
[6.9] 

Substitution of Equations 6~4, 6.5, 6.9 in Equation 6.8 yields 

· aQ J ac \ k (C - C -R) = Q0
5
p _m + f30PpVP ~ 

s m r- ar ar 
r=R r=R 

[6.10] 

6.3.4 Combination model with linear isotherm 

The general model developed above consists of the three Equations 6. 6, 
6.7 and 6.10 with the 4 variables C, Cm, Qm and Qb. By assuming that Qm 

is in equil ib_rium with Cm, the model can be written as a system of 3 
equations with 3 variables. If the equilibrium is described by a 
Freundlich isotherm, the resulting system of equations becomes highly 
non-linear and difficult to solve .. It was therefore decided to first 
test the model with a constant, linear isotherm so as to investigate the 
possibility of simplifying the model. The mathematical formulation and 
numerical solution procedure are presented in Appendix E. A Turbo Pascal 
computer program was written to solve the model. This program is 
supplied in Appendix G. 

Table 6.1 ·shows the results of simulations with the combination model 
with a 1 i near isotherm. The va 1 ues of the parameters that are not 
presented in Table 6.1, are summarized in Appendix E. It was calculated 
in Appendix F that for an Q-value of 0.4, f3 will range between 0.87 and 
0.999. 

It follows from simulations no.l and 2 in Table 6.1 that a pore diffusion 
coefficient of smaller than or equal to· the surface diffusion coefficient 
makes iittle or no difference to the resulting elution profile. Although 
it would be expected from a comparison of these profiles that very 1 ittl e 
elution would be possible with a surface diffusion coefficient of zero, 
simulation no.3 shows that this is not true. The results of these 3 
simulations agree with the observations by Hall et al. (1966) that, 
because the two diffusion mechanisms act in parallel, the largest of them 
wi 11 contro 1 . 
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A comparison of the results of simulations no.I, 2 and 4 in Table 6.1 
show that exactly the same profile can be obtained with a pore diffusion 
model, a surface diffusion model, and a model accounting for both 
mechanisms of diffusion by changing the values of the diffusion 
coefficients. In order to achieve similar results with a pore diffusion 
model and a surface diffusion model, the pore diffusion coefficient had 
to be 7 times higher than the surface diffusion coefficient. However, 
simulations no.5 <.<nd 6 show that with a 50 times higher equilibrium 
isotherm, the pore diffusion coefficient had to be 200 times higher than 
the corresponding surface diffusion coefficient in order to achieve the 
same elution profile. 

Although it was shown that the contribution of pore diffusion increases· 
with a decrease in adsorptivity, it was decided to model the elution of 
the gold by accounting for surface diffusion only. The following reasons 
are presented for this decision 

(1) Exactly the same results can be obtained with a pore or surface 
diffusion model. 

(2) Including both pore and surface diffusion compJicates the model 
unnecessarily. 

(3) It is not the purpose of this thesis to study the values of the 
diffusion coefficients, and it is therefore acceptable to use a 
single diffusion coefficient accounting for more than one mechanism 
of diffusion. 

(4) The surface diffusion model can be simplified more conveniently 
than the pore diffusion model and therefore uses less computing 
time. 

' 
6.4 SURFACE DIFFUSION MODEL 

6.4.1 Formulation of model 

If only surface diffusion is considered, the assumptions made for the 
combination model are still applicable except for assumptions no.'s 2 and 

Stellenbosch University  https://scholar.sun.ac.za



159 

7 which change as follows : 

(2) Mass transfer in the macropores occur via surface diffusion only. 
( 7) The adsorption or desorption reaction is instantaneous and 

equilibrium exists between the solute in the liquid phase and in 
the adsorbed phase on the external carbon surface. 

Another assumption is added here, namely : 

(9) All the gold inside the porous structure is in the adsorbed state 
and only desorbs once it reaches the carbon surface. Accumulation 
in the pore liquid is thus assumed to be negligible. 

With these assumptions Equation 6.6 changes to 

aQm = ~ a r2 8Qm 
at r 2 ar ar [6.11] 

Equation 6.7 remains the same, while Equation 6.10 changes to 

aQ I k ( C - C ) = aD p _m 
s s s ar 

r=R 
[6.12] 

The above equations can be simplified by introducing average values for 
the loading of the solute in the macropores and micropores as in 
Equations 6.13 and 6.14. The simplifications used here are similar to 
those used in Appendix C and the same as those used by Van Deventer 
(1984). 

3 f, Qm. r 2 .dr Qm,ave = R3 and [6.13] 

3 f, Q,.r2.dr Qb,ave =-R3 [6.14] 

Integration of Equation 6.10 from r=O to R and substitution with 
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Equations 6.13 and 6.14 yield : 

dQm,ave = 30s aQml kb {Q Q ) [6 .15] 
dt - -;;;--- m,ave - b,ave 

R ar r=:R ... 

By approximating the derivative of the macropore loading at the particle 
surface by a quadratic driving force {Van Deventer, 1984; Peel and 
Benedek, 1981) : 

aQm = 5'1/J {Qs
2

-Qm,ave
2

} 

8r r=R R 2Qm,ave 

Equation 6.15 can be written as : 

dQm,ave 
dt 

[6.16] 

[6.17] 

[6.18] 

The following substitution is introduced to enable the calculation of 
Equation 6.17 at a zero macropore loading : 

Let q = Q 2 
m m, ave [6.19] 

Equation 6.17 then changes to 

dqm 60f 
-=--s 
dt d 2 

c 

[6.20] 

By performing similar manipulations as above on Equation 6.7, it 
becomes :-

dQb l,.. 

{1-a) - = k { q ~ - Q ) dt b m b 
[6.21] 

A combination of Equations 6.12, 6.16 and 6.19 yields 

k {C - C )q 1> = 
s s m [6.22] 
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The relationship between C
5 

and Q
5 

follows from the assumption that local 

equilibrium exists at the external particle surface, namely : 

Q = A.C n s s 
[6.23] 

where n was substituted here by a 1 i near function of A as shown in 
Chapter 3. 

The set of four Equations 6. 20 to 6. 22 can be solved together with a 

reactor mass balance equation. Van Deventer (1984) solved the model for 
'batch, stirred tanks and a periodic countercurrent cascade of CSTR's for 
the adsorption of gold. However, all processes for the elution of gold 

from loaded carbon employ packed beds of carbon in plug flow reactors. 
The above model was therefore solved with the assumption that the elution 

would be carried out in a column. 

A mass balance over an incremental section, Ah, of the column is given in 
Equation 6.24. The contents of each incremental section are considered 
to be perfectly mixed. By dividing the column into an infinite number pf 
these sections, Equation 6. 24 describes the fl ow through a perfect plug 

flow reactor (Levenspiel, 1972). 

ca.Ah :~ = V(C(j-lJ_c) - fiL .ac. (1-E) .a.Ah 

C and c(j-l) are the concentrations in the j'th and (j-l)'th sections 
respectively. 

[6.24] 

By assuming the carbon particles to be spherical and substituting the 
flux, fiL, with Equation 6.9, Equation 6.24 becomes : 

dC 
dt 

Gk (l-c) 
s (C -C) 
d € s 

c 

[6.25] 

For the first section, j=l, at the inlet to the column, cU-ll is equal to 
the concentration of gold in the eluant. 
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6.4.2 Numerical solution 

Equations 6.20, 6.21 and 6.25 can be solved at (t+bt) for each height 

increment of the carbon bed by the Runge Kutta procedure as described in 

Appendix D. These equations are however functions of Cs. As Cs cannot 

be isolated in Equation 6.22, an initial guess of Cs is made at each time 

step and height by linear extrapolation of the change over the previous 
time steps. The value of Cs(t+~tl needed for the Runge Kutta procedure is 

taken as the average of the value at the previous time step and the 

estimate at (t+llt). A linear change in the surface concentration was 

assumed to be justifiable over small time steps. With C, qm and Qb 

calculated with the estimated va 1 ue of Cs, an imp roved va 1 ue for Cs can 

be obtained with Equation 6. 22 and the ca lcul at ion repeated unt i1 the 

difference between the estimated and calculated values of Cs becomes 

insignificant. This iteration is repeated for each section of the column 

at each step in time. 

A Turbo Pascal program was written to solve the above model together with 

the models for the elution of the cation and the cyanide. This program 

is presented in Appendix H. The algorithm for the gold elution model can 

be found in procedure "mod au" of the program. As the value of A in 

Equation 6.23 is a function of the cation and cyanide concentrations, the 

values of these concentrations throughout the column are first determined 

at each time step. The value of A is then calculated for each section of 
the column and the model for the elution of the gold solved as described 

above. 

6.5 EQUILIBRIUM MODEL 

Edeskuty and Amundson (1952) measured the pore liquid diffusivity of 

phenol between 25 ·c and 48 ·c and showed that the 1 ogarithm of the 

diffusivity varied linearly with the reciprocal of the absolute 

temperature in Kelvin. The same relationship was found to describe the 

temperature dependency of the surface diffusivity of benza 1 dehyde on 

Amberlite particles (Komiyama and Smith, 1974a,b). By increasing the 

methane 1 : water ratio of the so 1 vent, the capacity of Amberl ite for 

benzaldehyde could be decreased more than one order of magnitude at the 
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same temperature. The decrease in adsorption capacity resulted in a ten 
fold increase in the value of the surface diffusivity and was attributed 
to the decrease in bonding energy between benza l dehyde and the carbon 
surface. 

It was shown in Chapter 3 that the elution of gold is independent of flow 
rate under certain conditions. This implies that the mass transport 
under these conditions is so fast that the system can be regarded as 
being in equilibrium at each point in time. 

6.5.1 Formulation of model 

The following assumptions are made for this special case of the general 
model derived earlier : 

{ l) The adsorption or desorption reaction is instantaneous and 
equilibrium exists between the solute in the liquid phase and that 
in the adsorbed phase. 

{2) The concentration in the pore liquid is equal to that in the bulk 
solution. 

(3) No concentration gradient exists within the liquid or adsorbed 
phases. 

A mass balance over the j'th section of the column is·: 

dQ dC 
a.tih.p.{l-E)-+ (a.fih.p.V (l-E) + a.fih.E} -= V(C(j-l)_C) 

dt p dt [6.26] 

where all of the variables refer to the j'th section, except for c(j-l) 

which refers to the section directly below section j. It follows from 
the assumption that equilibrium exists between the adsorbed and liquid 
phases that 

Q = A.en [6.27] 

As the equilibrium changes continuously during the elution, both A and n 
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are functions of time and the time derivative of Equation 6.27 thus is : 

- = A. en - - + - l nC dQ [n dC dn ] 
dt c dt dt 

dA +en -
dt 

It was shown in Chapter 3 that n is a linear function of A 

n = b.A + B 

thus, 

dn 
-= 
dt 

dA 
b

dt 

[6.28] 

[6.29] 

[6.30] 

By substituting with Equations 6.28 and 6.30, Equation 6.26 becomes : 

dC m (C(j-lJ_C) - cn(A.b. ln(C) + 1) (dA/dt) 
- = ~2=---------------~1-------~ 
dt A Cn-m1 + .n. 

where 

f 
m = + V 1 (1-E)p P 

and 

m = 2 

v 
(l-c)a.Ah.p 

6.5.2 Numerical solution 

[6.31] 

[6.32] 

[6.33] 

As before, the cation and cyanide concentration profiles through the 
column are determined first in each time step. A is then calculated in 
each section as a function of these concentrations. With A known, it is 
then possible to determine n and (dA/dt) with Equations 6.29 and 6.34 
respectively. 
dA A(tl - A(t-Atl 

dt At 
[6. 34] = ------
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Equation 6.31 is then solved by the Runge Kutta routine, where the values 
of A and c(j-l) at {t+%At) are estimated with the average of the values at 
(t) and (t+At). The value of (dA/dt) is assumed to be constant over the 
time step so that the value at (t+%6t) is the same as in Equation 6.34. 

The initial concentrations of gold in the eluant (C 1) and on the carbo~ 
{Q 1) are not in equilibrium. The initial A-value is therefore calculated 
from the cation and cyanide concentrations in the eluant and the 
equilibrated, initial gold concentration {C) calculated with the 
following mass balance 

[6.35] 

The initial pore concentration {CP1) is normally assumed to be zero. 

Appendix I contains a Turbo Pascal program for the solution of the 
equilibrium model . Except for the go 1 d e 1 ut ion procedure, the rest of 
the program is similar to the program for the surface diffusion model. 

6.6 REACTOR CONFIGURATIONS 

6.6.1 Definition of column 

The column is defined as a series of N CSTR's as shown in Figure 4.1. An 
imaginary O'th section at the inlet to the column was added to enable 
reference to the (j-1) 'th section at j=l. The concentrations in the O'th 
section are equal to the concentrations in the eluant. For all column 
runs, the starting time of elution, t=O, is defined as that moment when 
flow of the eluant is started. 

6.6.2 Batch reactor 

The computer programs for the surface di ff us ion and equilibrium mode 1 s 
can also be used to describe the kinetics in a batch stirred reactor 
containing a volume of liquid, v, and a mass of carbon, me. 
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For this purpose the values of a, h, ~h, E and V in Equation 6.25 should 

be chosen so that : 

a.h = v 

E = 1 - me 
a.h.p 

~h = h 

and 

v = 0 

[6.36] 

[6.37] 

[6.38] 

[6.39] 

With these adjustments, Equation 6.25 reduces to the mass balance over a 
batch stirred tank reactor 

[6.40] 

6.6.3 CSTR 

The same principles apply to a continuous stirred tank reactor as to a 
batch reactor, except for Equation 6.39. For a CSTR, V is equal to the 
volumetric flow rate through the reactor. By substituting with Equations 
6.36 and 6.38, Equation 6.25 becomes 

dC V 6k (1-E) 
dt = Ll (Cfeed-C) + ~cE (Cs -C) [6.41] 

6.6.4 Drained carbon beds 

Because of the difficulties in quantifying the interparticle solution 
remaining in a drained bed, most of the experimental runs in this thesis 
were conducted with carbon beds that were initially filled with eluant. 
On an industrial scale however, it is easier to conduct the pretreatment 
and e 1 ut ion in the same vesse 1 and to drain the bed between the two 
stages. The programs in Appendices H and I make provision for elutions 
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from beds which first have to be filled. The time to fill the bed is 

calculated as : 

h 
tfill = (1-s}.ca V [6.42] 

where s is the fraction of the voids external to the particles which is 

initially filled with retained liquid. The time increment for the fill 

procedure is chosen so that one height section of the column is fi 11 ed 

per time increment 

tfill 

N 
[6.43] 

The concentration in the section that is being filled is ca 1 cul ated as 

the weighted average of the concentrations in the retained liquid and the 

liquid from the previous section. The intraparticle concentrations are 

assumed to remain unchanged for that increment in time. The 

concentrations in the sections below the one that is being filled are 

calculated as usual with the models for the gold, potassium and cyanide. 

6.6.5 Continuous elution 

The need for a process capable of stripping large quantities of carbon 

1 ed to the deve 1 opment of the "Atmospheric Continuous Elution System" 

(Paterson, 1987}. The apparatus is claimed to be suitable for adoption 

to both the AARL and Zadra method of elution. It comprises of a single 
column incorporating a· preheating, a presoak and an elution section, as 

shown in Figure 6.1. Loaded carbon is fed by gravity from a vessel 

mounted on the top of the column. Whenever eluted carbon is withdrawn. 

from the base of the column, the bed moves down and the top section is 

filled with carbon from the soaking section. The eluant flows in 

counter-current with the carbon. 

Provision has been made for modelling of a .continuous elution process 

with the programs in Appendixes H and I. A start-up period is allowed 

before the first transfer of carbon occurs. This prevents the discharge 

of carbon with high gold loadings. The rest of the run is divided into 

equal periods between transfers. Removal of an integer number of the 

bottom sections of the bed is allowed. 
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The following nomenclature is defined to explain the changes that occur 
with a carbon discharge : 

N Total number of height sections 
Nd Number of sections in bottom of colu~n to be discharged 

At the moment that the discharge of carbon occurs, the carbon loadings 
and pore concentrations in sections j=l to j=(N-Nd) are changed to those 
in sections (j+Nd). The sections j=(N-Nd+l) to j=N are filled with 
carbon from the pretreatment stage and the loadings and pore 
concentrations of these sections are set equal to the values in the 
pretreatment stage. As it is assumed that only carbon is removed, the 
interparticle concentrations remain unchanged. 

6.7 SUMMARY 

It was shown that a model accounting for both pore diffusion and surface 
diffusion in the porous structure of the carbo~ would unnecessarily 
complicate the use of such a model, and that it is justified to simplify 
the model by assuming intraparticle mass transfer by surface diffusion 
only. A second model was derived in which resistance to mass transfer 
was considered to be negligible. The use of this model requires the gold 
in the adsorbed and liquid phases to be in equilibrium at any point of 
time. The applicability of these two models will be investigated in the 
next chapter. 
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Table 6.1 
Simulations of gold elution profiles in a batch stirred tank reactor with 
the combination model and a linear isotherm. 

No. 1 2 3 4 5 6 

A 0.01 0.01 0.01 0.01 0.5 0.5 
D x10-10 1.0 1.0 0.0 0.0 1.0 0.0 
o;x10-10 1.0 0.0 1.0 7.0 0.0 200 

t [h] (Q-Qi )/Qi 

0.00 0.000 0.000 0.000 0.000 0.000 0.000 
0.25 0.349 0.349 0.233 0.349 0.064 0.064 
0.50 0.389 0.389 0.280 0.389 0.097 0.097 
1.00 0.411 0.411 0.338 0.411 0.125 0.125 
1.50 0.425 0.425 0.371 0.425 0.133 0.133 
2.00 0.440 0.440 0.400 0.440 0.137 0 .137 
2.50 0.455 0.455 0.424 0.455 0.139 0.139 
3.00 0.469 0.469 0.440 0.469 0.141 0.141 
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7 

EVALUATION OF GOLD ELUTION MODELS 

The mathematical models of Chapter 6 are evaluated in this chapter by 
fitting them to experimental gold elution profiles measured under 
different operating conditions. Because it is inconceivable that 
diffusion control can be eliminated completely, the diffusion model would 
be fundamentally more correct than the equilibrium model. The second 
model, however, is favoured for its simplicity and was therefore used 
whenever possible. It will be shown that the choice between the models 
depends on the extent to which the isotherm favours elution. 

The potassium and cyanide profiles of the elution runs in this chapter 
have been simulated with the parameters as determined in Chapters 4 and 
5. Therefore, only the gold profiles are shown here. The experimental 
data were collected as discussed in Chapters 2 and 3 and Appendix K. 

7.1 BATCH KINETIC STUDIES 

A number of adsorption and elution runs were conducted in batch stirred 
tank reactors to investigate the difference in mass transfer parameters 
under adsorption and elution conditions. The gold elution equilibrium 
isotherm was assumed here to remain constant for the duration of the run. 
This was justified by adjusting the pH of the solutions during the 
experiments and by using low concentrations of carbon at room temperature 
to minimiz~ the decomposition of cyanide. Furthermore, the concentration 
of cations remained constant and very 1 ow during the runs, because no 
pretreatments were conducted for these elutions. 

Figures 7.1 to 7.4 show the adsorption of gold cyanide onto carbon BTX at 
various gold and carbon concentrations. The model predictions were 
obtained with the surface diffusion model in "batch mode" as explained in 
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Chapter 6. Table 7.1 shows that all four adsorption runs could be 
simulated with the same set of kinetic parameters. As the conditions 
during these adsorption runs were similar to those in Experiment 36, the 
same equilibrium constant that was determined in Experiment 36 was used 
here. The finding that all four runs could be simulated with the same 
set of kinetic parameters proved that the surface diffusion model applies 
to the adsorption of gold cyanide onto carbon BTX. If the different 
conditions used to promote adsorption and desorption. of gold cyanide 
affect only the gold cyanide equilibrium, the kirietics of adsorption and 
desorption would be the same and the kinetic parameters in Table 7.1 also 
would apply to the desorption process. This was investigated below. 

The desorption data associated with the above adsorption runs are plotted 
in Figures 7.5 to 7.9 and the parameters used in the simulations thereof 
are summarized in Table 7 .2(a). It can be seen from the experimental 
data in Figure 7.5 that equilibrium of desorption was practically reached 
within 30 hours. As illustrated in Chapter 3, re-adsorption of gold can 
take p 1 ace in batch e 1 ut i ens when the effects of, for ex amp 1 e, cyanide 
and cyanide-age are declining. It is thus impractical to determine gold 
elution equilibria over long periods of time as was done in Chapter 3. 
For the purpose of the mathematical simulations of the batch elution 
runs, the equilibrium constants were therefore calculated from the gold 
concentrations at the end of each run. The equilibrium data in Chapter 3 
are, however, still useful in providing the functional relationships 
between the Freundlich isotherm constant and the different effects that 
were investigated. 

The equilibrium constant for the elution in Figure 7.5 was calculated as 
A= 10.6 from the gold concentration measured at 46 h. Except for the 
isotherm constants, the kinetic parameters used in the ·simulations in 
Figure 7.5 were equal to those determined for adsorption. It can be seen 
that it was impossible to fit the model to the experimental data with 
these parameters. The possibility that the isotherm constant of 10.6 was 
incorrect, was investigated by repeating the simulation with two and ten 
times lower A-values in Figure 7.5. It is clear from these model 
predictions that it is impossible to predict the desorption of gold with 
the same mass transfer coefficients as for adsorption by varying only the 
equilibrium isotherm. A good fit of the model to the experimental dat~ 
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was possible, however, with the calculated isotherm constant of 10.6 and 
with intraparticle diffusion coefficients of 20 times higher than for 
adsorption (see Figure 7.6). The ratio of initial gold loading in the 
micropores to the loading in the macropores, mmb' was calculated from the 
final pore surface concentrations obtained from the adsorption 
simulations. Figure 7.7 shows the elution of gold under similar 
conditions as in Figure 7.6, but at a higher concentration of carbon. As 
expected, the same parameters could be used for both runs. 

Unlike the previous 2 runs, the experimental data presented in Figures 
7. 8 and 7. 9 have been obtained in the presence of 380 g CW. m-3

• This 
resulted in a nearly 2 times lower equilibrium isotherm constant as well 
as a higher macropore diffusivity. 

Figures 7.6 to 7.9 also illustrate that it would be impossible to 
simulate the experimentally measured gold profiles with the equilibrium 
model developed in Chapter 6. As the equilibrium isotherm remains 
constant for the whole run, the equilibrium model predicts an instant 
increase in the gold concentration at t=O to the equilibrium value, and a 
constant concentration for the rest of the run. 

The samples of carbon used in the experiments in Figures 7.10 to 7.13 
were loaded with gold over a period of 3 weeks. This provided enough 
time to reach equilibrium, and therefore an even distribution of gold 
between the macropores and the micropores could be assumed. An initial 
value of mmb = 1.0 was therefore used in the model predictions of the 
el ut ions with these carbons. The parameters and elution conditions for 
Figures 7.10 to 7.13 can be found .in Table 7.2{b). 

The film transfer coefficient could not be determined separately as in 
the case of adsorption (Van Deventer, 1984), and was treated as one of 
the set of unknown parameters which were determined by fitting the model 
to the experimental data. It follows from the parameters presented in 
Table 7.2(b) that a higher value of the film transfer coefficient had to 
be used for the runs at temperatures higher than ambient temperature. 
Not enough runs were conducted, however, to establish a trend. 

The following conclusions could be drawn from the experimental data and 
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simulations presented in Figures 7.5 to 7.13 : 

(a) The experimentally measured batch elution profiles could not be 

described with the equilibrium model, 

(b) The kinetics of desorption we~e found to be higher than the 

kinetics of adsorption, 

(c) It was possible to describe all the batch elution runs conducted 

under different conditions with the surface diffusion model, 

(d) Both the equilibrium and kinetics of desorption changed with a 

change in the elution conditions, 

(e) The kinetics of desorption seemed to increase with a decrease in 

the value of the equilibrium constant, A, and 

(f) The shape of the curves presented in Figures 7.5 to 7.13 is exactly 

the same as those measured for the e 1 ut ion of go 1 d cyanide with 

organic solvents, with and without the addition of cyanide (Vegter 

and Sandenbergh, 1990; Espiell et al., 1988). Although it was not 

formally proved here, it can be assumed with confidence that the 

surf ace diffusion mode 1 with a constant equilibrium wou 1 d a 1 so be 

applicable to the elution of gold cyanide with organic solvents. 

The values of the macropore diffusivities of both the adsorption and 

desorption experiments at room temperature were plotted in Figure 7.14 

versus the equilibrium isotherm constants. A sharp increase in the 

intraparticle mass transfer coefficient occurred with a decrease in the 

adsorption capacity. This complies with the findings of workers on the 

adsorption of organic substances (Edeskuty and Amundson, 1952; Komiyama 

and Smith, 1974a) where it was found that the value of the surface 

diffusivity increased with a decrease in the adsorptivity. Vegter and 

Sandenbergh (1990) reported a ten fold increase in the rate of desorption 

of gold cyanide from activated carbon in a water-acetone solution when 

the equilibrium was reduced 4 times by raising the temperature from 20 °C 
to 50 ·c. 
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7.2 ELUTION FROM PACKED BEDS OF CARBON 

7.2.1 Constant equilibrium 

Figures 7.15(a) and 7.15(b) show the elution of gold from a bed of carbon 
at 70 °C in the absence of cyanide and without a cyanide pretreatment. 
As with the batch elution runs presented above, the pH and potassium 
concentration remained constant and a constant equilibrium isotherm had 
to be used. It can be seen from Figure 7.15(b) that it was not possible 
to simulate the profile with the equilibrium model with a constant 
equilibrium isotherm. This can be ascribed to the fairly high value of 
the Freundlich isotherm constant, which implies low intraparticle 
diffusivities and thus the need to account for a diffusion control 
mechanism. The macropore diffusivity used in the simulation with the 

, surface diffusion model in Figure 7.15(a) corresponds to that predicted 
by the batch elution runs (refer Figure 7.14). The value of mmb was 
calculated as before by the use of the surface diffusion model in 
"adsorption mode". Table 7 .3 summarizes the parameters used in the 
simulations of column operations with the surface diffusion model. 

7.2.2 AARL elution 

The data in Figure 7.16 were obtained by performing an elution at 70 ·c 
after soaking the loaded carbon in a potassium cyanide solution for 30 
minutes. As shown before, the potassium cyanide pretreatment resulted in 
changing cyanide and potassium concentrations during the elution step. 
To account for the effect of the potassium concentration on the gold 
elution equilibrium, the generalized isotherm was written as : 

Q = A.C -0.002688.A + o.2902 with 
e e ' 

A = A
0

• (CK + 50} P. 

[7.1] 
[7.2] 

The constant value of 50 was added in Equation 7.2 to lower the 
sensitivity of the gold equilibrium to potassium at low concentrations of 
potassium. This modification made it possible to tolerate deviations in 
the predicted potassium profile from the measured profile at low 
concentrations. A

0 
and p were treated as parameters which were 

determined by fitting the model to the experimental data. 
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The 11 peak 11 in the model simulation at t=O appeared because the gold 
~quilibrium was written as a function of the potassium concentration in 
the interparticle solution and not the pore solution. When distilled 
water is used as an eluant, the interparticle potassium concentration is 
specified as zero at t=O. This results in an initially low value of the 
gold equilibrium while little potassium has yet diffused out of the 
carbon. The situation is however corrected within less than the first 
bed volume. Although it would be more correct to write the gold 
equilibrium as a function of the intraparticle potassium concentration, 
it is easier to verify the interparticle than the intraparticle 
concentration. 

It was shown in Chapter 3 that the effect of free cyanide carried over 
from the pretreatment stage was of little importance and was thus omitted 
in the modelling here. 

Although it was poss i b 1 e to fit the surface diffusion model to the 
experimental data in Figure 7.16, macropore and micropore diffusivities 
of 170 and 50 times higher than those for adsorption had to be used. The 
validity of such high diffusivities is however illustrated in Figure 7.17 
where the same parameters have been used to predict the elution profile 
at a higher flow rate. Although a relatively poor fit was obtained, the 
peak height and the trend were the same as for the measured profile. 
(The higher flow rate led to a slightly sha'rper decrease in the gold 
profile after the maximum concentration was re~ched.) The high values of 
the kinetic parameters that had to be used in the simulations in Figures 
7.16 and 7.17 indicate that resistance to mass transfer became negligible ,, 
under these conditions ~nd that these elutions could possibly be 
described with the equilibrium model. 

The relationship between the surface diffusion and equilibrium models is 
illustrated in Figure 7.18. (Most of the parameters used in Figure 7.18 
are given in Table 7.3.) It was assumed for the purpose of this 
illustration that the carbon contained only macropores. For values of rm 
larger than or equal to lx10-10 m2.s-1 the elution profile predicted with 
the surface diffusion model approached that of the equilibtium model. As 
the equilibrium model is easier to use and entails less unknown 
parameters to be estimated, it was decided to first use the equilibrium 
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model from here onwards before resorting to the more complex surface 

diffusion model. 

7.2.2.1 Estimation of equilibrium isotherm parameters 

It was illustrated earlier that, unlike the functional forms of the 

various effects on the gold elution isotherm, the parameters used in 

these functions vary under different conditions. These parameters would 
l 

therefore be different for different modes of cyanide pretreatment. 

Furthermore, as the effect of cyanide-age was shown to wear off with 

time, it was necessary to devise a method to estimate the equilibrium 

after a cyanide pretreatment, but during the subsequent elution run. The 

following approach was used to estimate the change in the equilibrium 

isotherm parameter A during an AARL elution in a packed bed of carbon : 
\ 

If it is assumed that resistance to mass transfer becomes negligible 

after the pretreatment step, equilibrium between the metal cyanide 

loading on the carbon surface and in the interparticle solution will 

pertain during the elution step at every position in the column, 

including the outlet. As the concentration of gold. in solution is 

measured at the outlet, the equilibrium at the outlet will be known if 

the 1 oadi ng on the carbon is known. The 1 atter can be estimated by 

assuming that, at any stage, the loading at the outlet will be lower than 

or equal to Q6 ; and higher than the average loading in the column. The 

average loading at time t can be calculated from a mass balance by 

integration of the area under the gold elution profile from t=O to t=t. 

With the maximum and minimum 1 oadi ngs at the outlet known, the minimum 

and maximum values of A at the outlet can thus be calculated from 

Equation 7.1. (With Ce known, the maximum and minumum values of A would 

be determined by, respectively, the maximum and minimum values of Qe.) 

Figure 7.19 shows the result of applying the above method to the 

experimental data of Experiment 50. The values of A varied between 0.8 

and 2.l. While the initial gold loading, QiG' is a constant value, the 
average loading in the column decreases with an increase in the volume of 

eluant passed through the column. The difference between the maximum and 

minimum Q -values, and therefore also the difference between the maximum , e , 

and minimum A-values, increased with time (or bed volumes). However, 
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during the initial two to three bed volumes when little gold had yet been 
eluted, the values of A were more exact. These A-values were plotted in 
Figure 7.20 as a function of the potassium concentration. The 
exponential relationship between A and the potassium concentration in 
Figure 7.20 serves as further proof of the validity of an equilibrium 
approach, as it was shown before that such a relationship exists at true 
equilibrium. The value of p = 0.24 determined from Figure 7.20 
corresponds reasonably with the value of 0.2 derived from fitting the 
model to the. experimental data. 

7.2.2.2 Reactivation after cyanide pretreatment 

It follows from the above that, if the concentration of potassium is kept 
unchanged during an AARL elution, the value of A should also be constant 
if all other factors remain constant. This was examined in Figure 7 .21 
where the calculated minimum and maximum A values were plotted as a 
function of the number of bed volumes passed through the column. Because 
of the high potassium concentration, little elution of gold occurred and 
this led to a very small difference in the minimum and maximum estimates 
of A. 

Figure 7.21 shows that the A-value,did not stay constant, but increased 
with an increase in the volume of eluant passed through the bed. The 
increase in A was ascribed to the reactivation of the carbo"n surface 
towards gold cyanide after a cyanide pretreatment (refer Figure 3.17). 
The reactivation in Figure 7.21 was empirically accounted for by 
expressing the value of A as a function of the number of bed volumes as 
follows : 

[7.3] 

The reactivation of the carbon would probably be a function of the 
removal of the decomposition products of the cyanide from the carbon 
pores, but this would be very difficult to quantify or to investigate as 
an isolated process. The volume of eluant with which the carbon had been 
washed, was thus taken as being representative of the degree of 
reactivation of the carbon. 

To account for the reactivation of the carbon, the general formula for A 
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in Equation 7.2 was extended to : 

[7'.4] 

As shown in Table 7.3, the reactivation term is not included in the case 
of the surface diffusion model, because the effect is accounted for in 
the values of the intraparticle mass transfer coefficients. 

7.2.2.3 Modelling of elution at different cation concentrations 

Figure 7 .22 shows the equilibrium model fitted to the same data as 
presented in Figure 7.16. This experiment involved a cyanide 
pretreatment followed by an elution with distilled water at 70 °C. The 
parameters used with the equilibrium model are summarized in Table 7:4. 
Values of p= 0.2 and q=O.l were used here. It can be seen-that a 
reasonable fit could be obtained with the equilibrium model that is much 
simpler than the surface diffusion model. 

As with the surface diffusion model, the equilibrium model also predicts 
higher than measured gold concentrations during the initial stages of the 
elution. This is ascribed to the use of the interparticle potassium 
concentration in the gold cyanide equilibrium as discussed before. 

The fits presented in Figures 7.22 to 7.25 represent similar gold elution 
runs with different constant potassium concentrations in the eluant feeds 
of O, 559, 2100 and 6300 ppm K+. The fact that all of these runs could 
be simulated with the same values of p and q further proofs the validity 
of the values of these parameters. The experimental data in Figure 7.25 
are the same as those in Figure 7.21 where it was illustrated that the 
value of A increased as the elution progressed. A simulation· with a 
constant equilibrium and with q = 0 was thus included in Figure 7.25 to 
show the necessity to account for the reactivation of the carbon. 

Table 7.4(a) shows that the values of A
0 

in Figures 7.22 to 7.25 differ 
with a maximum of 6.7% although the same temperatures and modes of 
pretreatment were used. The small adjustment in A

0 
is justified, 

however, if the experimental error in the determination of the initial 
gold loading is takeri into account. Even with analytical techniques much 
more sophisticated than the AA-spectroscopy employed here, mass balance 
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errors of 8% are not uncommon (Vegter and Sandenbergh, 1990). 

7.2.2.4 Elution after different modes of adsorption 

The equilibrium model for the elution of gold cyanide does not account 
for an initial radial distribution of gold in the carbon particle. 
Therefore, if diffusion does play a role, this should become evident when 
trying to fit the model to elutions from carbons with different values of 
mmb. Such runs are presented in Figures 7. 22, 7. 26 and 7. 27. The 
carbons used for these elutions were loaded from identical gold solutions 
over periods of 22 h, 7 h and 72 h respective 1 y. By using the same 
adsorption parameters as given in Table 7.1, the values of mmb at the end 
of the adsorption periods were calculated as 0.437, 0.123 and 0.940 (in 
the same order as above). As can be seen from the above Figures and 
Table 7.4, these runs could all be simulated with the equilibrium model, 
using the same parameters as before, except for mi nor changes to the 
value of A

0
• This further proofs the assumption that resistance to mass 

transfer becomes negligible under low equilibrium conditions. 

It was investigated in Figure 7.28 whether the same parameters can also 
·be used for the elution.from carbon with a higher initial gold loading. 
Although a very good fit could be obtained, the va 1 ue of A

0 
used in 

Figure 7.28 was more than 85% higher than the value used in Figure 7.22. 
As all the conditions, except the initial gold loadings, were the same 
for the two runs, the same set of equilibrium parameters were expected to 
apply to both experiments. The apparently higher equilibrium in Figure 
7.28 might have been the result of intraparticle diffusion or an 
inefficient cyanide pretreatment. 

The former of these explanations was investigated by attempting to fit 
the surface diffusion model to the experimental data in Figure 7.28 by 
using the same parameters as for Figure 7.16, except for the values of 
QGi = 12.16 g.kg-1 and mmb = 0.783. This gave a calculated profile of 
more than double the height of the experimental profile. Even with 
drastic changes to the mass transfer coefficients, it was impossible to 
fit the surface diffusion model to the experimental data without 
increasing the equilibrium. As with the equilibrium model, the surface 
diffusion model could only be fitted to the data by increasing the value 
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The lower than expected elution profile of Figure 7.28 can 
therefore not be attributed to diffusion. 

The higher equilibrium condition applying to Figure 7.28 remains 
unexplained. It is possible, however, that the relatively short 
pretreatment of 30 minutes at room temperature was insufficient to ensure 
homogeneous deactivation of the carbon surface throughout the particles, 
and that the effect thereof is more profound at higher gold loadings. 
This will have to be investigated by repeating Experiments 50 and 89 with 
a more drastic pretreatment, for example at a higher temperature. 

7.2.2.5 Elutions with different modes of pretreatment 

Because of the problems of quantifying the effect of the cyanide 
pretreatment on the gold elution equilibrium, it 

the main difference between elutions after 
pretreatment would be a shift in the equilibrium. 
presented in Figures 7. 22, 7. 29 and 7. 30 were 

was assumed here that 
different modes of 
The experimental data 

col 1 ected at the same 
elution conditions except for different modes of pretreatment. The 
pretreatment conditions and A

0
-values for these runs can be summarized as 

follows : 

Figure 
A 

0 

CiN [g.m-3] 
v [ml] 
T [°C] 
t [h] 

7.22 
0.375 
7886 
20 
20 
0.5 

7.29 
0.60 
1593 
25 
20 
65 

7733 
10 
100 
0.5 

From the values of A
0 

for Figures 7.22 and 7.29, it follows that the gold 
cyanide equilibrium decreases with an increase in the cyanide 
concentration employed in the pretreatment. The duration of the 
pretreatment was of little importance. As the extent of reactivation in 
Figure 7.30 (q = 0) was different from the value of q = 0.1 in Figure 
7.22, the A

0 
values of these Figures cannot be compared directly. It can 

be seen, however, that the maximum gold concentration in Figure 7.30 was 
47% higher than in Figure 7.22, even though only half the quantity of 
cyanide for Figure 7.29 was available for Figure 7.30. This is 
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attributed to the higher temperature in the pretreatment of Figure 7.30 
and strengthens the argument in Chapter 3 that the decomposition of 
cyanide on the carbon surface reduces the activity of the carbon towards 
aurocyanide to a larger extent than does the adsorption of cyanide. 

As discussed above, the extent of reactivation, q, of the carbon differed 
for the different modes of pretreatment in Figures 7 .22 and 7 .30. This 
can also be explained on the basis of the difference between adsorption 
and decomposition of cyanide in the pretreatment : Where mainly 
adsorption of cyanide occurred in the pretreatment (as in the case of a 
pretreatment at room temperature), higher degrees of reactivation, q, had 
to be used in the simulations of the elutions. These higher degrees of 
11 reactivation 11 can be ascribed to the elution of physically adsorbed 
cyanide from the carbon surf ace. As the cyanide is desorbed from the 
carbon surface, more adsorption sites become available for the adsorption 
of aurocyanide, and the carbon recovers its activity towards the latter 
species. The little or no reactivation of the carbon after a cyanide 
pretreatment at high temperature (q = O in the simulation in Figure 
7.30), is explained as follows: At higher temperatures it was shown 
that more decomposition than adsorption of cyanide occurs, and that' the 
decomposition reactions (as shown in Equations 3.25 ·and 3.26) are 
irreversible or have high equilibrium constants. Because of the 
irreversible nature of these reactions, the carbon's activity towards 
aurocyanide is not recovered as easily as when mostly adsorption of 
cyanide occurred. 

The simulation of the effect of a step change in potassium concentration 
was included in Figure 7.31 to further illustrate the validity of the 
equilibrium model and the dependency on the potassium concentration 
(p = 0.2). If the value of p was incorrect, it would have been possible 
to simulate the gold elution profiles before or after the step change in 
the potassium concentration, but not both, as was done in Figure 7 .31. 
No reactivation was needed in the gold equilibrium function because· of 
the higher temperature employed in the pretreatment. 
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7.2.2.6 E7utions at different temperatures· 

The ability of the equilibrium model to simulate gold elution profiles at 
different temperatures is reflected in Figures 7.22, 7.32 and 7.33. 
These elutions were conducted at temperatures of 70 °C, 50 °C and 80 °C 
respectively. Except for the temperatures, all the other conditions were 
the same. This is reflected in the ability of the model to simulate all 
three runs with the same set of parameters by changing only the value of 

Ao. 

Figure 7.34 shows the elution of gold at 130 °C as measured with the use 
of the stainless steel column described in Chapter 3. Table 7.4 shows 
that an A

0 
value as low as 0.065 had to be used in the simulation. The 

gold elution also seemed to be more sensitive to the cation concentration 
at this high temperature. As before, no reactivation had to be included 
in the simulation, because the pretreatment was conducted at an elevated 
temperature. Furthermore, different potassium parameters had to be used 
because of the long soaking period before the elution {see Experiment 
93). 

The gold elution run shown in Figure 7.35 was conducted at room 
temperature after a cyanide pretreatment similar to that used for Figures 
7.32 and 7.33. It was however impossible to fit the equilibrium model to 
the data in Figure 7.35. The model simulation in Figure 7.35 was 
achieved with the surface diffusion model. This can be explained in view 
of the relatively high value of A

0 
= 3.8 {see Tabl~ 7.3), which resulted 

in a shift to mass transfer control and hence the need for the diffusion 
model. 

The effect of temperature on the elution equilibrium after a cyanide 
pretreatment as used for Figures 7. 22, 7. 32 and 7. 33 was quantified in 
Figure 7.36 by plotting these three A values as a function of the 

. 0 

temperature. It follows from Figure 7.36 that the generalized 
equilibrium isotherm for these runs can be written as : 

Q = A C -0.002688.A + o.2so2 where 
e • e ' 

[7.5] 

1060.8 
A = 0.016636.exp T {CK+ 50) 0

·
2

• {VB + 1) 0
·
1 [7.6] 
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If the parameters in Equation 7.6 are compared to the value~ measured in 
Chapter 3, it can be seen that the gold equilibrium became less sensitive 
to temperature and more sensitive to the potassium concentration after 
the cyanide pretreatment employed here (E/R

0 
changed from 2190 K to 

1060.8 K, and p changed from 0.069 to 0.2). 

7.2.3 Zadra elution 

Figure 7.lS{a) shows a gold elution profile obtained under conditions of 
a constant equilibrium. It is clear that this profile differs completely 
from the Zadra elution profiles shown in Figures 7.37 and 7.38. Whereas 
the gold cyanide profile with a constant equilibrium decreases from its 
maximum value at V6 = 0, the gold cyanide concentrations in Figures 7.37 
and 7.38 both increase with the volume of eluant passed through the bed. 
A model with a constant equilibrium as proposed by Adams and Nicol (1986) 
and Adams (1990a) will therefore be incapable of simulating a true Zadra 
e 1 ut ion where the carbon has not been previous 1 y equilibrated with the 
eluant in order to obtain a constant equilibrium. 

Unlike an AARL elution, the cation concentration remains fairly constant 
during a Zadra elution. However, as all of the cyanide reactions take 
place during the elution stage of a Zadra elution, the change in cyanide 
concentration and cyanide-age, and the effect thereof on the gold 
elution, have to be accounted for in the modelling of the process. 

The cyanide profiles associated with Figures 7.37 and 7.38 were already 
modelled in Figures 4.2 and 4.3 and will not be repeated here. The 
cyanide-age of the carbon at any position of the column was calculated 
from the cumula.tive amount of cyanide previously decomposed on the 
carbon. The potassium concentrations were assumed to remain unchanged 
for the duration of the run. 

It followed from the work in Chapter 3 that the following form of the 
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generalized gold elution equilibrium would be applicable here 

Q = A C -0.002688.A + 0.2902 with 
e • e 

A = 
Ao.(CK + 50)P.(CN + l}f 

C. QN + } 

[7.7] 

[7.8] 

Although the potassium concentration was assumed to remain constant, the 
dependency on potassium was included in Equation 7.8 to extrapolate 
between runs at different potassium levels. 

The elution in Figure 7 .37 was conducted with a constant feed of a 
0.5 g KCN/l eluant, whereas the profile in Figure 7.38 was measured 
during an elution with 20 g KCN/l after a cyanide pretreatment. Figure 
7.37 therefore represents a Zadra elution and figure 7.38 a combination 
of a Zadra and an AARL elution. Both runs were conducted at 70 °C. 

The equilibrium model with the following set of parameters was found to 
apply to both elutions, in spite of the big difference in operating 
conditions 

A
0 

= 2 .82 
p = 0.088 
f = -0.11 
c = 0.05 

Constant potassium concentrations of 200 g.m-3 and 11000 g.m-3 were used 
in the simulations of Figures 7.37 and 7.38 respectively. The values of 
the flow rates and initial gold loadings are given in Experiments 69 and 
74. The values of h, a, de, p, VP, £, ~t and N were the same as those in 
Table 7.4(a). 

7.3 SUMMARY 

The surface diffusion and equilibrium gold elution models derived in 
Chapter 6 were shown to be suitable for simulating the elution of g·old 
cyanide under a variety of different conditions. While the surface 
diffusion model applied mainly to conditions of poor desorption, the 
equilibrium model was applicable to conditions strongly favouring 
elution. Although it followed from the derivation of these models that 
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the equilibrium model is only a simplification of the surface diffusion 
model, this was further proved by illustrating that the difference 
between the profiles predicted by the two models decreases with an 
increase in the values of the mass transfer coefficients used in the 
surface diffusion model. 

It is expected that the equilibrium model will be applicable to most 
industrial AARL and Zadra elutions, because of the higher temperatures 
and better pretreatments than were employed here. This will simplify the 
simulation of industrial scale AARL elutions to a large extent, as it was 
found that the shape of the gold profile after a hot cyanide pretreatment 
is determined only by the elution of the cations. 

Because of the difficulties in analyzing and isolating the reactions that 
cyanide undergoes, and quantifying the effect thereof on the elution of 
gold cyanide, it was found that it was in fact more difficult to simulate 
a Zadra than an AARL elution. Previous attempts to model the Zadra 
process have failed owing to an oversimplification of the system by 
assuming that the aurocyanide equilibrium remains constant during the 
elution. 
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Table 7.1 
Parameters used in simulations of gold adsorption profiles in batch 
reactors. 

Figure 7.1 7.2 7.3 7.4 

f 0.999594 0.999203 0.999441 0.998805 
CGi 20.10 20.10 11.4 11.4 

h = 0.190985 m, a = 0.007854 m2 , de = 0.00142 m, p = 838.8 kg.m-3 , VP = 
0.000634 m3 .kg-1, Q6 i = 0, a6 = 0.4, ks = l.Oxl0-5 m.s-1 , fs = 2.9xl0-13 

m2.s-1 , kb= 3.5xl0-6 s-1 , A= 31.485, V = 0 m3 .s-1 , At= 20 s and N = 1 in 
all cases. 

Table 7.2(a) 
Parameters used in simulations of gold elution profiles in batch 
reactors. 

Figure 7.5 7.6 7.7 7.8 7.9 

f 0.999594 0.999594 0.999203 0 .-999441 0.998805 
QGi 23.796 23.796 21.832 17. 072 10.872 
m 0.490 0.490 0.510 0.555 .· 0.696 
km~l05 1.0 1.0 1.0 1.0 1.0 
rsxl012 0.29 6.0 6.0 8.0 8.0 
k:x105 0.35 6.0 6.0 6.0 6.0 
A see Fig. 10.6 10.6 5.46 5.46 

h = 0.190985 m, a= 0.007854 m2, de= 0.00142 m, p = 838.8 kg.m-3 , VP= 
0.000634 m3.kg-1, a6 = 0.4, V = 0 m3 .s-1 , C6; = 0 g.m-3 , At= 20 sand N = 1 
in all cases. 
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Table 7.2(b) 
Parameters used in simulations of gold elution profiles in batch 
reactors. 

Figure 7.10 7 .11 7.12 7.13 

T [°C] 20 20 52 91 
pH 12.6 11.1 6.6 6.6 
CN 0 300 0 0 
CK 1940 700 10 10 
f 0.999214 0.999046 0.998088 0.997837 
QG. 55. 71 53.84 30.98 27.45 
k XI05 1.0 1.0 5.0 5.0 
r5x1012 3.0 4.0 4.0 6.0 
k:xl05 4.0 4.0 3.0 6.0 
A 20.9 14.0 24.21 11. 0 

h = 0.127324 m, a = 0.007854 m2, de = 0.00142 m, p = 838.8 kg.m-3, VP = 
0.000634 m3.kg-1 , a6 = 0.4, V = 0 m3 .s-1 , C6; = 0 g.m-3 , mmb = 1.0, At = 20 
s and N = 1 in all cases. 

Table 7.3 
Parameters used in surface diffusion model simulations of gold elution 
profiles from packed bed reactors. 

Figure 7.15 7.16 7.17 7.18 7.35 

Vxl08 1.205 1.367 2.809 1.0 3.047 
QGi 18.18 4.848 4.869 4.0 23.11 
mmb 0.353 0.474 0.474 0 0.303 
a 0.4 0.4 0.4 0.999 0.4 
k6x105 0.5 1.0 1.0 1.0 0.5 
f

5xl012 6.0 50 50 10' 100 10 
k;x105 3.0 20 20 0 1.0 
A 8.5 0.41 0.41 0.31 3.8 

0 
0.2 0.2 0.2 0.2 p 

CK . 14000 14000 14000 14000 c pl 0 0 0 0 
CKdi 0 0 0 0 
XKF 0.05 0.05 0.05 0.05 
xm 0.025 0.025 0.025 0.025 b 
aK 0.57 0.57 0.57 0.57 

h = 0.143 m, a= 0.00012 m2, de= 0.00142 m, p = 838.8 kg.m-3 , VP= 
0.000634 m3.kg-1, f = 0.292, At= 10 s and N = 10 in all cases. 
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Table 7.4(a) 
Parameters used in equilibrium model simulations of gold elution profiles 
from packed bed reactors. 

Figure 7.22 7.23 7.24 7.25 7.26 7.27 7.28 

Vxl08 1.367 1.376 1.239 1.323 1.352 1.386 1.328 
QG. 4.848 4.70 4.848 4.805 4.189 4.825 12.16 
A 1 0.375 0.40 0.40 0.385 0.36 0.375 0.7 

0 
0.2 0.2 0.2 0.2 0.2 0.2 0.2 p 

q 0 .1 0.1 0.1 0.1 0.1 0.1 0 .1 
CK . 14000 14000 14000 6300 14000 14000 14000 c pl 0 559 2100 6300 0 0 0 
CKdi 0 559 2100 6300 0 0 0 
lF 0.05 0.05 0.05 0.05 0.05 0.05 0.05 xm 0.025 0.025 0.025 0.025 0.025 0.025 0.025 

b 
0.57 0.57 0.57 0.57 0.57 0.57 0.57 QK 

h = 0.143 m, a= 0.00012 m2, de= 0.00142 m, p = 838.8 kg.m-3 , VP= 
0.000634 m3 .kg-1 , £ = 0.292, At = 20 s and N = 10 in all cases. 

Table 7.4(b) 
Parameters used in equilibrium model simulations of gold elution profiles 
from packed bed reactors. 

Figure 7.29 7.30 7.31 7.32 7.33 7.34 

h 0.143 0.143 0 .143 0.143 0.143 0.749 
ax10-4 1.2 1.2 1.2 1.2 1.2 78.54 
Vxl08 1. 410 1.376 1.36 1.357 1.249 395.8 
QG. 5.061. 4.80 4.98 4.593 4.976 2.46 A, 0.60 0.42 0.375 0.44 0.33 0.065 

0 
0.2 0.2 0.2 0.2 0.2 - 0.25 p 

q 0.11 0 0 0.1 0.1 0 
CK . 3500 10000 14000 14000 14000 14000 c pl 0 0 2000 0 0 7000 
CKdi 0 0 2000* 0 0 0 
XKF 0.05 0.05 0.05 0.05 0.05 0.05 xm 0.08 0.025 0 .1 0.025 0.025 0.03 b 
QK 0.45 0.57 0.35 0.57 0.57 0.4 

de= 0.00142 m, p = 838.8 kg.m-3 , VP= 0.000634 m3 .kg-1 , £ = 0.292, At= 20 
s and N = 10 in all cases. 

*changed to CKF = 0 g.m-3 after 1.26 hr. 
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diffusion model. {Exp.80) 
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Figure 7.10 Simulation of desorption of gold after adsorption to 
equilibrium. Modelled in batch with surface diffusion model. {Exp.81) 

194 

• 

.. -.... .--

.50 

• 

Stellenbosch University  https://scholar.sun.ac.za



• ...-I 

0 

"' /'.. 

0 5 10 15 

+ 

+ Experimentcil dcitci 
- Model · 

?O ?5 30 

Time [hrJ 

Figure 7.11 Simulation of desorption of gold in the presence of free 
cyanide. Modelled in batch with surface diffusion model. (Exp.82) 
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Figure 7.12 Simulation of desorption of gold in batch at 52 ·c. 
Modelled with surface diffusion model. (Exp.83) 
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with the surface diffusion model. No pretreatment, constant equilibrium. 
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Figure 7.16 Simulation of an AARL elution at a flow rate of 2.9 bed 
volumes/h with the surface diffusion model. (Exp.SO) 
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Figure 7.17 Simulation of an AARL elution at a flow rate of 5.9 bed 
volu~es/h with the surface diffusion model. (Exp.61) 
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Figure 7.22 Simulation of the AARL elution in Figure 7.16 with the 
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Figure 7.23 Simulation of an AARL elution with the equilibrium model. 
Potassium concentration in feed= 559 g.m-3 • (Exp.75) 
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Figure 7.24 Simulation of an AARL elution with the equilibrium model. 
Potassium concentration in feed = 2100 g.m-3 • (Exp.87) 
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Figure 7.25 Simulation of an AARL elution with the equilibrium model. 
Potassium concentration in feed= 6300 g.m-3 • (Exp.86) 
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Figure 7.26 Simulation of an AARL elution with the equilibrium model. 
Adsorption period = 7 h. (Exp.88) 
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Figure 7.27 Simulation of an AARL elution with the equilibrium model. 
Adsorption period = 72 h. (Exp.40) 
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Figure 7.28 Simulation of an AARL elution with the equilibrium model. 
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Figure 7.29 Simulation of an AARL elution with the equilibrium model. 
Pretreatment with 4 g KCN/l at 20 °C. (Exp.90) 
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Figure 7.30 Simulation of an AARL elution with the equilibrium model. 
Pretreatment with 20 g KCN/l at 100 °C. (Exp.64) 
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Figure 7.31 Simulation of an.AARL elution with the equilibrium model. 
Step change in potassium concentration in eluant. (Exp.53) 
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Figure 7.32 Simulation of an AARL elution at 50 °C with the 
equilibrium model. {Exp.91) 
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Figure 7.33 Simulation of an AARL elution at 80 °C with the 
equilibrium model. (Exp.92) 
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Figure 7.34 Simulation of an AARL elution in the stainless steel 
column at 130 °C with the equilibrium model. (Exp.93) 
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Figure 7.35 Simulation of an AARL elution at 20 °C with the surface 
diffusion model. (Exp.94) 
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elution equilibrium after a cyanide pretreatment as done in Exp.SO, 91 
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Figure 7.38 Equilibrium model simulation of a Zadra elution with a 
pretreatment. (Exp.74) 

209 

Stellenbosch University  https://scholar.sun.ac.za



210 

8 

SENSITIVITY ANALYSIS 

This chapter contains simulations with the surface diffusion and 
equilibrium models derived in Chapter 6. The sensitivity of these models 
towards changes in kinetic and equilibrium parameters as well as 
operating conditions were investigated. A section on reactor 
configuration was included to illustrate the applicability of the models 
to reactors other than the batch column operation. 

It was illustrated in Chapter 7 that the equilibrium model is only a 
simplification of the surface diffusion model. These two models will 
therefore react similarly to changes in equilibrium conditions. For this 
reason most of the runs in this chapter were conducted with the 
equilibrium model only. A sensitivity analysis of the surface diffusion 
model towards changes in diffusion parameters was included in the section 
on carbon properties. 

Unless otherwise specified, the following "Standard" set of conditions 
and parameters was used in the sensitivity analyses of the surface 
diffusion and equilibrium models : 

Column : 

Integration constants 

Flow rate : 
Carbon properties 

Gold concentrations 

h = 0 .143 m 

a = 0.00012 m2 

N = 10 

lit = 10 s 

V = l.192xl0-8 m3 • s-1 

€ = 0.292 

de = 0.00142 m 

p = 838. 8 kg. m- 3 

V = 0. 000634 m3 • kg- 1 
p 

C6F = 0 kg. m-3 

QGi = 4 g.kg-1 
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Gold equil ibriuni parameters 

Potassium concentrations 

Potassium kinetic parameters 

A = 0.3 
0 

p = 0.2 

q = 0 

b = -0.002688 

B = 0.2902 

CKpi = 14000 g. m-3 

CKdi = 7000 g. m-3 

CKF = O g.m-3 

xm = o. 05 
xb = o. 025 
aK = 0. 57 
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The following additional parameters were applicable to the surface 
diffusion model only : 

mmb = 0.5 
a6 = 0. 4 

k = LOx10-5 m.s-1 
s 

r = 5.0x10-11 m2 .s-1 
m 

k = 5. Ox10-5 s-1 
b 

In cases where the sensitivity of the gold elution model had to be tested 
with a constant equil i bri urn isotherm, the potassium , concentration was 
assumed to remain constant at 50 g.rn-3 , i.e. : 

8.1 NUMERICAL INTEGRATION CONSTANTS 

Table 8.1 shows the effect of the time step length on the mass balance of 
gold with the equilibrium model. Even with a At= 120 s, the model was 
still stable and resulted in a mass balance error of only 0.5 %. Little 
or no difference could be observed in the gold elution profiles 
calculated with the time step lengths in Table 8.1. 
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As d1scussed in Chapter 6, the elution column was modelled as a series of 
N perfectly mixed CSTR's. A value of N = 1 therefore represents a CSTR 
and a value of N = m a plug flow reactor. Values of N between these two 
extremes describe the reaction kinetics of a non-ideal flow reactor which 
increasingly deviates from plug flow with a reduction in the value of N 
(Levenspiel, 1972). The effect of the number of height increments on the 
gold elution profile is shown in Figure 8.1. A constant concentration of 
potassium was used to exclude the effect of changes in the potassium 
profile on the gold equilibrium with a change in N. All the simulations 
in Chapter 7 were conducted with a value of N = 10 and this proved to 
give satisfactory results. It would be possible to describe deviations 
from plug flow caused by back-mixing by further decreasing the number of 
height increments. 

It took 3.5 min. with an XT type personal computer, fitted with a math 
co-processor, to solve the equilibrium model in Appendix I for an elution 
run of 8 hours with At = 30 s and N = 10. The same run took 50 min. with 
At = 10 s and N = 50. Although the computing time can be reduced 
substantially with the use of the more powerful 386 and 486 PC's now 
available, the large increase in computing time with smaller time and 
height increments did not justify the small advantage to be gained by 
increasing the va1ue of N. 

8.2 COLUMN GEOMETRY 

In the derivation of the nonideal flow model for the elution of the 
potassium, as ~ell as the two models for the elution of gold cyanide, the 
elution column was considered as a series of perfectly mixed CSTR's. All 
of these models are therefore insensitive to the h/d ratio of the carbon 
bed, provided that the total bed volume stays constant and that the same 
number of height increments (or CSTR's) is used. (This finding is not 
presented graphically, but it was confirmed that there is no difference 
in the profiles calculated with different h/d _ratios.) This is in 
agreement with the findings in Chapter 3 (Figure 3.20) and Chapter 5 
(Figure 5.12) where it was shown that the elution of gold and potassium 
is unaffected by the geometry of the column. 
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However, Figures 8.2 and 8.3 show that the potassium and gold profiles 
are sensitive to the h/d ratio if Ah is kept the same for the different 
runs. This can be attributed to the change in the number of height 
increments (N = h/Ah) with a change in h. The differences in the curves 
in Figures 8.2 and 8.3 are therefore not caused by varying h/d for the 
same column volume, but by changing the value of N by keeping Ah 
constant. 

8.3 AUROCYANIDE EQUILIBRIUM 

The large sensitivity of the gold elution profile to the equilibrium 
constant A

0 
is illustrated in Figure 8.4. A change in the value of A

0 
· 

represents a constant shift in the equilibrium over the whole run. Such 
a shift can be accomplished by performing elutions at different 
temperatures, with different modes of pretreatment, or by the addition of 
organic solvents to the eluant. 

Figures 8.5 and 8.6 contain runs at different values of b and B which are 
parameters in the linear relationship of n with A as shown in Chapter 3 

(Equation 3.2) 

n = b.A + B [8.1] 

It follows from Figure 8.5 that, because of the small value of b, the 
elution profile is relati'.'.ely insensitive to b for lbl < 0.01. However, 
the value of B has an effect on the height of the gold elution profile 
similar to that of A

0 
(see Figures 8.4 and 8.6). 

Figure 8.7 and 8.8 show respectively the effect of varying the values of 
p, the gold equilibrium dependency on the potassium concentration, and q, 
the extent to which reactivation of the carbon occurs. It can be seen 
that the value of q affects only the height of the elution peak, whereas 
a change in p results in a vertical as well as a horizontal shift in the 
elution-profile. Although the functions describing the effects of p and 
q in the general equilibrium isotherm (Equation 7.6) are basically the 
same, the difference in behaviour of the model towards changes in p and q 

Stellenbosch University  https://scholar.sun.ac.za



214 

is ascribed to the difference in the functions describing the change in 
potassium concentration, CK, and bed volumes, V8, with time. 

8.4 OPERATING VARIABLES 

As discussed in the previous section, changes in operating temperature, 
pretreatment conditions or organic solvent concentration will result in a 
singular, constant shift in the equilibrium. Such a shift can be 
accounted for by changing the value of A

0 
as shown in Figure 8.4. 

The equilibrium model for the elution of gold cyanide is independent of 
flow rate if the results are plotted as a function of the volumetric 
throughput of eluant. The profiles in Figure 8.9, at different 
volumetric flow rates, are however plotted as a function of time. It can 
be seen that the heights of the profiles are exactly the same, except 
that, at lower flow rates, the profiles are more stretched out in the 
horizontal direction. A shorter time step length of 15 seconds was used 
for the simulations in Figure 8.9 to assist in the solution of the model 
at increased rates of change when using higher flow rates. 

Figure 8.10 shows the sensitivity of the potassium elution profile to the 
initial concentration of potassium in the pores of the carbon. The 
strong effect of these different potassium profiles on the gold elution 
profile is illustrated in Figure 8.11. However, from Figure 8.12 it 
follows that the initial conceritration of potassium in the interparticle 
solution has little effect on the gold elution profile. This can be 
attributed to the relative ease with which the potassium in the 
interparticle solution is eluted in comparison to the potassium in the 
intraparticle solution. A slightly higher gold elution peak was obtained 
with the highest initial concentration of potassium, because of the 
higher suppression of the desorption of the gold during the initial 
stages of the elution (Figure 8.12). 

The effect of a constant concentration of potassium in the eluant was 
investigated in Figure 8.13. It can be seen that a potassium 
concentration as low as 200 g.rn-3 resulted in a gold profile with a peak 
of nearly half the height of that for distilled water. The profiles in 
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Figure 8.13 are also an indication of the effect of water quality on an 
AARL elution. 

Adams and Nicol (1986) ~howed that the rate of elution reached a maximum 
with an increase in the concentration of NaCN added to a Zadra elution. 
This was attributed to the increased ionic strength of the solution. 
Fig~re 8.14 shows the Zadra elution profiles predicted with the 
equ il i bri um model for KCN con cent rations of 1, 5, 10 and 20 g KCN/l . 
Because of the low sensitivity to the potassium concentration 
(p = 0.088), the elution efficiency increased with an increase in the KCN 
concentration. If the gold cyanide equilibrium were however more 
sensitive to the cation concentration, as in Figure 8.15, a similar 
result to that of Adams and Nicol (1986) was obtained during the initial 
stages of the elution. This shows that it is difficult to state a priori 
what the effect of [KCN] would be during a Zadra elution. 

If the eluate is recycled, as in the case of a Zadra elution or where the 
"tail" of an AARL elution is recycled (Laxen et al., 1982) , the eluant 
might contain a low concentration of gold cyanide. Because of the large 
difference in the concentration of gold cyanide in the eluant (typically 
< 10 g Au/m3

) and the concentration of gold cyanide in the eluate 
(typically > 200 g/m3), these low concentrations of gold in the feed 
solution have no effect on the elution profile. Such a constant supply 
of gold cyanide may, however, affect the eluted carbon loading. This is 
shown in Figure 8.16 where the gold loading in the first section of the 
bed (i.e. at the inlet) was plotted as a function of the number of bed 
volumes of el uant passed through the. bed. It can be seen that the 
sensitivity of the eluted carbon loading to gold in the eluant increased 
with a decrease in the loading on the carbon towards the end of the 
elution. 

8. 5 CARBON PROPERTIES 

It was shown in Chapter 7 that both the equilibrium and surface diffusion 
models are highly sensi~ to the initial gold loading on the carbon. 
This can be seen from(Figure 8.17 and by rearranging the equilibrium 
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expression, Equation 3.3, to give 

[8.2] 

It follows from Equation 8.2 that the gold elution profile would be· 
equally sensitive to changes in Qe than to A and that a 10% change in 
either of these values results in a change in the value of Ce of between 
28% and 43%. 

With the surface diffusion model the elution profile is not only 
sensitive to the initial gold loading, but also to the distribution 
thereof between the macropores and the micropores. This is demonstrated 
in Figure 8.18 where values of mmb of 0.3 to 0.7 were used. As expected, 
the lower values of mmb (i.e. higher loadings of gold in the macropores) 
resulted in higher initial elution rates. Maximum elution rates would 
therefore be obtained from carbon that was loaded for short periods from 
solutions with high gold concentrations. 

The equilibrium model is insensitive to changes in the value of the mean 
carbon particle diameter. The particle size will determine, however, the 
value of E, the void fraction of the carbon bed. The sensitivity of the 
equilibrium model to the void fraction of the bed is shown in Figure 
8 .19 .. 

Figure 8.20 shows that the model used for the elution of the potassium is 
strongly dependent on the pore volume of the carbon. This is because of 
the assumption that all the potassium brought over from the pretreatment 
step is contained in the pore liquid. A variation in the value of the 
pore liquid therefore results in a change in the initial mass of 
potassium available for elution. 

Because of the sensitivity of the potassium profile for VP, the effect of 
the pore volume on the gold elution curve was invastigated in Figure 8.21 
at a constant concentration of potassium. The value of VP had the 
largest effect during the first few bed volumes where an increase in the 
pore volume resulted in a decrease in the maximum gold concentration. 
This is attributed to the dilution effect that the pore liquid ha~ on the 
total volume of liquid in the carbon bed. 
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The simulations in Figures 8.22 to 8.25 show the sensitivity of the 
surface diffusion model to the values of the kinetic parameters a6, ks, rm 

and kb. 

It follows from Figure 8.22 that the gold cyanide loaded on a carbon with 
a large fraction of macropores will be more accessible to elution than 
would be the case for a carbon with a small value of a6 • This is similar 
to the results obtained for adsorption (Van Deventer, 1984) where it was 
shown that a large value of a6 led to faster adsorption kinetics. 

The sensitivity of the surface diffusion model for the film transfer 
coefficient, ks, was investigated in Figure 8.23. It can be seen that 
better elution is obtained at higher values of ks and that film transfer 
becomes non~controlling at values of ks higher than lxlo-s m.s- 1• 

Figure 8.24 explores the effect of varying the value of the combined 
macropore diffusion coefficient. As r directly controls the kinetics of m 

the mass transfer through the macropores to the carbon surface, the 
drastic effect on the elution profile in Figure 8.24 was not unexpected. 
The profile obtained with rm = lxI0-12 m2.s-1 again illustrates the need 
for higher values of the macropore mass transfer coefficient in modelling 
the elution process. 

It was expected that an increase in the va 1 ue of kb would, as for rm, 
result in a higher elution rate. Figure 8.25 indicates that this is, 
however, not true. Because of the higher initial loading of gold in the 

·macropores than in the micropores~ an increase in the value of kb 
increased the transfer of gold from the macropores to the micropores. 
This decrea~ed the value of Qm and therefore also the values of Qs and Cs, 
and eventually the value of the interparticle gold concentration. 

If the value of kb is however further increased, the transfer between the 
macropores and the micropores becomes so fast that the model eventually 
approaches a model for particles containing only one type of pore. By 
also increasing the values of the film transfer and macropore transfer 
coefficients, the resistance to mass transfer can be decreased to a point 
where the surface diffusion model matches the equilibrium model as in 
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Figure 8.26. The following parameters were used in Figure 8.26 which 

di ff er from those sped fi ed above : 

N = 1 
flt = 1 s 
k = 1. ox10-5 m. s-1 

s 
r = 1. Ox10-9 m2• s-1 

m 

k = 1. ox10-2 s-1 
b 

The small incremental time step had to be used to avoid instabilities in 

the surface diffusion model with these high transfer coefficients. To 

reduce the computing time, the ·elution was assumed to occur in a CSTR, 

(i.e. N = 1). 

8.6 REACTOR CONFIGURATION 

8.6.1 Continuous Stirred Tank reactor 

Figures 8.27 and 8.28 compare the potassium and gold cyanide profiles 

obtained with the equilibrium mode 1 for a co 1 umn, a CSTR with the same 

volume as one bed volume of the column, and a CSTR holding 10 times that 

volume. The elution profiles with the column are off-scale in both 

figures, but these profiles have been calculated with the standard set of 

parameters and are shown in previous figures. It fo 11 ows from Figure 

8. 27 that the potassium profile gets flatter with an increase in the 

volume of the CSTR and that less potassium is removed in the initial 

stages of the elution than in the case of a column. The more consistent 

presence of potassium in the larger CSTR resulted in the corresponding 

gold elution profile in Figure 8.28 approaching an elution profile with a 

constant equilibrium. 

8.6.2 Batch elution in a column 

The elution profiles from a batch wise operated column have been shown in 

numerous figures, including Figure 8.28. Figure 8.29 however displays 

the gold loading profile in the column at various points of time during a 

simulation of an elution run with the standard set of parameters. What 
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is interesting is that the loading in certain sections of the column 
increased to values higher than the initial loading during the first 
stages of the elution. This is because of the higher potassium 
concentrations and therefore higher equilibrium conditions prevailing in 
the sections further from the inlet during the early phases of the 
elution. 

All of the profiles shown up to here were obtained from experiments or 
simulations of runs which were started from columns filled with eluant or 
pretreatment solution. In practice however, the soaking solution is 
usually drained before the eluant is pumped into the bed. Figures 8.30 
and 8.31 compare the potassium and gold cyanide profiles from full and 
drained beds. The drained bed was assumed to contain a volume of 
retained liquid equal to the sum of the pore volume of the carbon plus 
10% of the void volume (s = 0.1). Figure 8.30 shows that a lower maximum 
concentration of potassium is predicted for the drained bed, because of 
the dilution of the interparticle solution with the eluant. Except for 
the maximum concentrations, the difference between the · profiles is 
negligible. These similar potassium profiles resulted in nearly 
identical gold elution profiles from the drained and full carbon beds in 
Figure 8.31. It is clear from Figure 8.31 that draining of the 
pretreatment solution has little effect on the gold elution profile and 
that a drained bed can therefore be simulated without accounting for the 
initial filling of the bed with eluant. 

8.6.3 Continuous counter-current elution 

Figure 8.32 contains a simulated gold elution profil.e for a continuous 
counter-current elution process as shown in Figure 6.1. It can be seen 
that the first 5 hours of the e 1 ut ion was kept i dent i ca 1 to a "normal" 
AARL elution. The step changes in the gold concentration from 5 hours 
onwards represent the transfer of carbon. The average gold loading on 
the carbon in the bottom Nd sections of the column is plotted in Figure 
8.33. The minimum loading before each peak is equal to the average gold 
loading on the eluted carbon which is removed from the column. As 
discussed before, an initial elution period was allowed before the first 
transfer of carbon in order to reach an acceptably low loading on the 
eluted carbon. Figure 8.34 shows the potassium profile during the gold 
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elution presented in Figures 8.32 and 8.33. The parameters used for the 
simulations in Figures 8.32 to· 8.34 were taken as the "standard" for the 
sensitivity analysis of the· counter-current process. The same values 
were used as for the batch process, except for the following changes and 

additions 

N = 20 

N = 4 h-1 
t 

Nd = I 
QGi = 2 g.kg-1 
A

0 
= 0 .15 

(total number of height sections} 
(frequency of carbon transfers} 
(number of height sections discharged per transfer} 

The effect of the frequency with which carbon is extracted from the 
column, Nt, was investigated in Figures 8.35 and 8.36. The same mass 
flow rate of carbon as above could be maintained by transferring larger 
amounts of carbon less frequently. Nt and Nd were changed to : 

N = I h-1 and 
t 

Nd = 4. 

This led to a larger fluctuation in the gold concentration in the eluate, 
but affected the eluted carbon value only marginally. Slightly higher 
average gold loadings, in comparison with the higher transfer frequency, 
were calculated on the eluted carbon. 

Figures 8.37 and 8.38 show the gold concentrations in the eluate and on 
the eluted carbon for a carbon mass fl ow rate of twice that of the 
standard. The same transfer frequency was used, but the fraction of bed 
removed per transfer was doubled, i.e. : 

Because of the reduced residence ti me of the carbon in the column, the 
gold loading on the eluted carbon increased by approximately 60%. It can 
be seen from Figures 8.35 and 8.37 that larger fluctuations of the eluate 
gold concentration occurred when 1 arger portions of the carbon bed was 
shifted during carbon transfers. As could be expected, the higher carbon 
mass flow rate also increased the average gold conce.ntration in the 
eluate. 
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The residence time of the carbon at a fixed carbon flow rate can be 
increased by increasing the volume of the reactor. This was investigated 
in Figures 8.39 and 8.40 where a column of twice the, height of the 
standard was used by changing the following values : 

h = 0.286 m 
N = 40 

The carbon mass fl ow rate and transfer frequency were kept the same as 
for the standard. The residence time had no effect on the eluted carbon 
loading, but the gold concentration in the eluate was slightly higher 
with the larger column. This means that a higher eluate gold 
concentration can be obtained for a given eluted carbon loading and 
carbon flow rate by using a larger column. 

8.7 SUMMARY 

When comparing predictions of both types of gold elution models for 
columns of different geometry, it is essential that the number of height 
sections should be the same and not the heights of the incremental 
sections. The number of height sections should only be varied to account 
for smaller or larger deviations from plug flow. 

A constant shift in the gold cyanide equilibrium, as would be caused by 
different operating temperatures or pretreatment conditions, affected 
mainly the peak height of the gold elution profile. Changes in the 
sensitivity (p) of the gold equilibrium to the cation concentration, 
however, resulted in a horizontal as well as a vertical shift in the gold 
elution profile. 

Because of the ease with which the retained liquid in the interparticle 
solution is washed from the carbon bed, the gold eiution profile was 
found to be much more sensitive to the initial pota.ssium concentration in 
the intraparticle than the interparticle solution. In a CSTR, however, 
the solutes in the interparticle solution are not removed as quickly as 
from a packed bed, and this resulted in flatter cation profiles. As the 
volume of the CSTR is increased, the change in cation concentration 
becomes smaller and the gold elution profile approaches a profile with a 
constant equilibrium isotherm. 
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An increase in the intraparticle mass transfer coefficients of the 
surface diffusion model does not necessarily lead to an increase in the 
kinetics of elution. If the initial gold loading on the carbon is not 
homogeneously distributed between the macropores and the mi cropores, an 
increase in the micro- macro transfer coefficient may result in' a lower 
initial elution rate because of increased diffusion from the macropores 
to the micropores. A higher initial ratio of gold loaded in the 
macropores to gold loaded in the micropores, however, leads to a higher 
rate of elution. Under elution conditions where resistance to mass 
transfer controls, the rate of elution can therefore be increased by 
loading of the carbon over short periods of time from solutions with high 
gold concentrations. 

Nearly identical gold elution profiles were obtained for carbon beds that 
were, and were not, drained of pretreatment solution. The elution of 
gold from drained carbon beds can thus be approximated adequately with a 
model that does not contain a filling procedure. 

It was found that for a continuous counter-current e 1 ut ion that the 
frequency of carbon transfer at a constant flow rate of carbon did not 
affect the gold loading efficiency. However, an increase in the transfer 
frequency 1 ed to 1 ess fluctuation of the gold and pretreatment reagent 
concentrations in the eluate. As expected, a higher flow rate of carbon 
resulted in higher gold concentrations in the eluate, but also higher 
eluted carbon gold values. The geometry and size of the elution column 
had little effect on the elution efficiency and gold concentration in the 
eluate. 
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Table 8.1 
The effect of At on the mass balance of gold cyanide after 15 bed volumes 
with the equilibrium model and a constant equilibrium. 

At [s] 10 30 60 120 

Au eluted [g] 0.02606 0.02609 0.02613 0.02621 
Au remaining [g] 0. 01472 0.01472 0.01473 0.01475 

Total [g] 0.04078 0.04081 0.04086 0.04095 
Initial load [g] 0.04076 0.04076 0.04076 0.04076 
% Error 0.049 0.123 0.245 0.466 
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Figure 8.1 Sensitivity of the equilibrium model to changes in the 
number of height sections in a column operation. 
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Figure 8.2 Sensitivity of the nonideal flow model for the elution of 
potassium to column geometry with a constant Ah. 

Stellenbosch University  https://scholar.sun.ac.za



300 

r---i 

~ 200 
:J 

<I: 

CT' 
E 

L.....I 

u 

u 

100 

0 
0 5 10 

Noa of bed volumes 

Figure 8.3 Sensitivity of the equilibrium model for the elution of 
gold cyanide to column geometry with a constant t.h .. 
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Figure 8.4 Sensitivity of the equilibrium model for the elution of 
gold cyanide to the equilibrium constant A. 
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Figure 8.5 Sensitivity of the equilibrium model for the elution of 
gold cyanide to the equilibrium constant b. 
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Figure 8.6 Sensitivity of the equilibrium model for the elution of 
gold cyanide to the equilibrium constant B. 
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Figure 8.7 Sensitivity of the equilibrium model for the elution of 
gold cyanide to the equilibrium dependency on the potassium 
concentration, p. 
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Figure 8.8 Sensitivity of the equilibrium model for the elution of 
gold cyanide to the extent of reactivation, q. 
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Figure 8.9 Sensitivity of the equilibrium model for the elution of 
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Figure 8.10 Behaviour of the nonideal flow model for the elution of 
potassium at different initial potassium concentrations in the' pore 
liquid. 
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Figure 8.11 Sensitivity of the equilibrium model for the elution of 
gold cyanide to the initial potassium concentration in the pore liquid. 
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Figure 8.13 Sensitivity of the equilibrium model for the elution of 
gold cyanide to the potassium concentration in the eluant. C{F) = CKF = 
feed concentration of potassium. 
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Figure 8.14 The effect of the concentration of KCN on the Zadra 
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Figure 8.15 The effect of the concentration of KCN on the Zadra 
elution profiles predicted with the equilibrium model. A = 1.10, p = 
0.2, CKpi = CKbi = CKF' Cyanide parameters as for Fig. 4.2. 
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Figure 8.17 Sensitivity of the equilibrium model for the elution of 
gold cyanide to the initial gold loading on the carbon. 
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Figure 8.18 Sensitivity of the surface diffusion model for the 
elution of gold cyanide to the initial distribution of gold between the 
micropores and the macropores. 
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Figure 8.19 Sensitivity of the equilibrium model for the elution of 
gold cyanide to !, the void fraction of the carbon bed. 
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Figure 8.20 Sensitivity of the nonideal flow model for the elution of 
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Figure 8.21 Sensitivity of the equilibrium model for the elution of 
gold cyanide to VP, the pore volume of the carbon. 
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Figure 8.22 Sensitivity of the surface diffusion model for the 
elution of gold cyanide· to a
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Figure 8.23 Sensitivity of the surface diffusion model for the 
elution of gold cyanide to ks, the film diffusion coefficient. 

250 
tau Combined macr-opor-e diffusivity 

200 
= ie-10 

ri 
r-i 150 
" CT' = ie-11 
E 

L....J 

100 
u 

50 
tau = ie-12 

0 
0 5· ·10 15 

Noa of bed volumes 

Figure 8.24 Sensitivity of the surface diffusion model for the 
elution of gold cyanide tor (tau), the combined macropore diffusivity. m 
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Figure 8.25 Sensitivity of the surface diffusion model for the 
elution of gold cyanide to kb, the coefficient for mass transfer between 
the macropores and the micropores. 
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surface diffusion model with high mass transfer coefficients. 
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Figure 8.27 Elution profiles for potassium with the nonideal flow 
model for a column and a CSTR. 
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Figure 8.28 Elution profiles for gold cyanide with the equilibrium 
model for a column and a CSTR. · 
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Figure 8.29 Gold loading profile through carbon bed at various points 
of time as predicted by equilibrium model. 
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Figure 8.30 Elution profiles of potassium with nonideal flow model 
for initially full and drained beds of carbon. 
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Figure 8.31 Elution profiles of gold cyanide with equilibrium model 
for initially full and drained beds of carbon. 
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Fiaure 8.32 Equilibrium model simulation of the gold cyanide profile 
for a continuous counter-current elution. 
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Figure 8.33 Equilibrium model simulation of the eluted carbon loading 
for a continuous counter-current elution. 
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Figure 8.34 Nonideal flow model simulation of the potassium profile 
for a continuous counter-current elution. 
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Figure 8.35 Equilibrium model simulation of the gold cyanide profile 
for a continuous counter-current elution with a lower frequency of carbon 
transfer than in Figure 8.32. · 
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Figure 8.36 Equilibrium model simulation of the eluted carbon loading 
for the continuous counter-current elution of Figure 8.35. 
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Figure 8.37 Equilibrium model simulation of the gold cyanide profile 
for a continuous counter-current elution with twice the carbon flow rate 
as for Figure 8.32. 

15 

1 i:::: '-J 

Stellenbosch University  https://scholar.sun.ac.za



L....l 

E 
L...J 

u 

2.0 
" 

1 D 5 .. 

0.5 

0.0 
0 5 10 

Time [ht--J 

Figure 8.38 Equilibrium model simulation of the eluted carbon loading 
for the continuous counter-current elution of Figure 8.37. 
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Figure 8.39 Equilibrium model simulation of the gold cyanide profile 
from a continuous counter-current elution column of twice the height of 
that in Figure 8.32. · 
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Figure 8.40 Equilibrium model simulatton of the eluted carbon loading 
for the continuous counter-current elution of Figure 8.39. 
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9 

CONCLUSIONS 

9.1 CONCLUSIONS AND SIGNIFICANCE 

(a) Oxygen does not take part in ·the adsorption reaction of metal 
cyanides on activated carbon. Although the dissolved oxygen 
concentration determines the equilibr~um meta~ cyanide loading, the 
consumption of oxygen by the activated carbon is not increased by 
the adsorption of metal cyanides. Oxygen is believed to act as a 
surfactant which, depending on the concentration thereof, can 
promote or depress the adsorption of metal cyanides. 

(b) Oxygen is not required for the decomposition of Au(CN)2 to AuCN. 
If this reaction does occur, however, the iconsumption of oxygen 
would be increased because of its reaction with the free cyanide 
that is formed during the formation of AuCN. 

(c) Gold is adsorbed onto activated carbon as Au(CN)2 and AuCN. The 
ratio of these species is determined by the pH and temperature of 
the solution, and by the carbon itself. It was found that while 
some carbons contain both species, others contain only Au(CN)2. 
Under conditions of high temperature and low pH (as in a hot acid 
wash}, both of these species are reduced to metallic gold, Aul 01. 

(d) The three most important sub-processes occurring during the elution 
of gold cyanide from activated carbon were identified as the mass 
transfer and reactions of (i) aurocyanide, (ii) cyanide and 
(iii) the counter-cations such as K+, Na+ and Ca2+. Because of the 
effects of (ii) and (iii) on the aurocyanide equilibrium, a kinetic 
model for the elution of gold cyanide also has to account for 
changes in the cyanide and cation concentrations. 
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(e) Cations (M"+) depress the desorption of gold cyanide by the 
formation of the neutral M(Au(CN) 2)n species on the carbon. The 
formation of this species is promoted by the presence of high 
concentrations of cations in the solution, as found in the 
pretreatment step of an AARL elution. The horizontal position of 
the gold peak in an AARL elution profile is therefore a function of 
the kinetics of the removal of the cations present in the carbon 
bed after the pretreatment step. 

(f) The free cyanide present in the wash cycle of an AARL elution is of 
minor importance in comparison with the cyanide in the pretreatment 
step. During a cyanide pretreatment, cyanide reacts with the 
functional groups on the carbon surface and thereby passivates the 
carbon for the adsorption of anionic metal cyanides. It is this 
passivation, and not the free cyanide carried over from the 
pretreatment step, which causes the elution of the gold in the 
elution step of an AARL elution. The same passivation occurs in a 
Zadra elution, except that it happens during the elution. 

(g) Under strong elution conditions, the desorption of go.ld cyanide 
from activated carbon is no longer diffusion controlled and it 
becomes insensitive to flow rate and to the initial distribution of 
gold through the carbon particles. It was shown that the 
resistance to mass transfer decreased with a reduction in the 
equilibrium isotherm. 

(h) A general model was developed which describes the change in the 
free cyanide concentration during both the AARL and Zadra elution 
procedures. It was found, however, that there is little incentive 
in simulating the change in cyanide concentration during an AARL 
elution, because of the low sensitivity of an AARL elution to free , 
cyanide in the elution step. 

(i) Potassium co-adsorbs mainly with CW or metalcyanides, such as 
Au(CN)2, onto activated carbon. On the contrary, little 
adsorption of K+ could be measured in the presence of a weakly 
adsorbed anion such as c1-. Although it was possible to simulate. 

Stellenbosch University  https://scholar.sun.ac.za



247 

the initial removal of the bulk of the potassium from the carbon 
bed with relatively simple models, the long tail in the measured 
profiles required the use of a more complicated model which 
accounted for accumulation in two porous regions with different 
resistances to mass transfer. 

(j) The proposed equilibrium model was shown to describe the elution of 
gold cyanide from activated carbon accurately under a wide variety 
of conditions. This model is a simplification of the fundamentally 
more correct surface diffusion model. It was only necessary to 
account for resistance to mass transfer under conditions of poor 
elution. Such unfavourable elution conditions woul~ however not be 
acceptable in most industrial applications. 

(k) The equilibrium model was found to be highly sensitive to the gold 
cyanide equilibrium. Because of the low equilibrium isotherms 
applicable to the elution process, a small change to the isotherm 
or to the gold loading on the carbon results in a large shift in 
the concentration of gold in solution. A constant shift in the 
equilibrium isotherm can be accomplished with a change in the 
concentration of organic solvent or cation in the eluant, a change 
in operating temperature or a change in pretreatment conditions. 

(1) Because of the insensitivity of the elution of potassium and gold 
cyanide to the h/d ratio of the elution column, the elution 
profiles obtained from laboratory scale columns will be the same as 
for full scale columns, provided that large deviations from plug 
flow do not occur and that the same flow rate of eluant (in bed 
volumes per hour) is used. 

(m) The fluctuation in the gold concentration in the eluate of a 
continuous counter-current elution process is a function of the 
fraction of the carbon bed removed during each transfer of carbon. 
A higher frequency of carbon transfer at a fixed carbon flow rate 
will result in a more constant concentration of gold in the eluate. 
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(n) For a continuous counter-current elution process with a fixed flow 
rate of carbon and a fixed gold loading on the eluted ~arbon, lhe 
concentration of gold in the eluate can be increased marginally by 
the use of a larger elution column. The gold elution efficiency 
was found, however, to be fairly insensitive to the size or 
geometry of the column and to carbon transfer rates (for a constant 
mass flow rate of carbon). Improved gold elution efficiencies from 
continuous operations will therefore dependend on the same factors 
as batch operated processes, namely higher temperature, better 
pretreatment and the addition of organic solvents to the eluant. 

9.2 RECOMMENDATIONS FOR FUTURE RESEARCH 

(a) Very little is known about the effect of an acid wash and the 
kinetics of the decomposition reactions of Au ( CN) 2 to AuCN and 
Au( 0l. The destruction of cyanide in a cyanide pretreatment because 
of residu~l acid from the acid wash has never been quantified. ·It 
should be investigated if the cyanide in the pretreatment cannot be 
utilized better if the AARL pretreatment step is split into a 
hydroxide pretreatment followed by a cyanide pretreatment. 

(b) It was shown that AuCN is formed on certain carbons during the 
adsorption of gold from alkaline solutions. No answers could 
however be supplied to why certain carbons promote the 
decomposition of Au(CN)2. The redox potential of the carbon is 
one characteristic which will have to be taken into actount in such 
a study. 

(c) No work has yet been published on the reaction kinetics of Au(o) and 
AuCN to Au(CN)2 in a cyanide pretreatment. Thi.s will have a 
significant bearing on the minimum time required for a cyanide 
pretreatment following after an acid wash. It could also affect 
the desorption kinetics of gold in a Zadra elution if Au(o) or AuCN 
is present on the gold loaded carbon. 
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(d) Only potassium was considered in the elutions in this thesis. More 
work is required to account for other cations and mixtures thereof. 
Furthermore, the model developed for the elution of cations does 
not account for the adsorption thereof. Because of the large 
effect of the cation concentration on the gold elution equilibrium, 
a more accurate model for the elution of the cations will increase 
the accuracy of the gold elution profiles. 

(e) The competitive adsorption of metal cyanides on activated carbon 
was investigated by Van Deventer (1986b). However, no work has 
been published yet in which the competition between different metal 
cyanides in the elution stage is studied. 

(f) It was illustrated that reactivation of the carbon towards the 
adsorption of metal cyanides occurs during the elution step.of an 
AARL elution after a cyanide pretreatment at room temperature. 
This was however not the case at higher pretreatment temperatures. 
A detailed study is needed to determine the mechanism and kinetics 
of this reactivation and to determine whether the reactivation is 
the result of reversible carbon surface reactions with cyanide or 
just the desorption of some physically adsorbed cyanide. 

(g) The effect of the cyanide pretreatment has not been quantified yet. 
Elution experiments must be conducted after cyanide pretreatments 
with various initial cyanide concentrations, different pretreat~ent 
periods and different temperatures. It was shown that carbons with 
the same cyanide-age, but obtained at different pretreatment 
temperatures, result in different gold elutions. It will therefore 
be important to di st i ngui sh between the effects of adsorbed and 
decomposed cyanide. 

(h) Cyanide apparently deactivates the carbon surface towards the 
decomposition of more cyanide. This was studied at room 
temperature and might be because of the adsorption of cyanide and 
not the decomposition thereof. The ·:aecompos it ion of cyanide plays 
an important role in the Zadra elution procedure. It is therefore 
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necessary to quantify the deactivation of carbon towards cyanide at 
higher temperatures. 

(i) Although there is little reason to doubt that the models developed 
in this thesis wil 1 be app 1icab1 e to continuous counter-current 
elution processes and to elutions with organic solvents, this 
remains to be proved. 
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APPENDIX A 

LEVENSPIEL'S DISPERSION MODEL 

Levensp i e 1 (1972) presented a mode 1 for high degrees of dispersed p 1 ug 
flow as follows : 

I (I-e)2 

Ce - exp -- 2Jne (DL/uh) 4e (D/uh) 
[A. I] 

The variables Ce and e in Equation A.I were defined (Levenspiel, I972) 
as : 

e = t/tave [A. 2] 

and 

Ce = dF/de = tave(dF/dt) [A.3] 

with tave the mean residence time in the reactor, and 

F = (C.-C)/C. 
1 1 

[A.4] 

By sustituting Equation A.4 in A.3, Equation A.3 could be written as : 

[A.5] 

Equation A.5 could now be integrated from 0 to t to calculate the value 
of the outlet concentration C at any time t : 

C ~ C; - (C/t.,,) r Ce.dt [A.6] 

The integral in Equation [A.6] was solved numerically by means of the 
trapesium rule. 

The linear velocity in Equation A.l was calculated as 

u = V/(a.t:) [A.7] 
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Both tave and DL were treated here as unknown parameters to be determined 
from fitting the model to experimental data. The following values were 
used in the calculation of the curve in Figure 5.1 : 

v = 1. 5x10-s m3 • s-1 

( = 0.292 
a = 1. 2x10-4 m2 

h = 0.139 m 

Ci = 5000 g .m-3 

tave = 700 S 

DL = lx10-5 
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APPENDIX B 

"STAGNANT REGION" MODEL 

A mathematical model was developed (Wakeman, 1976) to describe flow 
through a packed bed of spherical, porous particles which has been 
drained before washing. The model accounts for the retainment of solute 
in the porous particles as well as the particle contact points. 

Three partial differential equations were derived to describe material 
balances for solute in the flow channels around the particles, solute in 
the stagnant regions at the particle contact points, and solute in the 
porous particles. These equations were solved by Laplace transformations 
and the solution to the model presented as a single dimensionless 
equation as in equation [8.1]. a

1 
to a13 represent the functional groups 

given in Equations [8.3] to [8.15]. 

with 

c* = (C-C )/(C. - C ) w 1 w 

a1 = s/{€2.n.W.(1-s)}0· 5 

a2 = X1 - 2.(X1-X2).exp{-e2.(l-s)/W} 
Cl) 

a3 = 2 I (-l)".{X1-X2.(n+2) 2}.exp(-e2.(n+2) 2.(l-s)/W} 
n=O 

a4 = 3.(l-c).c*/(c17.{7r.W.(l-s)}o.s) 
a5 = X3 - (l/17).{7r.W/(l-s)} 0

·
5 .{l + 3.(1-c).c*/(2.(l-s).c.17)} 

a6 =. 2. (X3 -X4 ). exp{ -17°· 5 • (1-s )/W} 

as = a4. s/e 
a9 = U{17. (1-s)} 

Cl) 

a10 = 2 I (-l)".exp{-e2.(n+l) 2.(l-s)/W} 
n=O . . 

a11 = -(l-s).{(n+l).e°· 5 + (m+l). 17°· 5) 2/W 
a12 = (n+l).€/W + (m+l).17/W 

[8.1] 

[8.2] 
[8.3] 
[8.4] 

[8.5] 

[8.6] 
[8.7] 
[8.8] 

[8.9] 

[B.10] 
[B.11] 

[B.12] 

[B.13]
[B.14] 
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X1 to X4 ,were defined as 

X1 = 1 + {(1-s)/(4.W)} 
X2 = ~.{€.(1-s)/W} 2 + (s/W) 

* 0.5 X3 = x1 + 3 • ( 1- E) • E / ( E. (1- s) • 77 ) 

X4 = %.{77. (1-s)/W)} 0
·
5 + 3. (1-E) .E*/(LW) 
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[B.15] 

[B.16] 
[B.17] 
[B.18] 
[B.19] 

Each of Equations B.5, B.9, B.12 and B.15 was approximated here with a 
finite series with the last term in each series chosen as the first term 
with an absolute value of less than lxl0-6 • Equation [B.1] only becomes 
valid once the bed is completely filled. The time to fill the bed (tfill) 
was calculated as : 

tfill = (1-s) .h.a.E/V [B.20] 

The rest of the variables in the above equations were calculated as 
follows : 

€ = b . { u/ ( D. h)} o · 5 

77 = (d/2).{u/(D*.h)} 0
·
5 

W = u.t.(1-s)/h 
* f = v p p' 

with 

u = V/{E.a.(1-s)} 

[B.21] 
[B.22] 
[B.23] 
[B.24] 

[B.25] 

The following nomenclature is not defined in the thesis and is used only 
in Appendix B 

b Side channel length [m], Estimated as 0.38.dc (Wakeman, 1976) 
C Solute concentration in eluate [g.m-3] 

Cw Solute concentration in feed [g.m-3 ] 

Ci Initial solute concentration in retained liquid [g.m-3] 

D Diffusivity of solute from side pores [m2.s-1] 
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o* Diffusivity of solute from particles [m2 .s~ 1 ] 

s Saturation volume of retained liquor per unit volume of bed voids 
external to the particles 

u Solvent velocity [m.s-1] 

W Voids volume of solvent as defined in Eq. B.23 
* f Porosity of particles 

€ Mass transfer parameter defined in Eq. B.21 
n Mass transfer parameter defined in Eq. B.22 
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The following values were used in the calculation of the curve in Figure 
5.2 

de = 0.00142 m 
V = 3.7xl0-6 m3 .s-1 

f = 0.292 
VP= 6.3x10-4 m3 .kg-1 

p = 838. 8 kg. m-3 

a = 7. 9x10-3 m2 

h = 0.749 m 
C; = 15000 g .m-3 

Cw = 0 g .m-3 · 

D = lx10-9 m2 • s-1 

o* = lx10-11 m2 • s-1 

s = 0.15 
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APPENDIX C 

PORE DIFFUSION MODEL WITH NO RESISTANCE TO FILM TRANSPORT 

Assumptions 

I. Spherical particles 
2. The pores of the particles are subdivided in macro and micropores. 

A volume fraction ~K of the pores is considered as macropores for 
the diffusion of the cation. 

3. The adsorption of the cation is negligible. 
4. Resistance to mass transfer through the external liquid layer 

around the particles is negligible. 

Macropore mass balance 

A mass balance over the macropores in a radial section (thickness Ar) 
of the particle is given by : 

·1 ac 
~K.Ar.4nr2 .p.V ~= 47r(r2fi)r+•r - 4n(r2fi)r 

P at Ll 

[C.l] 

Divide by 4nr2 and let Ar-+O. Equation [C.l] then becomes 

[C.2] 

The mass flux is c~lculated from Fick's law as 

[C. 3] 

Substitution of Equation C.3 in C.2 yields : 

[C.4] 

The average concentration of cation in the macropores, CK , and the 
m,ave 
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micropores, CKb,ave' are defined as 

3 [ CKm. r 2 .dr cKm,ave = R3 and [C.5] 

3 
[ CKb. r 2 .dr CKb,ave = R3 

[C.6] 

Integration of Equati-0n C.4 from r=O to R and substitution with Equations 

C.5 and. C.6 yield : 

dCKm,ave 
dt 

3D acKm I kb = ___£ - - - C -C R ar R ( Km.ave Kb.ave) 
r=R 1-'K 

[C.7] 

Hall et al. (1966) approximated the loading gradient at the external 

particle surface by a quadratic driving force. It was assumed here that 

a similar gradient exists for the liquid phase concentration at the 

particle surface and that this can be written as : 

acKml = 

8r r=R 

5,1, (C (jJ )2-c 2 
Y' K Km,ave 
R 2CKm,ave 

[C.8] 

where CK(jJ is the interparticle concentration in the j'th height section 

of the column. By replacing the concentration gradient at the surface 

with Equation C.8, Equation C.7 changes to :. 

dCKm,ave 
dt 

where f = l/J.D p p 

kb 
- - (C -C ) /3K Km,ave Kb,ave [C. 9] . 

[C.10] 

To avoid the derivative in Equation C. 9 to become infinite when the 

macropore concentration is zero, a similar transformation was made as 

that used by Van Deventer (1984) 

Let c = C 2 
Km Km,ave [C.11] 

Equation C.9 thus changes to 

2kb ~ 
- ( CKm-CKb . CKm ) /3K ,ave [C.12] 
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Micropore mass balance 

As for the macropores, a mass balance over the micropores yields 

2 acKb 2 {1-PK).Ar.47rr .p.VP -. -= Ar.47rr .p.V .kb(CKm - CKb) at p 
[C .13] 

By doing the same integration and substitutions as shown in Equations 
C.5, C.6 and C.11, Equation C.13 becomes : 

dC 
(1-Q ) ___..!9?. = k { .!.; c ) PK dt b CKm - Kb [C.14] 

Interparticle mass balance 

A mass balance over the interparticle solution in the j'th height section 
of the column is : 

dC (j) 

a.Ah.f df- = V{CK(j-l) - CK(j)) - fir=R.a.Ah.(1-E).ac [C.15] 

For a spherical particle 

[C.16] 

The mass flux, fir=R' is obtained by combining Equations C.3, C.8, C.10 and 
C.11. Equation C.15 then becomes : 
dC (j) 

K = m ( C ( j- l l - C ( j l) - m
2 dt 1 K K 

with 

m1 = -V/(a.Ah~e) and 

m2 = 30.Dp.~K.(l-f).VP.p/(dc2 .c) 

[C.17] 

[C.18] 
[C.19] 
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Numerical solution 

By dividing the column in N equal height increments, Equations C.12, C.14 
and C.17 could be solved simultaneously for j=l to N at each time 
interval with a Runge Kutta method as shown in Appendix D. The 
concentration at j=O was taken as constant and equal to the concentration 
in the eluant. 

The following parameters and boundary conditions were used in the 
simulations in Figures 5.3 to 5.5 : 

de = 0.00142 m 
p = 838.8 kg.m-3 

f = 0.292 
VP= 6.34x10-4 m3.kg-1 

a = 1. 2x10-4 m2 

h = 0.143 m 
N = 10 
fit = 10 s 
CKm(t=O,j) = CKb(t=O,j) = 14000 g.m-3, thus cKm(t=O,j) l.96xl08 g2 .m-6 

C (t=O,j) _ C (t,j=O) _ 0 g. m-3 
K - K -

Figure 5.3 5.4 5.5 
V [m3. s-1] l.4x10-:8 1. 4xl0-8 17. 6xl0-B 
rp [m2• s-1] 8x10-11 1. 5x10-10 1. 5x10-10 

kb [s-1] lxl0-15 3. ox10-5 3. Ox10-5 

{3K 0.999 0.6 0.6 
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APPENDIX D 

EXAMPLE OF 4TH-ORDER RUNGA KUTTA METHOD 

Let the set of ordinary differential equations be : 

(dC/dt) = f 1(C1,C2) 

(dC/dt) = f 2(CpC2,C3) 

(dC/dt) = f 3(C1,C3) 

The following K-values are now defined 

K =Atf(C(tlc(t)) 1.1 . 1 1 ' 2 
K = At f (C (tl C (tl C (tl) 

l.2 . 2 1 ' 2 ' 3 
Kl.3 = At.f3(C1(tl,C3(tl) 

K2. 1 = At • f 1 ( C 1 ( t l + I K c (t) 
7z 1.1' 2 + %K1.2) 

K2 . 2 = At. f 2 ( C 1 ( t) + I K c (t) 
7z 1.1' 2 

+ i K C (tl 
7z 1.2' 3 + %K1,3) 

K2 . 3 = At. f 3 ( C 1 ( t) +I K c (t) 
7z 1.1' 3 + %Kl.3) 

K3,1 = At. f 1 (Cl (t) + I K c (t) 
7z 2,1' 2 + %K2. 2) 

K3. 2 = At. f 2 ( C 1 ( t l + %K C (tl 
2' l' 2 

+ 1<K C (tl 
2 2. 2' 3 + %K2 ,3) 

K3. 3 = At. f 3 ( C 1 ( t l + I K c (t) 
7z 2.1' 3 + %K2,3) 

K4, 1 = At. f 1 (C1 (tl + K C (t~ 
2.1' 2 + K2,2) 

K4,2 = At. f2(C1 (tl K C (tl + 2,1' 2 K C (tl + 2.2' 3 + K2.3) 
K4,3 = At. f3(C1 (tl K C (tl + 2,1' 3 + K2,3) 

The integrated equations 0.1 to 0.3 are written in terms of 

these K-values as : 

c (t+bt) 
1 c (t+At) 
2 

c (t+Atl 
3 

= c (t) + 
l 

= c (t) + 
2 

= c (t) + 
3 

(K1,1 + 2K2.1 + 2K3,l + K4.1)/6 

(K1,2 + 2K2.2 + 2K3,2 + K4,2)/6 

{Kl,3 + 2K2,3 + ZK3,3 + K4,3)/6 

268 

[D. l] . 

[D.2] 
[D.3] 

[D.4] 
[D.5] 
[D.6] 

[D.7] 
[D.8] 
[D.9] 

[D.10] 
[D.11] 
[D.12] 

[D.13] 
[D.14] 
[0.15] 

[0.16] 
[0.17] 
[D .18] 
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APPENDIX E 

SOLUTION OF COMBINATION MODEL WITH A LINEAR ISOTHERM 

The re 1 at ion ship between Cm and Qm with a 1 i near equilibrium isotherm 

is : 

Q = A.C m m 
[E.1] 

Equations 6.6, 6.7 and 6.10 can thus be written as a function of C, Cm 

and Qb as follows : 

ac a2c 
(<lA+~V ) _m = (<l05A+~.DPVP) _m - k (AC -Q ) + 

p at ar2 b m b 

2 (<l05A+~DP VP) acm 
r ar [E. 2] 

aQ 
(1-a) _b = kb(AC -Qb) 

at m 
[E.3] 

and, 

[E. 4] 

Numerical solution for a batch reactor 

The mass balance over the liquid phase in a stirred batch reactor is 

written as : 

dC 6k m 
V - = _s _c (C C) dt d m r=R -p c 

[E.5] 

Equations E.2 to E.5 were discretised by substituting the derivatives 

with finite difference approximations as follows : 

dc c't+AtJ - c'tl 
-= 
dt H 

[E. 6] 
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ac c (t+At,r) - c (t,r) 
m _ m m --at At 

ac c (t+At.r+Ar> _ C (t+At,r) 
__!!!. = m m . 

ar Ar 

C (t+At,r+Ar) _ 2C (t+At,r) + C (t+At,r-Ar) 
= m m m 

(Ar) 2 

aQ Q (t+At,rl _ Q (t,rl 
_b = b b 
at At 

and setting 

c · = c (t+At,rl 
m m 

c = c(t+At) 

Qb = Qb(t+At,rl 

With the above substitutions, Equation E.3 changes to 

with 

Equation E.5 becomes 

with 

and Equation E.4 changes to 

270 

[E. 7] 

[E.8] 

[E. 9] 

[E.10] 

[E.11] 

[E.12] 

[E.13] 

[E.14] 

[E.15] 

[E.16] 

[E.17] 
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C (t+At,R+Arl = (1-M )C (t+At,Rl + M c(t+At) 
m . 3 m · 3 

[E.18] 

with 

[E.19] 

Equation E.2 can be discretized within the boundaries of O<r<R to yield 

-(M +M +M +M )C (t+At,r+Arl _ (M +M )C (t+At,r-Arl _ k Q (t+At,rl 
7 4 8 5 m 7 4 m b b 

+ (M +M +2M +2M +M +M +k A)C (t+At,rl = (M +M )C (t,rl 
96 7 485b m 96m 

where 

M4 = fiOPV/(Ar) 2 

M5 = 2M4 .Ar/r 
M6 = fiV/At 
M7 = o:0

5
A/ (Ar) 2 

MB = 2o:DSA/ (r .Ar2
) 

M
9 

= o:A/At 

[E. 20] 

[E.21] 
[E.22] 
[ E. 23] 

[E.24] 
[E.25] 
[E.26] 

Special provision has to be made to enable the use of Equation E.2 when 
r=O. By assuming that Cm is symmetric with relation to the center of the 
particle, the derivative of Cm at r=O is : 

acml = 0 
Br r=O 

[ E. 27] 

It then follows from the Taylor expansion 

[ E. 28] 

that 

l im 
r _. 0 

~ acml 
r ar r 

[E.29] 
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Furthermore, because of the symmetry 

C (t,.Ar) = C (t,-.Ar) 
m m 

[E.30] 

By substituting Equation E.29 in E.2, Equation E.2 can now be discretized 

at r=O to give : 

(M +M +GM +GM +k A)C (t+.At,oJ - G(M +M )C (t+At,Arl 
96 7 4b m 74m 

_ k Q (t+At,o) = (M +M )C (t,o) 
b b 9 6 m 

[E.31] 

If r is substituted with R in Equation E.20, the term Cm(t+At,R+Arl is 

produced. This can be eliminated by substitution with Equation E.18. At 

r=R Equation E.20 thus becomes : 

Equations Ll4, lG, 20, 31 and 32 can be written in matrix form as 

follows : 

B • 

c (t+At,o) 
m 

C (t+.At,.Ar) 
m 

C (t+At,2.Ar) 
m 

C (t+At,R) 
m 

Qb (t+At,o) 

Qb (t+At,ArJ 

Qb (t+At.2.ArJ 

Qb (t+At,R) 

c(t+AtJ 

= 

( M +M ) C ( t · 0 l 
9 6 m 

(Mg+M5) Cm (t .Arl 

( M +M ) C ( t. 2.A r l 
9 6 m 

( M +M ) c ( t 'R) 
9 6 m 

Qb (t' 0) 

Qb (t,ArJ 

Q (t, 2.Ar) 
. b 

[E.32] 

[ E. 33] 

The matrix in Equation E.33 has to be solved at each time step to produce 

the concentrations at (t+At). 
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It was assumed that all the gold on the loaded carbon was present in the 

adsorbed state. The initial· macro pore concentrations in the elution 

were thus calculated from the final load1ng in the adsorption (Qm(ads,rl) 

by a mass balance over the macro pores 

QQ ( 0, r) + /JV C ( 0, r) = QQ (ads, r) 
m . p m m [E.34] 

By substituting Q (o. r) with the 1 i near isotherm expression, Equation E. 34 
m 

becomes : 

C (t>=O,r) = QQ (ads,rl/(QA+/3V ) 
m m p 

[ E. 35] 

The va 1 ues of the parameters used for the s i mul at ions in Chapter 6 with 

this model are 

C(O) = 0 g.m-3 

Qm (0, r) = Qb (0, r) = q(ads) = 10 g. kg-1 

me = 0.01 kg 

v = 0.001 m3 

k
5 

= lx10-s m. s-1 

Q = 0.4 

/3 = 0.95 
kb = lx10-5 s-1 

de = 0.00142 m 
Ar = 0.000142 m 
p = 838. 8 kg. m-3 

VP= 6.34x10-4 m3 .kg-1 

The va 1 ues of the macropore diffus i vi ti es and isotherm constants are 
given in the respective figure captions. 
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APPENDIX F 

THE RELATIONSHIP BETWEEN a AND ~ 

The following nomenclature is defined for use in this appendix only 

Pore Macro Micro 

Pore diameter [m] D d 
Pore length [mJ L 1 
Pore vo 1 ume [m ] v v 
Fraction of pore area a 1-a 
Fraction of pore volume ~ 1-~ 

Total pore area [m2] A 

The total equivalent length of the pores can be calcultated for specific 
diameters, D and d, from the total pore area as follows : 

L = a.A/(n.D) 
l = (1-a).A/(n.d) 

The volume of the macropores is 

[F.l] 
[F.2] 

[F.3] 

By substituting L and 1 with Equations F.l and F.2, Equation F.3 
becomes : 

(1-a)d 
l/~ =l + -

aD 
[F.4] 

Macropores and micropores are classified (McDougall and Hancock, 1980) in 
terms of their diameters as follows 

Macropores D = 50 to 2000 nm 
Micropores d = 0.8 to 5 nm. 
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It follows from these diameters that 

(d/D)max = 0.1 

(d/D)min = 0.0004 

275 

[F.5] 

[F.6] 

The range of fi can now be calculated from Equat i ens F. 4 to F. 6 for a 

given value of a. 

A typical value of a for the adsorption of metal cyanides onto activated 

carbon is 0.4 (Van Deventer, 1984, Jansen van Rensburg, 1986). For 

a = 0.4, the macropore volume fraction is calculated as 0.87 ~ fi ~ 0.999. 

This means that even though more than ha 1 f of the adsorption area is 

found in the mi cropores, the macropores contain nearly a 11 of the pore 
volume. 
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APPENDIX G 

TURBO PASCAL PROGRAM FOR COMBINATION MODEL WITH LINEAR ISOTHERM 

This program solves the matrix (Equation E.33) presented in Appendix E. 

The program was written in Turbo Pascal version 4.0 and uses the unit 

"grph" presented in Appendix J for the creation of menu's and graphics. 

The output of the program is in the form of a graph of solute 

concentration or fractional desorption versus time. 

Structure of main program 

A flow scheme of the main program is presented in Figure G.l. 

The program starts by setting the input parameters equal to default 

values stored in a text file called "parslin.dat". This file should 

contain a vertical list of the values of the parameters and conditions. in 

the same order as specified in procedure "defaults". These default 

values are displayed and the user is given the opportunity to make 

changes to them. Once the input of data is completed, the screen is put 

into graphics mode by procedure ·"init" (see Appendix J), an axes system · 

is drawn and experimental points are plotted if required. Files 

containing experimental concentration vs. time data should be in ASCII 

format with one t and one c~value, separated by one or more spaces, per 

line. The program wi 11 now perform procedure "model" in which the 

concentration vs. time profile is calculated and plotted as a curve on 

the screen. When the maximum specified time is reached, or the 'Q' key 

is pressed, the calculation of further values is stopped and the graph 

will remain on the screen until the ENTER key [CR] is pressed. A menu is 

then displayed from which the user can choose to change the input values, 

to repeat the calculation with the new values, or to quit the program. 

Before 1 ea vi ng the program, the user wi 11 be asked whether the input 

va 1 ues should be saved so that they can be used as defaults for a next 

run. 
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Algorithm of procedure "model" (Figure G.2) 

The concentration vs. time profile is calculated in procedure "model". 
This procedure starts by setting the time equal to 0. It then sets the 
initial values of the interparticle concentration, C[O], and the loading 
in the micropores, Qb[O]. The loading ahd concentration in the 
macropores, Qm[O] and Cm[O], are calculated with the mass balance 
presented in Equation f.35. As a changing time-step length is used, ·the 
values of constants which are independent of At, such as m3 , are 
calculated outside the time loop. The time-step length is increased from 
1/60 sec to a maximum of 120 sec with a 1/60 sec increment every time the 
time loop is repeated. The small initial time-step lengths ensure 
stability of the integration procedure. Once At is calculated, the time 
is set at (t+At) and the extended matrix B (including the array 
[(M

9
+M

6
)Cm{t,o) ... c(tl] in Equation E.33) is constructed. After the matrix 

is solved, the values of the concentrations at (t+At), i.e. C[l], Qb[l], 
Qm[l] and Cm[l], are calculated by back substitution and the result 
plotted on the screen. The initial concentrations for the next time step 
are then set equal to the values calculated for the present time. The 
time loop is repeated until the maximum specified time is reached or the 
'Q' key is pressed. 

As Turbo Pascal does not distinguish between normal, uppercase, 
superscript and subscript characters, the following nomenclature was used 
in procedure "model" : 

Program Thesis Program Thesis Program Thesis 

a. A dens p Qb Qb 
al fa a Op ~~ Qbo Qb. 
beta fi dr Qi Q.1 
c c Os D Qm Ql 

ks m Ci c. kb Qmo Qmi 
Cm c, ks kb time t 
de dm ml-m9 

s 
vol Ml-9 v 

delt Al me / me Vp v p 
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Program listing 

program parslin; 
uses crt,graph,grph; 

const k=S; 
mmks=l2; 
mmkspl=l3; 

{number of radial increments} 
{mmks={2*k)+2} 

{mmkspl=mmks+l} 
.var rn,cred,a,vol,mc,dc,dens,Ci,Dp,Ds,kb,ks,alfa,beta, 

Qi,dummy,Qt,hours,dr,ml,m2,m3,m4,m6,m7,m9,Vp,delt,time:double; 
C:array[O .. l] of double; 
Cm,Qb:array[o~.k,0 .. 1] of double; 
Q,Qmo,Qbo,Qm:array[O .. k] of double; 
m5,m8:array[l .. k] of double; 
B:array[O .. mmks,O .. mmkspl] of double; 
cntn,chg:yn; 
wrn,n,tel,mde,ver,rpt:integer; 
st:text; 
xx,yy:pnt; 
nxy:array[l .. 4] of integer; 

procedure model; 
begin 
time:=O; 
C[O] :=Ci; 
dr:=dc/{2*k); 
for j:=O to k do Qb[j,O]:=Qbo[j]; 
for j: =0 to k do 

begin 
Cm[j,O]:=alfa*Qmo[j]/{alfa*a+beta*Vp); 
Qm[j]:=a*Cm[j,0]; 
end; 

case mde of 1: cred:=Ci; 
2: cred:=O; 
end; 

moveto(xscr(time),yscr(cred)); 
m3:=dr*ks/(beta*Dp*dens*Vp+alfa*a*Ds*dens); 
m4:=beta*Vp*Dp/sqr(dr); 
m7:=alfa*Ds*a/sqr(dr}; 
for j:=l to k do 

begin 
m5[j]:=2*m4/j; 
m8[j]:=2*alfa*Ds*a/(j*sqr(dr); 
end; 

tel:=O; 
repeat 

tel:=tel+l; 
delt:=tel/60; 
if delt>l20 then delt:=l20; 
ml:=kb*delt/(1-alfa); 
m2:=6*ks*mc*delt/(dens*dc*vol); 
m6:=beta*Vp/delt; 
m9:=alfa*a/delt; 
time:=time+delt; 
hours:=time/3600; 

{B[row, co 1 umn]} 

{start of model} 

{time loop} 
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for j:=O to mmks do for i:=O to mmkspl do B[j,i]:=O; 

j:=O; 
B[j,O]:=m9+m6+6*m7+6*m4+kb*a; 
B[j,1]:=-6*(m4+m7); 
B[j, k+l]: =-kb; 
B[j,mmkspl]:=(m6+m9)*Cm[j,O]; 

for j:=l to (k-1) do 
begin 
B{j,j-1]:=-(m4+m7); 
B[j ,j]: =m9+m6+2*m7+2*m4+m8[j ]+ms [j ]+kb*a; 
B[j,j+l]:=-(m4+m5[j]+m8[j]+m7); 
B[j,k+j+l]:=-kb; 
B[j,mmkspl]:=(m6+m9)*Cm[j,O]; 
end; 

j:=k; 
B[j,j-1]:=-(m7+m4); 
B[j,j]:=(m3-l)*(m7+m4+m8[j]+m5[j])+m9+m6+2*(m7+m4)+m8[j]+m5[j]+kb*a; 
B[j,mmks-1]:=-kb; 
B[j,mmks]:=-m3*(m7+m4+m8[j]+m5[j]); 
B[j,mmkspl]:=(m6+m9)*Cm[j,O]; 

for j:=(k+l) to (mmks-1) do 
begin 
B[j ,j] :=ml+l; · 
B{j,j-k-1]:=-a*ml; 
B[j,mmkspl]:=Qb[j-k-1,0]; 
end; 

j:=mmks; 
B[j,k]:=-m2; 
B[j,j]:=m2+1; 
B[j,mmkspl] :=C[O]; 

for j:=O to mmks do {matrix routine) 
begin 
dummy: = B [ j , j] ; 
for i:=O to mmkspl do B[j,i]:=B[j,i]/dummy; 
for n:=O to mmks do 

begin 
if n<>j then 

begin 
dummy:=B[n,j]; 
for i:=O to mmkspl do B[n,i]:=B[n,i]-dummy*B[j,i]; 
end; 

end; 
end; 

for j:=O to k do 
begin 
Cm[j,l]:=B[j,mmkspl]; 
Qm[j]:=a*Cm[j,1]; 
end; 
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for j:=O to k do Qb[j,l]:=B[j+k+l,mmkspl]; 
C[l]:=B[mmks,mmkspl]; 

Qt:=Qi+{{{Ci-C[l])*vol)/mc); 
case mde of 1: cred:=C[l]; 

2: cred:={Qi-Qt)/Qi; 
end; 

lineto{xscr{hours),yscr{cred)); 
C[O]:=C[l]; 
for j:=O to k do 

begin 
Cm[j,O]:=Cm[j,1]; 
Qb[j,O]:=Qb[j,1]; 
end; 

if keypressed then cntn:=upcase{readkey); 
until {cntn='Q') or {time>=xmx*3600); 
end; 

280 

procedure dat_gen; {input of model parameters} 
begin 
clrscr; 
writeln{'Model parameters'); 
writeln{'----------------'); 
gotoxy {l, 4) ; 
str{Ci:3:1,wrd[l]); str{Qi:3:1,wrd[2]); str{mc:6:4,wrd[3]); 
str{vol:6:4,wrd[4]); str{a:6:5,wrd[5]); str(ks:6,wrd[6]); 
str(Dp:6,wrd[7]); 
str(Ds:6,wrd[8]); str(alfa:4:2,wrd[9]); str(beta:4:2,wrd[lO]); 
str{kb:6,wrd[ll]); str{dc:7:5,wrd[12]); str{dens:3:0,wrd[13]); 
str{Vp:6,wrd[14]); 
writeln{'Ci [mg/l] = '); 
writeln{'Qi {total) [mg/g] = '); 
writeln{'Mass of carbon [kg] '); 
writeln{'Volume [m3] = '); 
writeln{'A in linear isotherm '); 
writeln{'Film transf coeff. [m/s] '); 
writeln{'Macropore diff. [m2/s] = '); 
writeln('Macro surf. diff. [m2/s] = '); 
writeln{'Fraction macropore area '); 
writeln{'Fraction macropore vol. '); 
writeln('Micropore diff. [1/s] = '); 
writeln('Particle diameter [m] '); 
writeln('Particle density [kg/m3] '); 
writeln('Pore volume [m3/kg] '); 
selectno(4,18,28,1,num,wrd); 
Ci:=num[l]; Qi:=num[2]; mc:=num[3]; vol:=num[4]; a:=num[S]; ks:=num[6]; 
Dp:=num[7]; Ds:=num[8]; alfa:=num[9]; beta:=num[lO]; kb:=num[ll]; 
dc:=num[12]; dens:=num[l3]; Vp:=num[l4]; 
gotoxy{l, 20); 
writeln('Choose the values to be displayed :'); 
wrd[l]:='Concentration = C [mg/l]'; 
wrd[2]:='(Qi-Q)/Qi (for Qi > D)'; 
select{21,23,l,mde,wrd); 
case mde of 1: capt[2]:='C [mg/l]'; 

2: capt[2] :=' (Q-Qi )/Qi'; 
end; 
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repeat 
clrscr; 
writeln('Initial loading profiles in pores'); 
writeln('---------------------------------'); 
writel n; 
writeln(' Macro Micro'); 
for i:=O to k do writeln(i:2,' : ',Qmo[i]:6:3,' ',Qbo[i]:6:3); 
gotoxy(l,22); 
ver:=3; 
wrd[l]:='Read loading profile from disk'; 
wrd[2]:='Set all loadings equal to Qi'; 
wrd[3]:='Keep values as displayed'; 
select(22,25,l,ver,wrd); 
case ver of 1: begin 

gotoxy(l,22); delline; delline; delline; 
gotoxy{l,22); 
write('Give data file for pore loadings '); 
readln(fname[S]); 
writeln('Insert disk with data file and ... '); 
pause; 
assign(st,fname[5]); 
reset(st); 
for j:=O to k do readln(st,Qmo[j],Qbo[j]); 
close(st); 

until ver=3; 
end; 

end; 
2: for j:=O to k do 

begin 

end; 

Qmo[j]:=Qi; Qbo[j]:=Qi; 
end; 

procedure st dat; 
begin -

assign(st,'parslin.dat'); 
rewrite (st); 
for 1:=3 to 6 do writeln(st,capt[i]); 

{saving default values} 

writeln(st,ks); writeln(st,Dp); writeln(st,Ds); writeln(st,alfa); 
writeln(st,beta); writeln(st,kb); writeln(st,Ci); writeln(st,Qi); 
writeln(st,mc); writeln(st,vol); writeln(st,a); writeln(st); 
writeln(st,dc); 
writeln(st,dens); writeln(st,Vp); writeln(st,capt[l]); 
writeln(st,capt[2]); 
writeln(st,~mn); writeln(st,xmx); writeln(st,ymn); writeln(st,ymx); 
writeln(st,nx); writeln(st,ny); writeln(st,np); · 
for i:=l to np do 

begin 
writeln(st,fname[i]); 
writeln(st,plt[i]); 
writeln(st,join[i]); 
writeln(st,ltp[i]); 
end; 

writeln(st,key); 
if key='Y' then 

begin 
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writeln(st,nv,' ',xv,' ',yv); 
for i:=l to (np+nv) do writeln(st,lgnd[i]); 
end; · 

writeln(st,ex); 
if ex='Y' then 

begin 
write l n ( st , n i ) ; 
for i:=l to ni do 

begin 
writeln(st,ins[i]); 
writeln(st,xi[i],' ',yi[i]); 
end; 

end; 
close(st); 

end; 

282 

procedure defaults; {setting default values) 
begin 
default; size:=4; fnt:=O; fntsize:=l; lgndsize:=l; mde:=l; 
assign(st,'parslin.dat'); 
reset(st); 
for i:=3 to 6 do readln(st,capt[i]); 
readln(st,ks); readln(st,Dp); readln(st,Ds); readln(st,alfa); 
readln(st,beta); readln(st,kb); readln(st,ti); readln(st,Qi); 
readln(st,mc); readln(st,vol); readln(st,a); readln(st); readln(st,dc); 
readln(st,dens); readln(st,Vp); readln(st,capt[l]); readln(st,capt[2]); 
readln(st,xmn); readln(st,xmx); readln(st,ymn); readln(st,ymx); 
readln(st,nx); readln(st,ny); readln(st,np); 
for i:=l to np do 

begin 
readln(st,fname[i]); 
readln(st,plt[i]); 
readln(st,join[i]); 
readln(st,ltp[i]); 
end; 

readln(st,key); 
if key='Y' then 
begin 
readln(st,nv,xv,yv); 
for i:=l to (np+nv) do readln(st,lgnd[i]); 
end; · 

readln(st,ex); 
if ex='Y' then 
begin 
readln(st,ni); 
for i:=l to ni do 

begin 
readln(st,ins[i]); 
readln(st,xi[i],yi[i]); 
end; 

end; 
xl:=xmx-xmn; 
yl:=ymx-ymn; 
if nx>O then xin:=xl/nx else xin:=xl; 
if ny>O then yin:=yl/ny else yin:=yl; 
end; 
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{---------------------MAIN PROGRAM ------------------------------------} 
begin 
pc:=3; 
ver:=9; 
defaults; 
while ver=9 do 
begin 
clrscr; 
gotoxy(l,5); 
writeln(' DESORPTION IN BATCH'); 
writeln('Combination model with linear isotherm'); 
writeln('------~-------------------------------'); 
pause; 
dat gen; 
scale; 
datname; 
rpt:=l; 
repeat 

if (rpt=l) and (np>O) then 
begin 
clrscr; 
gotoxy (1, 8) ; 
writeln('Insert the disk with the following files :'); 
writeln; 
for i:=l to np do writeln(fname[i]); 
writeln; 
pause; 
wrn:=O; 
for i:=l to np do 

begin 
if plt[i]='Y' then 

begin 
wrn:=wrn+l; 
pat[i]:=cha[wrn]~ 
end 

else pat[i]:=O; 
end; 

for i:=l to np do readplot(fname[i],xx,yy,nxy[i],i); 
rpt:=O; 
end; 

Init(pc,size,fnt,fntsize); 
Axes; 
for i:=l to np do Plot(xx,yy,nxy[i],join[i],pat[i],ltp[i],i); 

model; 

readln; 
if key='Y' then legend; 
if ex='Y' then extra; 
readln; 
CloseGraph; 
clrscr; 
gotoxy(l,8); 
writeln('Conditions after' ,hours:5:2,' hr'); 
writel n; 
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writeln('C = ',C[l]:5:3); 
writeln('Q = Qi+(Ci-C}*V/m = ',Qt:5:3); 
Qt:=O; 
Q[O]:=O; 
for j:=l to k do 

begin 
Q[j]:=sqr(j}*(alfa*Qm[j]+(l-alfa}*Qb[j,l]+beta*Vp*Cm[j,l]); 
Qt:=Qt+0.5*(Q[j]+Q[j-l]); 
end; 

Qt:=3*Qt/power(k,3); 
writeln('Q = ',Qt:5:3}; 
writeln; 
writeln(' MacroQ MacroC MicroQ'); 
for j:=O to k do writeln(Qm[j]:l2:8,Cm[j,1]:16:8,Qb[j,1]:16:8); 
pause; 

repeat; 
clrscr; 
gotoxy(l,5}; 
wri tel n ('Changes'); 
writeln('------- 1

); 

wrd[l]:='Plots and legends'; 
wrd[2]:='Captions'; 
wrd[3]:='Scale'; 
wrd[4]:='Extra text'; 
wrd[5]:='Model parameters'; 
wrd[6]:='Repeat simulation with changes'; 
wrd[7]:='Start a new run'; 
wrd[8]:='Quit'; 
ver:=6; 
select(8,16,l,ver,wrd); 
case ver of 1: begin 

datname; 
rpt:=l; 
end; 

2: caption; 
3: scale; 
4: extratext; 
5: dat gen; 
8: begTn 

gotoxy(l,20); 
write('Save data? (Y/N) '); 
quest(chg); 
if chg='Y' then st dat; 
write('Back to DOS-? (Y/N) '); 
quest(chg); 
if chg='N' then ver:=l; 
end; 

end; 
until ver>5; 

until ver>6; 
end; 
end. 
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Figure G.1 

BEGIN 

! 
SET DEFAULTS 

! 
INPUT 

(eg. d~t_gen) 

J: 
INITIALIZE 
SCREEN 
· (lnit) 

! 
DRAWS AXES 

(Axes) 

1 
PLOT EXP. 

DATA 

l 
MODEL CALCULATIONS 
+ OUTPUT TO SCREEN 

! J I MENU I 
CHANGE INPUT VALUES ___ ..,. INPUT 

REPEAT MODEL WITH CHANGES---------+' 

QUIT 

l 
SAVE DEFAULTS? __ v_Es __ 

STOP 

SAVE 
(st_datJ 

l 

Flow diagram of main program 

285 

Stellenbosch University  https://scholar.sun.ac.za



Figure G.2 

BEGIN 

! 
time= 0 

l 
CALC. INITIAL VALUES OF 
C[DJ. Qb(OJ. Qm(OJ. Cm(O] 

l 
SET ELEMENTS OF MATRIX 
THAT Will. STAY CONSTANT 

I. 
J. 

CALCULATE At 

t = t + At 

SET UP MATRIX B 

SOLVE MATRIX B 

CALC. C[l]. Qb(l]. Om(l]. Cm[l} 
BY BACK SUBSTITUTION 

! 
OUTPUT TO SCREEN 

l 
SET INITIAL VALUES FOR 

NEXT TIME STEP. eg. C[O)=C(l] 

l 
t > t{max)? 

lYES 

STOP 

NO 

•. 

Flow diagram of procedure "model" in program "parslin" 
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APPENDIX H 

TURBO PASCAL PROGRAM FOR SURFACE DIFFUSION MODEL 

This program describes the elution of gold cyanide from a packed bed of 

activated carbon by using a combination of the following models : 

(1) The model for the el ut i.on and decomposition of ·cyanide developed in 

Chapter 4, 

(2) The nonideal flow model for the elution of potassium described in 

Chapter 5, · and 

(3) The surface diffusion model for the elution of gold cyanide 

developed in Chapter 6. 

The program utilizes the unit "grph" in Appendix J for the creation of 

menu's and graphics. Program "surfdiff", described below, produces a 

graph of any of the following 

C6 in the eluate vs. t or VB 
CN in the eluate vs. t or VB 
CK in the eluate vs. t or VB 
Q6 on the eluted carbon vs. t or VB 

CJCGi VS. t or v B for a CSTR ( CG/O) 

(QGi-QG)/QGi vs. t or VB for a CSTR (QG/O) 

Structure of main program 

The structure of the main program is the same as that of the -combination 

model described in Appendix G. 

Algorithm of procedu~e "model" (Figure H.l) 

Procedure "model" starts by setting t=O and by calculating the initial 

concentrations from the input values. If the bed was drained before the 

introduction of eluant, the bed is filled by using procedure ''fill" which 

will be discussed later. Once the liquid level is equal to h, the time 

is set equal to (t+lit) and the models for potassium, cyanide and gold 
\ 
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calculated in each height section of the column from the inlet (i=O) to 

the outlet (i=N). (The. algorithm of the model for the elution of the 

gold is discussed in the next paragraph.) The initial values for the 

next time step are then set equal to the values calculated in the present 

time step and the calculations for i=O to N repeated for the next time 

step. This is continued until transfer of carbon has to occur (if nt>l, 

i.e. counter-current elution) or the maximum specified time is reached. 

In the case of counter-current elution, the liquid concentrations remain 

unchanged and the carbon concentration in each section is set equal to 

the value on the carbon which moves into that position. The calculation 

of the potassium, cyanide and gold models as a function of height and 

time is repeated until the next transfer of carbon. This is terminated 

after nt carbon transfers have occurred. 

Algorithm of procedure "mod_au" (Figure H.2) 

and Procedure "mod_au" calculates the gold concentrations on the carbon 

in the liquid phases at (t+~t) for any specified height section i. As 

procedure "mod_au" follows on procedures "mod_cat" and "mod_cn", the 

concentrations of cyanide and potassium are known and the gold cyanide 

equilibrium can be calculated at the height and time steps concerned. 

The value of C65 (cgs) is estimated immediately before "mod_au" and Q
65 

(qs) can thus be calculated from the equilibrium isotherm. The values of 

Q6m (qm), Q6b (qb) and C6 (cg) are then calculated by solving Equations 
6.20, 6.21 and 6.25 simultaneously with a Runge Kutta routine. If the 

val.ues of qm, cs and qs do not satisfy Equation 6.22, a new value of cs 

is estimated by determining the value of qs that will satisfy Equation 

6.22. · New values of qm, qb and cg are calculated with the new estimate 

of cs until convergence is obtained. The ca 1 cul at ion procedure used in 

procedure "mod_au" is the same as that used by Van Deventer (1984a) for 

the adsorption of gold in a batch stirred tank reactor. 

Algorithm of procedure "fill" (Figure H.3) 

This procedure is only used if the void fraction of the carbon bed is not 

filled with liquid initially, i.e. s<l.0. For the fill procedure, the 

liquid level (hh) is defined as the highest height section of the bed 

that is filled with eluate. This is initially set equal to zero. A loop 
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is then entered in which the liquid level is increased by one height 
section per cycle. The concentrations of cyanide, potassium and gold in 
the height sections below the liquid level are calculated with procedures 

. I 

"mod_cat", "mod_cn" and "mod_au". For section hh, the intraparticle 
concentrations and loadings are assumed to remain unchanged while the 
section is filled. The interparticle concentrations in section hh are 
calculated as the weighted average of the concentrations in the remaining 
pretreatment solution and the liquid moving in from section (hh-1). When 
the bed is completely filled (i.e. hh=N), the procedure is terminated. 

The following nomenclature was used in program "surfdiff" : 

, 

Program Thesis Program Thesis Program Thesis 

a A crossb xb nd N 
acn c2 crossm x ndd N~N 
al fa Q de dm nt N d 

b dens c t an p p p 
ao Ao dh Ah q q 
area a dt At qb QbG 
beta p dtfil, Hf.11 qbo ~~Gi bn B ea E /R

0 
qcn 

c c ecn Ea qm QmG aN cat CK en n qmo QmGi -catb CbK eps € qo QGi 
catbo ~Kdi fi 11 t ~fill qocn QNi 
catm h qs QsG 
ca to CmK kl-k3 kl-3 s s 
catpo CKF kb kb s0-s5 5o-s cg CKpi ken kN temp T 
cgs CG kcnp k v v 
en CsG kfcn kNp vp VP N ksN cnbo CNd1 kocn 

kocnp oN cno CNF c1 
· cnp· CNp ks k s cnpo CN . mmb m c pl Nmb co Gi n 
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Program listing 

program surfdiff; 
uses crt,graph,grph; 

con st 

type 
var 

1 abel 

(max number of height sections} n max=SO; 
n-maxx=Sl; 
tTmevar=array[O .. n maxx,1 .. 2] of double; 
xmde,ymde,mnu,rpt,~;hh,i,j,jj,nt,ndd,nd:integer; 
qm,qb,cg,cgs,cat,catm,catb,cn,cnp,qcn:timevar; 
temp,dh,dtfill,dt,h,ti,v,eps,dc,fillt,sec,hours,vp,kl,k2,k3, 
crossb,crossm,s,cato,catpo,catbo,cath,beta,ml,m2,m3,m4,m5,m6, 
mml,mm2,mm3,mm4,mbl,mb2,mb3,mb4,mcl,mc2,mc3,mc4,valx,valy,pp,qq, 
rr,ao,p,ea,f,c,nbvi,q,en,co,qo,mmb,qmo,qbo,an,bn,cshalf, 
chalf,save,epsi,km,kb,ks,dens,ttime,partl,alfa,area,sum,qt, 
a,qsf,csf,qs,kcn,kcnp,kocn,kocnp,acn,ecn,kfcn,cno, 
cnpo,cnbo,qocn,s0,sl,s2,s3,s4,s5:double; 

(n_max+l} 

cntn,chg:yn; 
st:text; 
nxy:array[l .. 4] of integer; 
xx,yy:pnt; 
new; 

(-------------------------model starts --------------------------------} 
procedure model; 

procedure iso (ct,cyan,qcyan:double); (gold isotherm} 
begin 
nbvi:=(hours*3600*v*n/(area*i*h)); 
a:=(ao/(c*qcyan+l))*exp(ea/(temp+273.15))*power(ct+50,p) 

*power(cyan+l,f)*power(nbvi+l,q); 
en:=an*a+bn; 
end; 

procedure draw(line:integer); (line draw procedure} 
begin 
case ymde of 1: valy:=cg[n,l]; 

2: begin 
if qo<>O then 

begin 
qt:=alfa*sqrt(qm[l,1])+(1-alfa)*qb[l,l]; 
valy:=(qo-qt)/qo; 

·end · 
else valy:=cg[l,l]/co; 
end; 

3: begin 
valy:=O; 
for jj:=l to nd do 

valy:=valy+alfa*sqrt(qm[jj,1])+(1-alfa)*qb[jj,l]; 
valy:=valy/nd; 
end; 

4: valy:=cat[n,l]; 
5: valy:=cn[n,l]; 
end; 
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case xmde of 1: valx:=hours; 
2: valx:=hours*3600*v/(area*h); 
end; 

case line of 0: moveto(xscr(valx),yscr(valy)); 
1: lineto(xscr(valx),yscr(valy)); 
end; 

end; 

function fm (var csf,qmf,qbf:double):double; 
begin 
qsf:=a*power(csf,en); 
fm:=m5*{sqr(qsf)-qmf) - m6*(qmf-(qbf*sqrt(qmf))); 
end; 

function fb (var qmf,qbf:double):double; 
begin 
fb:=m4*{sqrt(qmf)-qbf); 
end; 

function fc (var cf,csf,cff:double):double; 
begin 
fc:=m2*{cf-csf)+ml*(cf-cff); 
end; 

function balance (var qsf,qmf,cf:double):double; 
begin 
csf:=power(qsf/a,l/en); 
balance:=m3*((qsf*qsf)-qmf)-(ks*dc*(cf-csf}*sqrt(qmf)); 
end; 

procedure increase; 
begin 
qs:=l.0005*qs; 
if balance(qs,qm[i,2],cg[i,2])<0 then increase; 
end; 

procedure reduce; 
begin 
qs:=0.9995*qs; 
if balance(qs,qm[i,2],cg[i,2])>0 then reduce; 
end; 
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{gold} 

{gold} 

{gold} 

procedure mod au (var delt,delh:double); 
begin -

{model for gold cyanide} 

iso(cat[i ,2] ,cn[i ,2] ,qcn[i ,2]); 
qs:=a*power(cgs[i,2],en); 
mml:=fm(cgs[i,l],qm[i,l],qb[i,1]); 
mbl:=fb(qm[i,l],qb[i,l]); 
mcl:=fc(cg[i,l],cgs[i,l],cg[i~l,1]); 
repeat 

cshalf:=(cgs[i,l]+cgs[i,2])/2; 
chalf:=(cg[i-l,l]+cg[i-1,2])/2; 
pp:=qm[i,l]+((delt*mml)/2); 
qq:=qb[i,l]+((delt*mbl)/2); 
rr:=cg[i,l]+((delt*mcl)/2); 
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mm2:=fm(cshalf,pp,qq); 
mb2:=fb(pp,qq); 
mc2:=fc(rr,cshalf,chalf); 
pp:=qm[i,l]+((delt*mm2)/2); 
qq:=qb[i,l]+((delt*mb2)/2); 
rr:=cg[i,l]+((delt*mc2)/2); 
mm3:=fm(cshalf,pp,qq); 
mb3:=fb(pp,qq); 
mc3:=fc(rr,cshalf,chalf); 
pp:=qm[i,l]+(delt*mm3); 
qq:=qb[i,l]+(delt*mb3); 
rr:=cg[i,l]+(delt*mc3); 
mm4:=fm(cgs[i,2],pp,qq); 
mb4:=fb(pp,qq); 
mc4:=fc(rr,cgs[i,2],cg[i-1,2]); 
qm[i,2]:=qm[i,l]+((delt/6)*(mml+(2*mm2)+(2*mm3)+mm4)); 
qb[i,2]:=qb[i,l]+((delt/6)*(mb1+(2*mb2)+(2*mb3)+mb4)); 
cg[i,2]:=cg[i,l]+((delt/6)*(mcl+(2*mc2)+(2*mc3)+mc4)); 
save:=qs; 
if balance(qs,qm[i,2],cg[i,2])=0 then epsi:=O 

else 
begin 
if balance(qs,qm[i,2],cg[i,2])<0 then increase else reduce; 
cgs[i,2]:=power(qs/a,l/en); 
epsi:=abs((save-qs)/qs); 
end; 

until epsi<=0.001; 
end; 

procedure mod_cat (var delt,delh:double); {model for elution of cation} 

function fk (var kt,ktt,ktm:double):double; 
begin 
fk:=kl*(ktt-kt)+kl*crossm*(ktm-kt); 
end; 

function fkm (var kt,ktb,ktm:double):double; 
begin 
fkm:=k2*(kt-ktm)+k2*crossb*(ktb-ktm); 
end; 

function fkb (var ktb,ktm:double):double; 
begin 
fkb:=k3*(ktm-ktb); 
end; 

begin 
kl:=v/(area*eps*delh); . 
k2:=crossm*v/(beta*area*delh*dens*vp*(l-eps)); 
k3:=crossm*crossb*v/((l-beta)*area*delh*dens*vp*(l-eps)); 
mcl:=fk(cat[i,l],cat[i-1,1],catm[i,l]); 
mml:=fkm(cat[i,l],catb[i,l],catm[i,l]); 
mbl:=fkb(catb[i,1],catm[i,1]); 
pp:=catm[i,l]+((delt*mml)/2); 
qq:=catb[i,l]+((delt*mbl)/2); 
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rr:=cat[i,l]+((delt*mcl)/2); 
cath:=(cat[i-l,l]+cat[i-1,2])/2; 

. mc2:=fk(rr,cath,pp); 
mm2:=fkm(rr,qq,pp); 
mb2:=fkb(qq,pp); 
pp:=catm[i,l]+((delt*mm2)/2); 
qq:=catb[i,l]+((delt*mb2)/2); 
rr:=cat[i,l]+((delt*mc2)/2); 
mc3:=fk(rr,cath,pp); 
mm3:=fkm(rr,qq,pp); 
mb3:=fkb(qq,pp); 
pp:=catm[i,l]+(delt*mm3); 
qq:=catb[i,l]+(delt*mb3); 
rr:=cat[i,l]+(delt*mc3); 
mc4:=fk(rr,cat[i-l,2],pp); 
mm4:=fkm(rr,qq,pp); 

2.93 

mb4:=fkb(qq,pp); 
cat[i,2]:=cat[i,l]+{(delt/6)*(mcl+(2*mc2)+(2*mc3)+mc4)); 
catm[i,2]:=catm[i,l]+((delt/6)*{mml+(2*mm2)+(2*mm3)+mm4)); 
catb[i,2]:=catb[i,l]+((delt/6)*(mbl+(2*mb2)+(2*mb3)+mb4)); 
end; 

procedure mod cn(delt,delh:double); {model for cyanide} 
begin -
kcnp:=kocnp/power(l+qcn[i,l],acn); 
s0:=1+(6*kfcn*delt/(dens*vp*dc))+(kcnp*delt); 
sl:=l/sO; 
s2:=6*kfcn*delt/(dens*vp*dc*s0); 
s3:=6*kfcn*(l-eps)*delt/(eps*dc); 
s4:=v*delt/(area*eps*delh); 
s5:=l+s4+(kcn*delt)+(s3*(1-s2)); 
cn[i,2]:=(cn[i,l]+(s4*cn[i-l,2])+(s3*sl*cnp[i,l]))/s5; 
cnp[i,2]:=(sl*cnp[i,l])+(s2*cn[i,2]); 
qcn[i,2]:=qcn[i,l]+(vp*kcnp*cnp[i,2]*delt); 
end; 

procedure fill; 

begin 
fillt:={l-s)*h*area*eps/v; 
dtfill :=fillt/n; 
hh:=O; 
repeat 

sec:=sec+dtfill; 
hh:=hh+l; 
if hh=l then cgs[hh,2]:=0.1 
else 

begin 
for i:=l to (hh-1) do mod cn(dtfill,dh); 
if (cato<>catpo) or (cato<>catbo) then 

{filling up of drained bed} 

{time loop} 

{hh =liquid level} 

for i:=l to (hh-1) do mod cat(dtfill,dh) 
else -

for i:=l to (hh-1) do 
begin 
catm[i,2]:=catm[i,l]; 
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catb[i,2]:=catb[i,l]; 
cat[i,2]:=cat[i,1]; 
end; 

if ymde<4 then for i:=l to (hh-1) do 
begin 
cgs[i,2]:=cgs[i,1]; 
mod_au(dtfill,dh); 
end; 

cgs[hh,2]:=cgs[hh-1,2]; 
end; 

cnp[hh,2]:=cnp[hh,1]; {concentrations at liquid level} 
cn[hh,2]:=(cnbo*s)+(cn[hh-1,2]*(1-s)); 
cat[hh,2]:=(catbo*s)+(cat[hh-1,2]*(1-s)); 
catb[hh,2]:=catb[hh,1]; 
catm[hh,2]:=catm[hh,1]; 
cg[hh,2]:=cg[hh-1,2]*(1-s); 
qm[hh,2]:=qm[hh,1]; 
qb[hh,2]:=qb[hh,1]; 
for i:=l to hh do· 

begin 
cat[i,l]:=cat[i,2]; 
catm[i,l]:=catm[i,2]; 
catb[i,l]:=catb[i,2]; 
cg[i,l]:=cg[i,2]; 
cgs[i,l]:=cgs[i,2]; 
qm[i,l]:=qm[i,2]; 
qb[i,l]:=qb[i,2]; 
cn[i,l]:=cn[i,2]; 
cnp[i,l]:=cnp[i,2]; 
qcn[i,l]:=qcn[i,2]; 
end; . 

until sec>=fillt; 
end; {end of fill procedure} 

begin 
cntn:='a'; 
sec:=O; 
kcn:=kocn*exp(-ecn/(8.314*(273.lS+temp))); 
ml:=-v/(eps*area*dh); 
m2:=-6*ks*{l-eps)/(eps*dc); 
m3:=5*km*alfa*dens; 
m4:=kb/(1-alfa); 
m5:=60*km/sqr(dc); 
m6:=2*kb/alfa; 
n:=round(h/dh); 
ndd:=n-nd; 
for i:=l ton max do 

begin -
qm[i,l]:=sqr(qmo); qb[i,l]:=qbo; cg[i,l]:=co; cgs[i,l]:=co; 
catm[i,l]:=catpo; catb[i,l]:=catpo; cat[i,l]:=catbo; 
cn[i,l]:=cnbo; cnp[i,l]:=cnpo; qcn[i,l]:=qocn; 
end; 

for j:=l to 2 do 
begin 
cg[O,j]:=co; 
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if (catpo=cato) and (catbo=cato) then 
for i:=O ton max do cat[i,j):=cato 
else cat[O,j]:=cato; 

if ( cno=O) and ( cnpo=O) and · ( cnbo=O) then 
for i:=O ton max do 

begin -
cn[i,j]:=O; 
cnp[i,j]:=O; 
qcn[i,j]:=qocn; 
end 

else cn[O,j]:=cno; 
end; 

if s<>l then fill; 

hours:=sec/3600; 
draw(O); 

for j:=l to nt do 
begin 
if nt=l then 

begin 
case xmde of 1: ttime:=xmx*3600; 

end 
else 

begin 

2: ttime:=xmx*area*h/v; 
end; 

if j=l then ttime:=ti*3600 
else 

begin 

{carbon transfer loop) 

case xmde of 1: ttime:=(xmx-ti)*3600/(nt-1); 
2: ttime:=((xmx*area*h/v)-ti*3600)/(nt-l); 
end; 

end; 
end; 

sec:=O; 
repeat 

sec:=sec+dt; 
if (cato<>catpo) or (catbo<>cato) then 

for i:=l ton do mod_cat(dt,dh) 
else for i:=l ton do 

begin 
catm[i,2]:=catm[i,l]; 
catb[i,2]:=catb[i,l]; 
cat[i ,2) :=cat[i, 1); 
end; 

if (cnpo<>O) or (cno<>O) or (cnbo<>O) then 
for i:=l ton do mod_cn(dt,dh) 
else for i:=l ton do 

begin 
cn[i,2]:=0; 
cnp[i,2]:=0; 
qcn[i,2]:=qocn; 
end; 

{time'loop) 
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if ymde<4 then for i:=l ton do 
begin 
if (hours=O) and (i=l) then cgs[i,2]:=0.1 
else if (hours=O) then cgs[i,2]:=cgs[i-l,2] 

else cgs[i,2]:=cgs[i,l]; 
mod au(dt,dh); 
end; 

for i:=l ton do 
begin 
cat[i,l]:=cat[i,2]; 
catm[i,l]:=catm[i,2]; _ 
catb[i,l]:=catb[i,2]; 
cg[i,l]:=cg[i,2]; 
cgs[i,l]:=cgs[i,2]; 
qm[i,l]:=qm[i,2]; 
qb [ i ' 1] : =qb [ i '2] ; 
cn[i,l]:=cn[i,2]; 
cnp[i,l]:=cnp[i,2]; 
qcn[i,l]:=qcn[i,2]; 
end; 

hours:=hours+(dt/3600); 
draw( I); 
if keypressed then cntn:=upcase(readkey); 

until (cntn='Q') or (sec>=ttime); 
if (cntn<>'Q') and (j<>nt) then {transfer of carbon} 

begin 
for i:=l to ndd do 

begin 
qm[i,l]:=qm[i+nd,2]; 
qb[i,l]:=qb[i+nd,2]; 
catm[i,l]:=catm[i+nd,2]; 
catb[i,l]:=catb[i+nd,2]; 
cnp[i,l]:=cnp[i+nd,2]; 
qcn[i,l]:=qcn[i+nd,2]; 
end; 

for i:=ndd+l ton do 
begin 
catm[i,l]:=catpo; 
catb[i,l]:=catpo; 
cnp[i,l]:=cnpo; 
qm[i,l]:=sqr(qmo); 
qb[i,l]:=qbo; 
qcn[i,l]:=qocn; 
end; 

end; 
end; 

end; 
{------------------~-------------end of model---------------------------) 

procedure defaults; {sets default values) 
begin 
default; 
xmde:=2; size:=4; fnt:=O; fntsize:=l; pc:=3; lgndsize:=l; ymde:=l; 
assign(st,'surfdiff.dat'); 
reset(st); 
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readln(st,co); readln(st,qmo); readln(st,qbo); readln(st,mmb); 
readln(st,qo); 
readln(st,h); Teadln(st,v); readln(st,ao); readln(st,p); readln(st,ea); 
readln(st,f); readln(st,c); readln(st,an); readln(st,bn); 
readln(st,ks); 
readln(st,km); readln(st,alfa); readln(st,dc); readln(st,dens); 
readln(st,kb); readln(st,vp); readln(st,temp); readln(st,cato); 
readln(st,catpo); readln(st,cno); readln(st,cnpo); readln(st,kfcn); 
readln(st,kocn); readln(st,ecn); readln(st,acn); readln(st,eps); 
readln(st,area); readln(st,s); readln(st,nt); readln(st,dh); 
readln(st,nd); 
readln(st,dt); readln(st,crossm); readln(st,crossb); readln(st,beta); 
readln(st,catbo); readln(st,cnbo); readln(st,qocn); readln(st,q); 
readln(st,kocnp); 
cl ose(st); 
end; 

procedure st dat; 
begin -

{saves default values} 

assign(st,'surfdiff.dat'); 
rewrite(st); 
writeln(st,co); writeln(st,qmo); writeln(st,qbo); writeln(st,mmb); 
writeln(st,qo); writeln(st,h); writeln(st,v); writeln(st,ao); 
writeln(st,p); 
writeln(st,ea); writeln(st,f); writeln(st,c); writeln(st,an); 
writeln(st,bn); 
writeln(st,ks); writeln(st,km); writeln(st,alfa); writeln(st,dc); 
writeln(st,dens); writeln(st,kb); writeln(st,vp); writeln(st,temp); 
writeln(st,cato); writeln(st,catpo); writeln(st,cno); writeln(st,cnpo); 
writeln(st,kfcn); writeln(st,kocn); writeln(st,ecn); writeln(st,acn); 
writeln(st,eps); writeln(st,area); writeln(st,s); writeln(st,nt); 
writeln(st,dh); writeln(st,nd); writeln(st,dt); writeln(st,crossm); 
writeln(st,crossb); writeln(st,beta); writeln(st,catbo); 
writeln(st,cnbo); 
writeln(st,qocn); writeln(st,q); writeln(st,kocnp); 
close(st); 
end; 

procedure dat_gen; 
begin 

{input of working parameters} 

clrscr; 
gotoxy(l,5}; 
writeln('Working parameters'); 
writeln('------------------ 1

); 

gotoxy(l,8); 
str(h:8:6,wrd[l]); str(area:l2,wrd[2]); str(dc:8:6,wrd[3]); 
str(dens:4:1,wrd[4]); str(vp:ll,wrd[5]); str(eps:8:6,wrd[6]); 
str(v:l2,wrd[7]); str(temp:3:1,wrd[8]); str(s:4:3,wrd[9]); 
str(nd:l,wrd[lO]); str((nt-1):1,wrd[ll]); str(dh:8:6,wrd[l2]); 
str(dt:l:O,wrd[l3]); 
writeln('Bed height [m] 
writeln('Flow area of empty column [m2] 
wtiteln('Particle diameter [m] 
writeln('Apparent density of particles [kg/m3] 

I ) j 

I ) ; 

= I); 
= I) ; 
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writeln('Pore volume of particles [m3/kg] = '); 
writeln('Void fraction of bed = '); 
writeln('Volumetric flow rate [m3/s] = '); 
writeln('Working temperature ["CJ = '); 
writeln('Fractibn of void fraction containing pretreatment reagent= '); 
writeln('Number of height sections discharged in counterflow = '); 
writeln('Number of carbon transfers during run = '); 
writeln('Incremental height [m] = '); 
writeln('Time step [s] = '); 
selectno(8,21,61,l,num,wrd); 
h:=num[l]; area:=num[2]; dc:=num[3]; dens:=num[4]; vp:=num[5]; 

·eps:=num[6]; 
v:=num[7]; temp:=num[8]; s:=num[9]; nd:=round(num[lO]); 
nt:=l+round(num[ll]); 
dh:=num[l2]; dt:=num[l3]; 
if nt>l then 

begin 
gotoxy(l,23); 
write('Time interval before first transfer of carbon (hr) '); 
readln(ti); 
end; 

end; 

procedure dat ~raw; {specification of value to be displayed} 
begin -
clrscr; 
writeln('Choose the value to be displayed'); 
writeln('-------------------------------- 1

); 

wrd[l]:='Metal cyanide concentration [mg/l]'; 
if co<>O then wrd[2]:=~C/Ci'; 
if qo<>O then wrd[2]:='(Qi-Q)/Qi'; 
wrd[3]:='Eluted carbon loading [mg/g]'; 
wrd[4]:='Cation concentration [mg/l]'; 
wrd[S]:='Cyanide concentration [mg/l]'; 
select(4,9,l;ymde,wrd); 
case ymde of 1: capt[2]:='C [mg/l]'; 

gotoxy(l,12); 

2: if co<>O then capt[2]:='C/Ci' else capt[2]:='(Qi-Q)/Qi'; 
3: capt[2]:='Q [mg/g]'; 
4: capt[2]:='K [mg/l]'; 
5: capt[2]:='CN [mg/l]'; 
end; 

wrd[l]:='Time [hr]'; wrd[2]:='No. of bed volumes'; 
if v<>O then 

begin 
writeln('Values on x-axis :'); 
select(l2,14,20,xmde,wrd); 
end 

else xmde:=l; 
case xmde of 1: capt[l]:=wrd[l]; 

2: capt[l]:=wrd[2J; 
end; 

end; 
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procedure dat met; 
begin -

{input of gold cyanide parameters} 

repeat 
clrscr; 
writeln('Metal cyanide concentration'); 
writeln('--------------------------~'); 
gotoxy(l,4); 
str(co:4:2,wrd[l]); str(qo:5:3,wrd[2]); str(mmb:5:3,wrd[3]); 
str(alfa:4:3,wrd[4]); 
writeln('Feed concentration [mg/l] 
writeln('Initial concentration on carbon [mg/g] 
writeln('Qi(micro)/Qi(macro) 
writeln('Macropore fraction 
selectno(4,8,42,l,num,wrd); 

= 
= 
= 
= 

co:=num[l]; qo:=num[2]; mmb:=num[3]; alfa:=num[4]; 
qmo:=qo/(alfa+(l-alfa)*mmb); 
qbo:=mmb*qmo; 
gotoxy(l,11); 
writeln('Calculated 
writeln('Qo (macro) 
writeln('Qo (micro) 
writeln; 

pore concentrations :'); 
[mg/g] = ',qmo:5:3); 
[mg/g] = ',qbo:5:3); 

write('Change above values? (Y/N) '); 
quest(chg); 

until chg='N'; 
end; 

I ) j 

I ) ; 

I ) ; 

I ) ; 

procedure dat iso; 
begin -

{input of gold cyanide parameters} 

clrscr; 
writeln('Metal cyanide isotherm'); 
writeln('----------------------'); 
writeln; 
writeln('A=Ao*exp(ea/(T+273.15))*power(K+l,p)*power(CN+l,f)'); 
writeln(' *{l/(c*qCN+l))*power(BV+l,q)'); 
gotoxy (1, 7) ; 
str(ao:6:5,wrd[l]); str(ea:4:3,wrd[2]); str(p:6:4,wrd[3]); 
str(f:6:4,wrd[4]); str(c:7:5,wrd[5]); str(q:5:3,wrd[6]); 
writeln(;Ao-value = '); 
writeln('Temperature dependency (ea) '); 
writeln('Cation dependency (p) '); 
writeln('Free cyanide dependency (f) '); 
writeln('Cyanide-age dependency (c) = '); 
writeln('Change in activity (q) '); 
selectno(7,13,32,l,num,wrd); 
ao:=num[l]; ea:=num[2]; p:=num[3]; f:=num[4]; c:=num[5]; q:=num[6]; 
gotoxy(l, 15); 
writeln('n = an*A + bn'); 
gotoxy (1, 17) ; 
str(an:9:7,wrd[l]); str(bn:9:7,wrd[2]); 
writeln('Slope (an) = '); 
writeln('Intercept (bn) = '); 
selectno(l7,19,32,l,num,wrd); 
an:=num[l]; bn:=num[2]; 
end; 
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procedure dat_dif; {input of gold cyanide mass transfer parameters} 
begin - · 
clrscr; 
writeln{'Mass transfer coefficients of the metal cyanide'); 

't l {' ' ')· wr1 e n ----------------------------------~------------ , 
gotoxy {l, 4) ; 
str{ks:ll,wrd[l]); str(km:ll,wrd[2]); str{kb:ll,wrd[3]); 
writeln{'Film transfer coefficient [m/s] · 
writeln{'Combined surface diffusivity in macro pores [m2/s] 
writeln{'Coeff. for transfer between micro and macro pores [l/s] 
selectno{4,7,65,l,num,wrd); 
ks:=num[l]; km:=num[2]; kb:=num[3]; 
end; 

:: I ) ; 

:: I ) ; 

:: I ) ; 

procedure dat cat; 
begin -

{input of potassium parameters} 

clrscr; 
writeln('Cation parameters'); 
writeln('---------------~-'); 
gotoxy{l,4); 
str{catpo:l:O,wrd[l]); str{catbo:l:O,wrd[2]); str(cato:l:O,wrd[3]); 
str{crossm:5,wrd[4]); str{crossb:5,wrd[5]); str{beta:4:3,wrd[6]); 
writeln{'Initial pore concentration [mg/l] = '); 
writeln('Initial interparticle cone. [mg/1] = '); 
writeln('Feed concentration [mg/1] = '); 
writeln('Macropore cross flow ratio = '); 
writeln('Micropore cross flow ratio = '); 
writeln('Macropore volume fraction = '); 
selectno(4,10,45,l,num,wrd); 
catpo:=num[l]; catbo:=num[2]; cato:=num{3]; crossm:=num[4]; 
crossb:=num[S]; 
beta:=num[6]; 
end; 

procedure dat en; 
begin -

{input of cyanide parameters} 

clrscr; 
writeln('Cyanide'); 
writeln('------- 1

); 

gotoxy(l,4); 
str(cnpo:l:O,wrd[l]); str(cnbo:l:O,wrd[2]); str(cno:l:O,wrd[3]); 
str(kfcn:5,wrd[4]); str(kocn:5,wrd[5]); str(ecn:4:0,wrd[~]); 
str(kocnp:5,wrd[7]); str(acn:5:3,wrd[8]); str(qocn:3:1,wrd[9]); 
writeln('Initial pore concentration [mg/l] '); 
writeln('Initial interparticle concentration = '); 
writeln('Feed concentration [mg/l] '); 
writeln('Film transfer coefficient = '); 
writeln(' ko in bulk solution [l/s] '); 
writeln(' E in bulk solution [J/mol] '); 
writeln('k in pores at zero cyanide-age [l/s] '); 
writeln('Deactivating factor = '); 
writeln('Initial cyanide "loading" [mg/g] = '); 
selectno(4,13,45,l,num,wrd); 
cnpo:=num[l]; cnbo:=num[2]; cno:=num[3]; kfcn:=num[4]; kocn:=num[S]; 
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ecn:=num[6]; kocnp:=num[7]; acn:=num[8]; qocn:=num[9]; 
end; 

{--:------------------------ MAIN PROGRAM -------------~-------------~--} 
begin 
clrscr; 
highvideo; 
fnt:=O; 
fntsize:=2; 
grdvr:=detect; 
initgraph(grdvr,grmd,''); 
xo:=round(getmaxx/10); 
xm:=round(getmaxx/1.1); 
yo:=round(getmaxy/20); 
ym:=round(getmaxy/1.05); 
xg:=xm-xo; 
yg:=ym-yo; 
setviewport(xo,yo,xm,ym,false); 
moveto(O,O); 
linerel(xg,O); 
linerel(O,yg); 
linerel(-xg,O); 
linerel(O,-yg); 
xg:=xm div 10; 
yg:=ym div 10; 
floodfill(l,l,white); 
setcolor(black); 
settextstyle(fnt,horizdir,fntsize); 
settextjustify(lefttext, toptext); 
outtextxy(xg,yg, 'Surface diffusion mode,l for-~); 
outtextxy(xg,2*yg,'the elution of gold from a'); 
outtextxy(xg,3*yg,'bed of activated carbon'); 
outtextxy(xg,S*yg,'by'); 
outtextxy(xg,7*yg,'P.F. van der Merwe'); 
settextstyle{O,horizdir,l); 
outtextxy(S*xg,9*yg,'Press ENTER to continue ... '); 
defaults; 
readln; 
closegraph; 
new: 
dat gen; 
dat-met; 
dat-iso; 
dat-dif; 
dat-cat; 
dat-cn; 
dat-draw; 
scale; 
datname; 
rpt:=l; 
repeat 

if (rpt=l) and (np>O) then 
begin 
clrscr; 
gotoxy(l,8); 
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-writeln('Insert the disk containing the following files :'); 
writeln; 
for i:=l to np do writeln(fname[i]); 
writeln; 
pause; 
j:=O; 
for i:=l to np do 

begin 
if plt[i]='Y' then 

begin 
j:=j+l; 
pat[i]:=cha[j]; 
end 

else pat[i]:=O; 
end; 

for i:=l to np do readplot(fname[i],xx,yy,nxy[i],i); 
rpt:=O; 
end; 

Init(pc,size,fnt,fntsize); 
Axes; 
for i:=l to np do plot(xx,yy,nxy[i],join[i],pat[i],ltp[i],i); 

model; 

if key='Y' then legend; 
if ex='Y' then extra; 
readln; 
CloseGraph; 
clrscr; 

repeat; 
clrscr; 
writeln('Changes'); 
writeln('-------'); 
gotoxy{l,4); 
mnu:=l2; . 
wrd[l]:='Plots and legend'; 
wrd [ 2] : ='Sea 1 e' ; 
wrd[3]:='Working parameters'; 
wrd[4]:='Metal cyanide parameters'; 
wrd[S]:='Metal cyanide isoterm'; 
wrd[6]:='Metal cyanide transfer coefficients'; 
wrd[7]:='Cation parameters'; 
wrd[B]:='Cyanide parameters'; 
wrd[9]:='Values to be displayed'; 
wrd[lO]:='Captions'; 
wrd[ll]:='Extra text'; 
wrd[12]:='Repeat simulation with changes'; 
wrd[l3]:='Start a new run'; 
wrd[l4] :='Quit'; 
select(4,18,l,mnu,wrd); 
case mnu of 1: begin 

datname; 
rpt:=l; 
end; 

2: sea 1 e; 
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3: dat gen; 
4: dat-met; 
5: dat-iso; 
6: dat~ dif; 
7: dat-cat; 
8: dat-cn; 
9: dat-draw; 

10: caption; 
11: extratext; 
14: begin 

gotoxy(l,19); 
write('Save data? (Y/N) '); 
quest(chg); 
if chg='Y' then st_dat; 
write('Quit program? {Y/N) '); 
quest(chg); 
if chg='N' then mnu:=l; 
end; 

end; 
until (mnu>l1); 

if mnu=l3 then goto new; 
until (mnu=l4); 

end. 
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BEGIN 

! 
t = 0 

! 
SET INITIAL VALUES 

! YES 
s = 1? 

lNO 

FILL 
(Fig.H.3) 

t = t ffllij 

j = 0 

sec= 0 
I= I+ 1 

SETttlme 

t 
t = t .. ~t 

sec= sec +~t 

! 
catbo = catpo = cato ? 

lNO 

I= 0 

I= I+ 1 
mod_cat 

YES ! 
i < N? 

NO 

cnbo = cnpo = cno = 0 ? 

lNO 

I= 0 

[3·1 _en 

! 
I< N? 

NO 

(to top of page) 

I YES 

YES 

YES 

YES 

(from bottom of page) 
-1 

DRAW (CN) or (KJ ? _Y_E_S_ 

lNO 

i = 0 

I= I+ 1 
GUESS cs 

mod_au (Fig. H.2) 

! YES 
i < N? 

NO 

SET VALUES FOR 
NEXT TIME STEP 

J. 
OUTPUT TO 

SCREEN 

l 
sec< ttlme? 

lNO 
NO 

nt>l ?-----
lYES 

CARBON TRANSFER 

l 
j <> nt? 

NO 

STOP 

Figure H.1 Flow diagram of procedure "model" in program "surfdiff" 
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.. 

BEGIN 

. l 
CALC. GOLD CYANIDE 
EQUILIBRIUM WITH 

KNOWN (KJ AND [CN] 

l 
CALC. qs YllTH 

ESTIMATE OF cs 
l . 
.i: 

CALC. qm, qb. c 
YllTH RUNGE KUTTA 

! 
save= qs 

YES ! 
BALANS=O? 

lNO 
NO qs = 0.9995 qs 

BAL.ANS< 0? UNTIL 

lYES 
BALANS <= 0 

qs = 1.0005 qs 
UNTIL 

BAL.ANS>= 0 
I 
J 

CALC. NEW ESTIMATE 
OF cs WITH NEW VALUE 

OF qs . 
l 

CHANGE IN qs < 0.1 "? NO 

IYEs 
'J. 

STOP 

Figure H.2 Flow diagram of procedure "mod au" in program "surfdiff" 
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. 

BEGIN 

l 
hh = 0 

.I 
l 

hh = hh +ll.h 
I= 0 
.I 
l ~ 

I= I+ 1 

l YES 
i = hh? 

1 
lNO CALC. AVERAGE 

CONCENTRATIONS 
mod_cn IN SECTION I 
mod_cat 

I mod_ au 

! 
YES 

I< hh? 

YES 
lNO 

hh < h? 

lNO 

STOP 

. 

Figure H.3 Flow diagram of procedure "fill" in program "surfdiff" 
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APPENDIX I 

TURBO PASCAL PROGRAM FOR EQUILIBRIUM MODEL 

This program describes the elution of gold cyanide from a packed bed of 
activated carbon by using a combination of the following models : 

(1) The model for th~ elution and decomposition of cyanide developed in 
Chapter 4, 

(2) The nonideal flow model for the elution of potassium described in 
Chapter 5, and 

(3) The equilibrium model for the elution of gold cyanide developed in 
Chapter 6. 

Program "equilib" is basically identical to program "surfdiff" described 
in Appendix H, except for the different model used in procedure "mod_au". 
The same output combinations are possible as for program "surfdiff". 

Structure of main program 

The structure of the·main program is the same as that of the combination 
model described in Appendix G. 

Al~orithm of procedure "model" 

The structure of procedure ."model" is the same as that in program 
"surfdiff" (see Figure H.1 in Appendix H), except that no cs-value is 
estimated before procedure 11 mod_au" in program "equil i b". The structure 
of the fill procedure is also the same as described in Appendix H. 

Algorithm of procedure "mod_au" 

Procedure "mod au" calculates the gold concentrations on the carbon and 
in the liquid phase by using the equilibrium model derived in Chapter 6. 
In each time step, the potassium and cyanide concentrations are 
calculated before procedure "mod_au". This enables the calculation of 
the equilibrium constant A for the height section concerned. The 
derivative (dA/dt) ·is then calculated with Equation 6.34. Equation 6.31 
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{function "fc") is solved with a Runge Kutta routine to produce the value 

of C6 (cg) at (t+At). 

The nomenclature is the same as in Appendix H, except for the following 
additions 

Program 
ml 
m2 
dadt 
qg 

Program listing 

Thesi.s 
m1 
m 
dA/dt 
QG 

program equ il i b; 
uses crt,graph,grph; 

con st n max=50; 
n-maxx=51; 

{maximum number of height increments} 

type 
var 

1 abel 

tTmevar=array[O .. n maxx,L.2] of double; 
xmde,ymde,mnu,rpt,n,hh,i,j,jj,nt,ndd,nd:integer; 
a,cg,catm,catb,cat,cn,cnp,qcn:timevar; 
qg:array[O .. n maxx] of double; 
temp,dh,h,ti,v,eps,dc,fillt,hours,vp,cp,dt, 
dtfill,sec,kl,k2,k3,crossb,crossm,s,cato, 
cat po, catbo, beta, ca th, nbvi, q, ml, m2, mml ,-mmZ, - -
mm3,mm4,valx,mbl,mb2,mb3,mb4,mcl,mc2,mc3,mc4,valy,pp, 
qq,rr,ao,p,ea,f,c, 
co,qo,an,bn,dens,ttime,partl,area,sum,dadt,kcn, 
kcnp,kocn,kocnp, 
acn,ecn,kscn,cno,cnbo,cnpo,qocn,sO,sl,s2,s3,s4,s5:double; 
cntn,chg:yn; 
st:text; 
nxy:array[l .. 4] of integer; 
xx,yy:pnt; 
new; 

{n_max+l} 

function iso (ct,cyan,qcyan:double):double; {gold isotherm} 
begin 
nbvi:=(hours*3600*v*n/(area*i*h)); 
iso:=(ao/(c*qcyan+l))*exp(ea/(temp+273.15))*power(nbvi+l,q) 

*power(ct+SO,p)*power(cyan+l,f); 
end; 

function en (aa:double):double; 
begin 
en:=an*aa+bn; 
end; 

{exponent in gold isotherm} 

Stellenbosch University  https://scholar.sun.ac.za



309 

procedure initl (qO,cpO,aa:double; {calculation of initial gold values} 
var cO:double); 

var tail,rl,r2,r3,fl,f2,f3:double; 
begin 
tail:=qO+(ml-vp)*cO+vp*cpO; 
rl:=O; 
r2:=co+power(q0/aa,1/en{aa)); 
fl :=-tail; 
f2:=aa*power{r2,en{aa))+ml*r2-tail; 
repeat 

r3:=rl-{fl*{rl-r2)/{fl-f2}); 
f3:=aa*power{r3,en(aa))+ml*r3-tail; 
if f3>0 then 

begin 
r2:=r3; 
f2: =f3; 
end 

else if f3<0 then 
begin 
rl:=r3; 
fl :=f3; 
end; 

until abs(f3)<1e-8; 
c0:=r3; 
end; 

{--------------------------model starts -------------------------------} 
procedure model; 

proce4ure draw{ltne:integer); {line draw procedure} 
begin 
case ymde of 1: valy:=cg[n,l]; 

2: valy:=cg[n,l]/co; 
3: begin 

valy:=O; 
for jj:=l to nd do valy:=valy+qg[jj]; 
valy:=valy/jj; 
end; 

4: valy:=cat[n,l]; 
5: valy:=cn[n,l]; 
end; 

case xmde of 1: valx:=hours; 
2: valx:=hours*3600*v/(area*h); 
end; 

case line of 0: moveto(xscr(valx),yscr(valy)); 
1: lineto(xscr(valx),yscr(valy)); 
end; 

end; 

procedure mod_au (var delt,delh:double); 

function fc (var cf,ccf,af:double) : double; 
begin 
partl:=m2*(ccf-cf)-(power(cf,en(af))*dadt) 

-(af*an*power(cf,en(af))*dadt*ln(cf)); 

{model for gold cyanide} 
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fc:=partl/(af*en(af}*power(cf,en(af)-l)+ml); 
end; 

begin 
a[i,2]:=iso(cat[i,2],cn[i,2],qcn[i,2]); 
dadt:=(a[i,2)-a[i,l])/delt; 
mml:=fc(cg[i,l],cg[i-1,1],a[i,l]); 
pp:=cg[i,l]+((delt*mml)/2); 
qq:=(cg[i-l,l]+cg[i-1,2])/2; 
rr:=(a[i,l]+a[i,2])/2; 
mm2:=fc(pp,qq,rr); 
pp:=cg[i,l]+((delt*mm2)/2); 
mm3:=fc(pp,qq,rr); 
pp:=cg[i,l]+(delt*mm3); 
mm4:=fc(pp,cg[i-l,2],a[i,2]); 
cg[i,2]:=cg[i,l]+((delt/6)*(mml+(2*mm2)+(2*mm3)+mm4)); 
qg[i]:=a[i,2]*power(cg[i,2],en(a[i,2])); 
end; 

procedure mod_cat (var delt,delh:double); {model for elution of cation} 

function fk (var kt,ktt,ktm:double):double; 
begin 
fk:=kl*(ktt-kt)+kl*crossm*(ktm-kt); 
erid; 

function fkm (var kt,ktb,ktm:double):double; 
begin 
fkm:=k2*(kt-ktm)+k2*crossb*(ktb-ktm); 
end; 

function fkb (var ktb,ktm:double):doubl~; 
begin 
fkb:=k3*(ktm-ktb); 
end; 

begin 
kl:=v/(area*eps*delh); 
k2:=crossm*v/(beta*area*delh*dens*vp*(l-eps)); 
k3:=crossm*crossb*v/({l-beta)*area*delh*dens*vp*(l-eps)); 
mcl :=fk(cat[i., l] ,cat[i-1, l] ,catm[i, I]); 
mml:=fkm(cat[i,l],catb[i,l],catm[i,l]); 
mbl:=fkb(catb[i,l],catm[i,l]); 
pp:=catm[i,l]+((delt*mml)/2); 
qq:=catb[i,l]+((delt*mbl)/2); 
rr:=cat[i,l]+((delt*mcl)/2}; 
cath:=(cat[i-1,l]+cat[i-l,2])/2; 
mc2:=fk(rr,cath,pp); 
mm2:=fkm(rr,qq,pp); 
mb2:=fkb(qq,pp); 
pp:=catm[i,l]+((delt*mm2}/2); 
qq:=Catb[i,l]+((delt*mb2)/2); 
rr:=cat[i,l]+((delt*mc2)/2); 
mc3:=fk(rr,cath,pp); 
mm3:=fkm(r~,qq,pp); 
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· mb3:=fkb(qq,pp); 
pp:=catm[i,l]+(delt*mm3);, 
qq:=catb[i,l]+(delt*mb3); 

. rr:=cat[i,l]+(delt*mc3); 
mc4:=fk(rr,cat[i-l,2],pp); 
mm4:=fkm(rr,qq,pp); 
mb4:=fkb(qq,pp); 
cat[i,2]:=cat[i,l]+((delt/6)*(mc1+(2*mc2)+(2*mc3)+mc4)); 
catm[i,2]:=catm[i,l]+((delt/6)*(mm1+(2*mm2)+(2*mm3)+mm4)); 
catb[i,2]:=catb[i,l]+((delt/6)*(mb1+(2*mb2)+(2*mb3)+mb4)); 
end; · 

procedure mod_cn(delt,delh:double); {model for cyanide} 
begin 
kcnp:=kocnp/power(l+qcn[i,1],acn); 
s0:=1+(6*kscn*delt/(dens*vp*dt))+(kcnp*delt); 
sl:=l/sO; 
s2:=6*kscn*delt/(dens*vp*dc*s0); 
s3:=6*kscn*(l-eps)*delt/(eps*dc); 
s4:=v*delt/(area*eps*delh); 
s5:=1+s4+(kcn*delt)+(s3*(1-s2)); 
cn[i,2]:=(cn[i,l]+(s4*cn[i-1,2])+(s3*sl*cnp[i,l]))/s5; 
cnp[i,2]:=(sl*cnp[i,l])+(s2*cn[i,2]); 
qcn[i,2]:=qcn[i,l]+(vp*kcnp*cnp[i,2]*delt); 
end; 

procedure fill; {start filling up} 
begin 
fillt:=(l-s)*h*area*eps/v; 
dtfill:=fillt/n; 
hh:=O; 
repeat {time loop} 

sec:=sec+dtfill; 
hh:=hh+l; {hh = liquid level} 
if hh<>l then 

begin 
for i:=l to (hh-1) do mod cn(dtfill,dh); 
cn[hh,2]:=(cn[hh,2]*s)+(c~[hh-l,2]*(1-s)); 
if (cato<>catpo) or (cato<>catbo) then 

for i:=l to (hh-1) do mod cat(dtfill,dh) 
else -

for i:=l to (hh-1) do 
begin 
catm[i,2]:=catm[i,l]; 
catb[i,2]:=catb[i,l]; 
cat[i,2]:=cat[i,1]; 
end; 

if jmde<4 then for i:=l to (hh-1) do mod au(dtfill,dh); 
end; 

cnp[hh,2]:=cnp[hh,l]; {concentrations at liquid level} 
cn[hh,2]:=(cnbo*s)+(cn[hh-l,2]*(1-s)); 
cat[hh,2]:=(catbo*s)+(cat[hh-l,2]*(1-s)); 
catb[hh,2]:=catb[hh,l]; 
catm[hh,2]:=catm[hh,l]; 
cg[hh,2]:=cg[hh-l,2]*(1-s); 
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a[hh,2]:=iso(cat[hh,2],cn[hh,2],qcn[hh,2]); 
initl(qo,O,a[hh,2],cg[hh,2]); 
qg[hh]:=a[hh,2]*power(cg[hh,2],en(a[hh,2])); 
for i:=l to hh do 

begin 
cat[i,l]:=cat[i,2]; 
catm[i,l]:=catm[i,2]; 
catb[i,l]:=catb[i,2]; 
cg[i,l]:=cg[i,2]; 
en [ i , 1] : =en [ i , 2] ; 
cnp[i,l]:=cnp[i,2]; 
qcn[i,l]:=qcn[i,2]; 
a[i,l]:=a[i,2]; 
end; 

until sec>=fillt; 
end; {end of fill procedure} 

begin 
cntn:='a'; 
sec:=O; 
kcn:=kocn*exp(-ecn/(8.314*(273.15+temp))); 
ml:=vp+(eps/((1-eps)*dens)); 
m2:=v/((1-eps)*area*dh*dens); 
n:=round(h/dh); 
ndd:=n-nd; 
for i:=l ton max do 

begin -
catm[i,l]:=catpo; catb[i,l]:=catpo; cat[i,l]:=catbo; cn[i,l]:=cnbo; 
cnp [ i, 1]: =cnpo; qcn [ i , 1] : =qocn; cg_[ i , 1]: =co; .. -... - · 
end; 

for j:=l to 2 do 
begin 
cg[O,j]:=co; 
if (catpo=cato) and (catbo=cato) then 

for i:=l ton max do cat[i,j]:=cato 
else cat[O,j]:=cato; 

if (cno=O) and (cnpo=O) and (cnbo=O) then 
for i:=O ton max do 

begin -
cn[i,j]:=O; 
cnp[i,j]:=O; 
qcn[i,j]:=qocn; 
end 

else cn[O,j]:=cno; 
end; 

if s<>l then fill; 

hours:=sec/3600; 
draw(O); 

for j:=l to nt do 
begin 
if nt=l then 

{carbon transfer loop) 
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begin 
case xmde of 1: ttime:=xmx*3600; 

end 
else 

begin 

2: ttime:=xmx*area*h/v; 
end; 

if j=l then ttime:=ti*3600 
else 

begin 
case xmde of 1: ttime:=(xmx-ti)*3600/(nt-1); 

2: ttime:=((xmx*area*h/v)-ti*3600)/(nt-1); 
end; 

end; 
end; 

sec:=O; 
repeat 

sec:=sec+dt; 
if (cato<>catpo) or (catbo<>cato) then 

for i:=l ton do mod_cat(dt,dh) 
else for i:=l ton do 

begin 
catm[i,2]:=catm[i,l]; 
catb[i,2]:=catb[i,l]; 
cat[i,2]:=cat[i,l]; 
end; 

if (cnbo<>O) or (cno<>O) or (cnpo<>O) then 
for i:=l ton do mod_cn(dt,dh) 
else for i:=l ton do 

begin 
cn[i,2]:=0; 
cnp[i,2]:=0; 
qcn[i,2]:=qocn; 
end; 

if ymde<4 then 
begin 
if hours=O then 

begin 
for i:=l ton do 

begin 
a[i ,2] :=iso(cat[i ,2],cn[i ,2],qcn[i ,2]); 
cg [ i , 2] : =cg [ i , I] ; 
initl(qo,O,a[i,2],cg[i,2]); 
qg[ i] :=a[i, 2]*power(cg[ i, 2], en(a[i, 2])); 
end; 

end 
else for i:=l ton do mod_au(dt,dh); 
end; 

for i:=l ton do 
begin 
cat[i,l]:=cat[i,2]; 
catm[i,l]:=catm[i,2]; 
catb[i,l]:=catb[i,2]; 
cg [ i , 1] : =cg [ i , 2] ; 
a[i, l] :=a[i ,2]; 

{time loop} 
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cn[i,l]:=cn[i,2]; 
cnp[i,l]:=cnp[i,2]; 
qcn[i,l]:=qcn[i,2]; 
end; 

hours:=hours+(dt/3600); 
draw(l); 
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if keypressed then cntn:=upcase(readkey); 
until (cntn='Q') or (sec>=ttime); 
if (cntn<>'Q') and (j<>nt) then {transfer of carbon} 

begin 
for i:=l to ndd do 

begin 
. catm[i,l]:=catm[i+nd,l]; 
catb[i,l]:=catb[i+nd,l]; 
cnp [ i , 1] : =cnp [ i +nd, 1] ; 
qcn[i,l]:=qcn[i+nd,l]; 
qg [ i ] : =qg [ i +nd] ; 
cp:=cg[i+nd,l]; 
if ymde<4 then 

begin 
a[i,l]:=iso(cat[i,l],cn[i,1],qcn[i,l]); 
initl(qg[i],cp,a[i,l],cg[i,l]); 
qg[i]:=a[i,l]*power(cg[i,1],en(a[i,l])); 
end; 

end; 
for i:=ndd+l ton do 

begin 
catm[i,l]:=catpo; 
catb[i,l]:=catpo; 
cnp[i,l]:=cnpo; 
qcn[i,l]:=qocn; 
if ymde<4 then 

begin 
a[i, I] :=iso(cat[i, l],cn[i, l],qcn[i, I]); 
in it l ( qo, 0, a [ i , I] , cg [ i , 1] ) ; 
qg[i]:=a[i,l]*power(cg[i,l],en(a[i,l])); 
end; 

end; 
end; 

end; . 
end; 

{--------------------------------end of model---------------------------} 

procedure defaults; {setting default values} 
begin 
default; 
xmde:=2; size:=4; fnt:=O; fntsize:=l; lgndsize:=l; ymde:=l; pc:=3; 
assign(st,'equilib.dat'); 
reset(st); 
readln(st,co); readln(st,qo); readln(st,h); readln(st,v); 
readln(st,ao); 
readln(st,p); readln(st,ea); readln(st,f); readln(st,c); readln(st,q); 
readln(st~an); readln(st,bn); readln(st,dc); readln(st,dens); 
readln(st,vp); 
readln(st,temp); readln(st,cato); readln(st,catpo); readln(st,cno); 
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readln(st,cnbo}; readln(st,kscn); readln(st,kocn); 
readln(st,acn}; readln(st,eps}; readln(st,area}; readln(st,s}; 
readln(st,nt}; 
readln(st,dh}; readln(st,nd}; readln(st,dt); readln(st,crossm}; 
readln(st,crossb}; readln(st,beta); readln(st,catbo); readln(st,cnpo}; 
readln(st,qocn}; readln(st,kocnp); readln(st,ecn}; 
close(st}; 
end; 

procedure st dat; 
begin -

{saving new default values} 

assign(st,'equilib.dat'}; 
rewrite(st); 
writeln(st,co}; writeln(st,qo}; writeln(st,h); writeln(st,v); 
writeln(st,ao); 
writeln(st,p); writeln(st,ea}; writeln(st,f}; writeln(st,c); 
writeln(st,q); 
writeln(st,an); writeln(st,bn); writeln(st,dc); writeln(st,dens}; 
writeln(st,vp); writeln(st,temp); ~riteln(st,cato); writeln(st,catpo); 
writeln(st,cno); writeln(st,cnbo); writeln(st,kscn); writeln(st,kocn); 
writeln(st,acn); writeln(st,eps); writeln(st,area); 
writeln(st,s); writeln(st,nt); writeln(st,dh}; writeln(st,nd); 
writeln(st,dt); writeln(st,crossm); writeln(st,crossb); 
writeln(st,beta}; 
writeln(st,catbo); writeln(st,cnpo); writeln(st,qocn); 
writeln(st,kocnp); writeln(st,ecn); 
close(st); 
end; 
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procedure dat gen; 
begin -

{input of working :parameters} 

clrscr; 
gotoxy(l,5); 
writeln('Working parameters'); 
writeln('-------------7----'); 
gotoxy(l,8); 
str(h:6:4,wrd[l]); str(area:l2,wrd[2]); str(dc:8:6,wrd[3]); 
str(dens:4:1,wrd[4]); str{vp:ll,wrd[S]); str(eps:S:3,wrd[6]); 
str(v:l2,wrd[7]); str(temp:3:1,wrd[8]); str(s:4:3,wrd[9]); 
str(nd:l,wrd[lO]); str((nt-1):1,wrd[ll]); str(dh:7:5,wrd[l2]); 
str(dt:l:O,wrd[l3]); 
writeln('Bed height [m] 
writeln('Flow area of empty column [m2] 
writeln('Particle diameter {m] 
writeln('Apparent density of particles [kg/m3] 
writeln('Pore volume of particles [m3/kg] 
writeln('Void fraction of bed 
writeln('Volumetric flow rate [m3/s] 
writeln('Working temperature [°C] 
writeln('Fraction of void fraction containing pretreatment reagent 
writeln('Number of height sections discharged in counterflow 
writeln('Number of carbon transfers during run 
writeln('Incremental height [m] 
writeln('Time step [s] 
selectno(8,21,61,l,num,wrd); 

' ) ; 
= ' ) ; 
= ' ) ; 
= I ) ; 

' ) ; 
f ) ; 

f ) ; 

I ) ; 

I ) ; 

I ) ; 

I ) ; 

I ) ; 

'.l; 
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h:=num[l]; area:=num[2]; dc:=num[3]; dens:=num[4]; vp:=num[S]; 
eps:=num[6]; 
v:=num[7]; temp:=num[8]; s:=num[9]; nd:=round(num[lO]); 
nt:=l+round{num[ll]); 
dh:=num[l2]; dt:=num[l3]; 
if nt>l then 

begin 
gotoxy{l,23); 
write{'Time interval before first transfer of carbon {hr) '); 
readln{ti); 
end; 

end; 

procedure dat_draw; {specification of value to be displayed) 
begin 
repeat 
clrscr; 
writeln{'Choose the value to be displayed'); 
writeln{'--------------------------------'); 
wrd[l]:='Metal cyanide concentration [mg/l]'; 
if co<>O then wrd[2]:='C/Ci' else wrd[2]:='C/Co {not available)'; 
wrd[3]:='Eluted carbon loading [mg/gJ'; 
wrd[4]:='Cation concentration [mg/l]'; 
wrd[S]:='Cyanide concentration [mg/l]'; 
select{4,9,l,ymde,wrd); 
case ymde of 1: capt{2]:='C [mg/l]'; 

2: capt[2]:='C/Ci'; 

gotoxy{l, 12); 

3: capt[2]:='Q [mg/g]'; 
4: capt[2]:='K [mg/l]'; 
5: capt[2]:='CN [mg/l]'; 
end; 

writeln{'Values on x-axis :'); 
wrd[l]:='Time [hr]'; wrd[2]:='No. of bed volumes'; 
select{l2,14,20,xmde,wrd); 
case xmde of 1: capt[l]:=wrd[l]; 

2: capt[l]:=wrd[2]; 
end; 

until { co<>O) or {ymde<>2) ; 
end; 

procedure dat met; {input of gold cyanide parameters) 
begin -
clrscr; 
writeln('Metal cyanide'); 
writeln{'-------------'); 
writeln; 
writeln('A=Ao*exp{ea/(T+273.15))*power(K+50,p)*power(CN+l,f)'); 
writeln(' *{1/(c*qCN+l))*power(BV+l,q}'); 
str(co:4:2,wrd[l]); str(qo:5:3,wrd[2]); str(ao:6:5,wrd[3]); 
str(ea:4:3,wrd[4]); str(p:6:4,wrd[5]); str(f:6:4,wrd[6]}; 
str(c:7:5,wrd[7]); str(q:7:5,wrd[8]); 
gotoxy ( 1, 7); 
writeln('Feed concentration [mg/l] '); 
writeln('Initial concentration on carbon [mg/g] '); 
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writeln('Ao-value (ao) 
writeln('Temperature dependency (ea) 
writeln('Cation dependency (p) 
writeln('Free cyanide dependency (f) 
writeln('Cyanide-age dependency (c) 
writeln('Change in activity (q) 
selectno(7,15,42,l,num,wrd); 

= I) ; 
= I) ; 
= I) ; 
= I ) ; 

= I); 
= I) ; 

co:=num[l]; qo:=num[2]; ao:=num[3]; ea:=num[4]; p:=num[S]; f:=num[6]; 
c:=num[7]; q:=num[B]; 
gotoxy ( 1, 17) ; 
writeln('n = an*A + bn'); 
gotoxy(l,19); · 
str(an:9:7,wrd[l]); str(bn:9:7,wrd[2]); 
writeln('Slope (an) 
writeln('Intercept (bn) 
selectno(l9,21,42,l,num,wrd); 
an:=num[l]; bn:=num[2]; 
end; 

procedure dat cat; 
begin -
clrscr; 
writeln('Cation parameters'); 
writeln('-----------------'); 
gotoxy(l,4); 

= I) ; 
= I) ; 

{input of cation parameters} 

str(catpo:l:O~wrd[l]); str(catbo:l:O,wrd[2]); str(cato:li0,wrd[3]); 
str(crossm:5,wrd[4]); str(crossb:S,wrd[S]); str(beta:4:3,wrd[6]); 
writeln('lnitial pore cone. [mg/l] = '); 
writeln('lnitial interparticle cone. [mg/l] = '); 
writeln('Feed concentration [mg/1] = '); 
writeln('Macropore cross flow ratio = '); 
writeln('Micropore cross flow ratio = '); 
writeln('Macro pore volume fraction '); 
selectno(4,10,45,l,num,wrd); 
catpo:=num[l]; catbo:=num[2]; cato:=num[3]; crossm:=num[4]; 
crossb:=num[S]; beta:=num[6]; 
end; 

procedure dat en; {input of cyanide parameters} 
begin -
clrscr; 
writeln('Cyanide'); 
writeln('-------'); 
gotoxy(l,4); 
str(cnpo:l:O,wrd[l]); str(cnbo:l:O,wrd[2]); str(cno:l:O,wrd[3]); 
str(kscn:5,wrd[4]); str(kocn:S,wrd[S]); str(ecn:4:0,wrd[6]); 
str(kocnp:5)wrd[7]); str(acn:5:3,wrd[8]); str(qocn:3:1,wrd[9]); 
writeln('Initial pore concentration [mg/l] = '); 
writeln('Initial interparticle concentration '); 
writeln('Feed concentration [mg/l] '); 
writeln('Film transfer coefficient = '); 
writeln(' ko in bulk solution [l/s] = '); 
writeln(' E in bulk solution [J/mol] = '); 
writeln('k in pores at zero cyanide-age [l/s] = '); 
writeln('Deactivating factor = '); 
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writeln('Initial cyanide 11 loading 11 [mg/g] = '); 
selectno(4,13,45,l,num,wrd); 
cnpo:=num[l]; cnbo:=num[2]; cno:=num[3]; kscn:=num[4]; kocn:=num[S]; 
ecn:=num[6]; kocnp:=num[7]; acn:=num[8]; qocn:=num[9]; 
end; 

{--------------------------- MAIN PROGRAM------------------------------} 
begin 
clrscr; 
highvideo; 
fnt:=O; 
fntsize:=2; 
grdvr:=detect; 
initgraph(grdvr,grmd,''); 
xo:=round(getmaxx/10); 
xm:=round(getmaxx/1.1); 
yo:=round(getmaxy/20); 
ym:=round(getmaxy/1.05); 
xg:=xm-xo; 
yg:=ym-yo; 
setviewport(xo,yo,xm,ym,false); 
moveto(O,O); 
linerel(xg,O); 
linerel(O,yg); 
linerel(-xg,O); 
linerel(O,-yg); 
xg:=xm div 10; 
yg:=ym div 10; 
floodfill(l,l,white); 
setcolor(black); 
settextstyle(fnt,horizdir,fntsize); 
settextjustify(lefttext,toptext); . 
outtextxy(xg,yg,'Equilibrium model for the'); 
outtextxy(xg,2*yg,'elution of gold from a'); 
outtextxy(xg,3*yg,'bed of activated carbon'); 
outtextxy(xg,S*yg,'by'); 
outtextxy(xg,7*yg,'P.F. van der Merwe'); 
settextstyle(O,horizdir,l); 
outtextxy(5*xg,9*yg,'Press ENTER to continue ... '); 
defaults; 
readln; 
closegraph; 
new: 
dat gen; 
dat-met; 
dat-cat; 
dat-cn; 
dat-draw; 
scale; 
datname; 
rpt:=l; 
repeat 

if (rpt=l) and (np>O) then 
begin 
clrscr; 
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gotoxy(l ,8); 
writeln('lnsert the disk containing the following files :'); 
writeln; 
for i:=l to np do writeln(fname[i]); 
writeln; 
pause; 
j:=O; 
for i:=l to np do 

begin 
if plt[i]='Y' then 

begin 
j:=j+l; 
pat[i]:=cha(j]; 
end 

else pat[i]:=O; 
end; 

for i:=l to np do readplot(fname[i],xx,yy,nxy[i],i); 
rpt:=O; 

end; 
Init(pc,size,fnt,fntsize); 
Axes; 
for i:=l to np do plot(xx,yy,nxy[i],join[i],pat[i],ltp[i],i); 

model; 

if key='Y' then legend; 
if ex='Y' then extra; 
readln; 
CloseGraph; 
clrscr; 

repeat; 
clrscr; 
writeln('Changes'); 
writeln('-------'); 
gotoxy (1, 4) ; 
mnu:=lO; 
wrd[l]:='Plots and legend'; 
wrd[2]:='Scale'; 
wrd[3]:='Working parameters'; 
wrd[4]:='Metal cyanide parameters'; 
wrd[S]:='Cation parameters'; 
wrd[6]!='Cyanide parameters'; 
wrd[7]:='Values to be displayed'; 
wrd[B]:='Captions'; 
wrd[9]:='Extra text'; 
wrd[lO]:='Repeat simulation with changes'; 
wrd[ll]:='Start a new run'; 
wrd[12]:='Quit'; 
select(4,16,l,mnu,wrd); 
case rnnu of 1: begin 

datnarne; 
rpt:=l; 
end; 

2: scale; 
3: dat_gen; 
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4: dat met; 
5: dat-cat; 
6: dat-cn; 
7: dat-draw; 
8: caption; 
9: extratext; 

12: begin 
gotoxy(l,19); 

end; 

write('Save data? (Y/N) '); 
quest(chg); 
if chg='Y' then st dat; 
write('Quit program? (Y/N) '); 
quest (chg) ; · 
if chg='N' then mnu:=l; 
end; 

until (mnu>9); \ 
if mnu=ll then goto new; 
until (mnu=l2); 

end. 
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Hl 

APPENDIX J 

TURBO PASCAL SUB-ROUTINES FOR MENU'S AND GRAPHICS 

The same graphics routines were used for the programs listed in 
Appendices G to I. These routines ~ere combined in the Turbo Pascal unit 
"grph" presented below. The function of each procedure is noted in the 
program listing. 

Program listing 

unit grph; 
interface 
uses dos,graph,crt~ 

type oneitem=string[SO]; 
filename=string[30]; 
yn=string[l]; 
pnt=array[l .. 4,1 .. 100] of double; 
wrds=array[l .. 20] of oneitem; 
realstr=array[l .. 20] of double; 

var num:realstr; 
wrd:wrds; 
dat:text; 
scan,grdvr,grmd,inc,j,nx,ny,np,nv,xo,yo,xm,ym,lngth, 
hght,xb,yb,plc,fnt, 
lgndsize,fntsize,ni,xg,yg,xe,ye,xv,yv,i,xd,yd,wO,hO,ls, 
pc, size: integer; 
xmx,xmn,ymx,ymn,xl,yl,xin,yin,g:real; 
mrk:string[S]; 
capt:array[l .. 8] of oneitem; 
plt,join:array[l .. 4] of yn; 
ch,ex,key,choice:char; 
test:string[l]; 
lgnd,ins:array[l .. 6] of string[50]; 
xi,ji:array[l .. 6] of integer; 
ltp,pat:array[l .. 6] of integer; 
fname:array[l .. 5] of filename; 
wc:yn; 

const cha:array[l .. 8] of integer=(4,10,ll,12,120,42,43,9); 

function Xscr (x:double) :integer; 
function Yscr (y:double) :integ~r; 
procedure Default; 
procedure Init (pc,size,fnt,fntsize:integer); 
procedure Caption; 
procedure Des (var numb:real; 

var ndes:integer); 
procedure Scale; 
procedure Datname; 
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procedure Readplot(var fnm:filename; 
var x,y:pnt; 
var npts,i:integer); 

_procedure. Plot(var x,y:pnt; 
var npts:integer; 
var jn : yn; 
var car, tpe, i : integer); 

procedure Axes; 
procedure Extratext; 
procedure Position(var xp,yp,hp,lp:integer); 
procedure Extra; 
procedure legend; 
procedure Quest (var ans:yn); 
procedure Pause; 
function Power (xm,ym:double) : double; 
procedure KeyScan; _ 
procedure SelectWrd (lg,hg,x,i:integer; 

var items:wrds); 
procedure SelectNo (lg,hg,x,i:integer; 

var v:realstr; 
var items:wrds); 

procedure Select(lg,hg,x:integer; 
var i:integer; 
var items:wrds); 

implementation 

function Xscr (x:double) :integer; 
begin 
xscr:=round((x-xmn}*xg/xl); 

{converts x to screen co-ordinate} 

end; 

function Yscr (y:double) :integer; 
begin 
yscr:=yg-round((y-ymn)*yg/yl); 
end; 

{converts y to screen co-ordinate} 

procedure Default; 
begin 

key:='N';ex:='N';size:=4;fnt:=O; 
fntsize:=l; lgndsize:=l; xv:=lO; yv:=lO; 
for i:=l to 8 do capt[i]:=''; 
for i:=l to 6 do 

begin 
xi[i]:=O; 
yi[i]:=O; 
l gnd [ i ] : : I I ; 

ins[i]:=''; 
end; 

for i:=l to 4 do 
begin 
ltp[i]:=O; 
fname[i]:='a:\'; 
plt[i] :='Y'; 
join[i] :='N'; 

{default settings) 
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end; 
xd:=3; yd:=3; ni:=O; np:~o; nv:=O; 
xmn:=O; ymn:=O; xmx:=lO; ymx:=l; nx:=5; ny:=5; 

end; 

procedure Init (pc,size,fnt,fntsize:integer); {sets screen in graph mode} 
begin 

if pc=l then 
begin 
grdvr:=8; 
grmd:=3; 
initgraph(grdvr,grmd,''); 
setgraphmode(att400hi); 
end 

else 
begin 
grdvr:=detect; 
initgraph(grdvr,grmd,''); 
end; 

settextstyle(fnt,horizdir,fntsize); 
if pc=3 then 

begin 
xo:=round(getmaxx/6); 
if (size=l) or (size=2) then 

{pc= 1 =AT&T= Olivetti} 
{pc = 2 = Herculus } 
{pc = 3 = CGA, other } 

{sets size of graph} 

xm:=round(getmaxx/1.5) else xm:=round(getmaxx/1.05); 
yo:=round(getmaxy/50); 
if (size=4) or (size=2) then ym:=round(getmaxy/1.3) 

else ym:=round(getmaxy/1.6); 
inc:=textheight('O'); 
end 

else 
begin 
if (fnt=O) or (fntsize=5) then xo:=round(getmaxx/8) 

else xo:~round(getmaxx/6); 
if (size=l) or (size=2) then xm:=round(getmaxx/1.15) 

else xm:=round(getmaxx/1.06); 
yo:=round(getmaxy/50); 
if (size=4) or (size=2) then ym:=round(getmaxy/1.2) 

else ym:=round(getmaxy/1.4); 
inc:=round(l.5*textheight('O')); 
end; 

end; 

procedure Caption; 
begin 

clrscr; 
gotoxy(l,3); 
for i:=l to 8 do wrd[i]:=capt[i]; 
writeln('Captions'); 
writeln('--------'); 
writeln; 
writeln('X-axis :'); 
writeln('Y-axis :'); 
writeln('Heading :'); 
writeln(' :'); 

{input of captions) 
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writeln(' 
writeln(' 
writel n (' 

• I ) • . ' 
• I ) • . ' 
• I ) • . ' 

writeln(' : '); 
selectwrd(6,14,13,l,wrd); 
for i:=l to 8 do capt[i]:=wrd[i]; 

end; 

procedure Des(var numb:real; 
, var ndes:integer); 

var strlO:string[lO]; 
begin 

str(numb:l0:3,strl0); 
ndes:=3; 
plc:=ll; 
repeat 
plc:=plc-1; 
test:=copy(strlO,plc,l); 
if test='O' then ndes:=ndes-1; 
until (test<>'O') or (ndes=O); 

end; 

{calculates number of decimals} 

procedure Scale; {input of axes scales} 
begin 

repeat 
clrscr; 
str(xmn:5:3,wrd[l]); str(xmx:5:3,wrd[2]); str(ymn:5:3,wrd[3]); 
str(ymx:5:3,wrd[4]); str(nx:l,wrd[S]); str(ny:l,wrd[6]); 
gotoxy (1, 8) ; 
writeln('Scale'); 
writeln('-----'); 
writeln; 
writeln('X-minimum · :'); 
writeln('X-maximum :'); 
writeln('Y-minimum :'); 
writeln('Y-maximum :'); 
writeln('X-divisions :'); 
writeln('Y-divisions :'); 
selectno{ll,17,16,1,num,wrd); 
xmn:=num[l];xmx:=num[2];ymn:=num[3];ymx:=num[4]; 
nx:=round{num[S]); ny:=round(num[6]); 
xl:=xmx-xmn; · 
yl:=ymx-ymn; 
if nx>O then xin:=xl/nx else xin:=xl; 
if ny>O then yin:=yl/ny else yin:=yl; 
until (xl>O) and (yl>O); 

end; 

procedure Datname; {input of data files to be plotted} 
begin 

clrscr; 
writeln; 
writeln('Plots'); 
write{'-~---------------------------------------------------------'); 
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writeln{'--------------------'); 
writeln{'Filename'); 
writeln; 
for i:=l to 4 do wrd[i]:=fname[i]; 
SelectWrd {6,10,1,1,wrd); 
for i:=l to 4 do fname[i]:=wrd[i]; 
gotoxy{l,4); 
writeln{'Filename P'); 
for i:=l to 4 do wrd[i]:=plt[i]; 
SelectWrd {6,10,22,1,wrd); 
for i:=l to 4 do 

begin 
plt[i]:=copy{wrd[i],1,1); 
if plt[i]='y' then plt[i]:='Y'; 
end; 

gotoxy{l,4); 
writeln{'Filename P J'); 
for i:=l to 4 do wrd[i]:=join[i]; 
SelectWrd {6,10,26,1,wrd); 
test:='N'; 
for i:=l to 4 do 

begin 
join[i]:=copy{wrd[i],1,1); 
if join[i]='y' then join[i]:='Y'; 
if join[i]='Y' then test:='Y'; 
end; 

if test='Y' then 
begin 
gotoxy{l,4); . 
writeln{'Filename P J L'); 
for i:=l to 4 do str(ltp[i):l,wrd[i]); 
SelectNo (6,10,30,1,num,wrd); 
for i:=l to 4 do ltp[i]:=round(num[i]); 
end; 

np:=O; 
for i:=l to 4 do if fname[i]<>'a:\' then np:~i; 
gotoxy(l,4); 
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writeln('Filename P J L Legend entry'); 
for i:=l to 4 do wrd[i]:=lgnd[i]; 
SelectWrd (6,10,34,1,wrd); 
nv:=O; 
for i:=l to 4 do 

begin 
lgnd[i]:=wrd[i]; 
if lgnd[i]<>" then 

begin 
key:=' Y'; 
nv:=i; 
end; 

end; 
if key='Y' then nv:=nv-np; 

end; 

procedure Readplot(var fnm:filename; 
var x,y:pnt; 

(reads data from disk}. 
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var npts,i:integer); 
begin 

assign(dat,fnm); 
reset(dat); 
npts:=O; 
while not eof(dat) do 

begin 
npts:=npts+l; 
readln(dat,x[i,npts],y[i,npts]); 
end; · 

close(dat); 
end; 

procedure Plot(var x,y:pnt; 
var npts:integer; 
var jn : yn; 
var car,tpe,i : integer); 

begin . 
settextstyle(defaultfont,horizdir,l); 
xb:=xscr(x[i,l]); 
yb:=yscr(y[i,l]); 
xe:=xb; 
ye:=yb; 
if (car<>O) then outtextxy(xe,ye,chr(car)); 
settextjustify(centertext,centertext); 
for j:=2 to npts do 
begin 

xe:9xscr(x[i,j]); 
ye:=yscr(y[i,j]); 
if car<>O then outtextxy(xe,ye,chr(car)); 
if jn='Y' then 

begin 
setlinestyle(tpe,solidln,normwidth); 
line(xb,yb,xe,ye); 
end; 

xb:=xe; 
yb:=ye; 

end; 
setlinestyle(O,solidln,normwidth); 
if car<>O then outtextxy(xe,ye~chr(car)); 

end; 
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{plots data on screen} 

procedure Axes; {draws axes} 
var xee,yee:double; 
begin 
des(xin,xd); 
des(yin,yd); 
xg:=xm-xo; 
yg:=ym-yo; 
settextstyle(fnt,horizdir,fntsize); 
wO:=textwidth('O'); 
hO:=textheight('O'); 
if pc=3 then ls:=round(h0/3); 
if pc=l then if (fnt=O) then ls:=round(l.3*h0) else ls:=round(h0/1.5); 
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if pc=2 then ls:=wO div 2; 
setviewport(xo,ym,xm,getmaxy,false); 
if ( nx>O) then 

begin 
for i:=O to nx do 

begin 
g:=xmn+(i*xin); 
plc:=O; 
str(g:S:xd,mrk); 
repeat 

plc: =pl c+l; 
test:=copy(mrk,1,1); 
if test=' ' then mrk:=copy(mrk,2,5-plc); 
until (test<>' ')or (plc>4); 

settextjustify(centertext,toptext); 
outtextxy(round(i*xg/nx),ls,mrk); 
end; 

end; 
settextjustify(centertext,toptext); 
outtextxy(xg div 2,h0+2*ls,capt[l]); 

setviewport(O,yo,xo,ym,false); 
if (ny>O) then 

begin 
for i:=O tony do 

end; 

begin 
g:=ymx-(i*yin); 
str(g:l:yd,mrk); 
settextjustify(righttext,centertext); 
outtextxy(xo-wO,round(i*(ym-yo)/ny),mrk); 
end; 

str(ymx:l:yd,mrk); 
settextstyle(fnt,vertdir,fntsize); 
settextjustify(righttext,centertext); 
if (fnt=l) or (fntsize>5) then xb:=2 else xb:=3; 
xee:=xo-textwidth(mrk)-xb*wO; 
outtextxy(round(xee),(ym-yo) div 2,capt[2]}; 
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{x-axis) 

{y-axis) 

setviewport(O,ym,xm,getmaxy,false); {caption) 
settextstyle(O,horizdir,l}; 
settextjustify(lefttext,toptext); 
if (fnt=O) or (fntsize=5) then 

for i:=l to 6 do outtextxy(round(xee},(2+i)*h0+3*ls,capt[i+2]) else 
for i:=l to 6 do outtextxy(round(xee),(2+i)*h0+2*ls,capt[i+2]); 

setviewport(xo,yo,xm,ym,true); 
moveto(O,O); 
1 inerel (xg,O); 
linerel(O,yg); 
linerel(-xg,O); 
linerel(O,-yg); 
if (nx>l} and (ny>l) then 

begin 
for i:=l to (nx-1) do· 

{graph window) 
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begin 
moveto(round(i*xg/nx),O); 
linerel(0,3); 
moveto(round(i*xg/nx),yg); 
linerel(0,-3); 
end; 

for j:=l to (ny-1) do 
begin 
moveto(O,round(j*yg/ny)); 
linerel(5,0); 
moveto(xg,round(j*yg/ny)); 
linerel(-5,0); 
end; 

end; · 
xee:=xmn; 
yee :=0; -
moveto(xscr(xee),yscr(yee)); 
xee:=xmx; 
lineto(xscr(xee),ystr(yee)); 
xee:=O; 
yee:=ymn; 
moveto(xscr(xee),yscr(yee)); 
yee:=ymx; 
lineto(xscr(xee),yscr(yee)); 

end; 

procedure Extratext; 
begin 

clrscr; 
gotoxy(l,8); 
writeln('Extra Text in graph window'); 
writeln('-------------------------~'); 
gotoxy(l,11); 
fori:=lto6do 

begin 
writeln{'Entry ',i:l,' : '); 
wrd[i]:=ins[i]; 
end; 

selectwrd(ll,17,13,1,wrd); 
for i: =l to 6 do 

begin 
ins[i]:=wrd[i]; 
if ins[i]<>" then 

begin 
ex:='Y'; 
ni: =i; 
end; 

end; 
end; 

procedure Position(var xp,yp,hp,lp:integer); 

var pixl,pix2:word; 
begin 

pixl:=getpixel(xp,yp); 

{input of extra text} 

{determines position of} 
{legend and extra text } 
{ on screen } 
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pix2:=getpixel(xp+lp,yp+hp); 
putpixel(xp,yp,getcolor); 
putpixel(xp+lp,yp+hp,getcolor); 
inc:=4; 
repeat 

ch:=readkey; 
putpixel(xp,yp,pixl); 
putpixel(xp+lp,yp+hp,pix2); 
case ord(ch) of 

72: yp:=yp-inc; 
73: inc:=2*inc; 
81: if inc>l then inc:=inc div 2; 
75: xp:=xp-inc; 
77: xp:=xp+inc; 
80: yp:=yp+inc; 

end; 
pixl:=getpixel(xp,yp); 
putpixel(xp,yp,getcolor); 
pix2:=getpixel(xp+lp,yp+hp); 
putpixel(xp+lp,yp+hp,getcolor); 

until ord(ch)=13; 
putpixel(xp,yp,pixl); 
putpixel(xp+lp,yp+hp,pixl); 
end; 

procedure Legend; (output of legend on screen} 
begin 
settextstyle(fnt,horizdir,lgndsize); 
if pc=3 then ls:=textheight('O') 

else if (fnt=O) or (lgndsize=S) then ls:=round(l.6*textheight('O')) 
else ls:=textheight('O'); 

lngth:=textwidth(lgnd[l]); 
for i:=2 to (np+nv) do 

if textwidth(lgnd[i])>lngth then lngth:=textwidth(lgnd[i]); 
lngth:=lngth+2*textwidth('O'); 
hght:=(np+nv-l)*ls; · 
position(xv,yv,hght,lngth); 
settextjustify(centertext,centertext); 
settextstyle(defaultfont,horizdir,l); 
for i:=l to np do 

begin 
if pat[i]<>O then outtextxy(xv,yv,chr(pat[i])); 
yv:=yv+ls; 
end; 

settextstyle(fnt,horizdir,lgndsize); 
yv:=yv-(np*ls); 
settextjustify(lefttext,centertext); 
for i:=l to (np+nv) do 

begin 
outtextxy(xv+2*textwidth('O'),yv,lgnd[i]); 
yv:=yv+ls; 
end; 

yv:=yv-(np+nv)*ls; 
end; 
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procedure Extra; {output of extra text on screen} 
begin 
settextstyle(fnt,horizdir,lgndsize); 
for i:=l to ni do 

begin 
lngth:=textwidth(ins[i]); 
hght:=O; 
position(xi[i],yi[i],hght,lngth); 
settextjustify(lefttext,centertext); 
outtextxy(xi[i],yi[i],ins[i]); 
end; 

end; 

procedure Quest (var ans:yn); {input of Y/N type of questions} 
begin 

ans:=' a'; 
repeat 

ans:=upcase(readkey); 
until (ans='Y') or (ans='N'); 
writeln(ans); 

end; 

procedure Pause; 
begin 

gotoxy(Sl,25); 
write('Press any key to continue ... '); 
wc:='w'; 
wc:=readkey; 

end; 

{pause until key pressed} 

function Power (xm,ym:double) : double; {raises xm to the power ym} 
begin 

if xm>O then power:=exp(ym*ln(xm)) 

end; 

else if xm<O then 
begin 
closegraph; 
clrscr; 
write('Argument of power function smaller than O,'}; 
writeln(' Press Ctrl Break'); 
readln; 
end 
else if ym>O then power:=O 

else 
begin 
closegraph; 
clrscr; 
write('Division by 0 in power function,'); 
writeln(' Press Ctrl Break'); 
readln; 
end; 

procedure KeyScan; {rest of procedures used for creation of menu's) 
var reg : Registers; 

ascii:integer; 

330 

Stellenbosch University  https://scholar.sun.ac.za



begin 
reg.ax := O; 
intr {$16,reg); 
ascii := lD{reg.ax); 
scan := hi{reg.ax); 
ch := char{ascii); 

end; 

procedure Tab{var x,y:integer; var item:oneitem); 
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var k:integer; {TAB key - deletes line} 
begin 

textbackground{black); 
textcolor(white); 
gotoxy(x,y); 
for k:=l to length(item) do write(' '); 
i tern:=''; 
gotoxy(x,y); 

end; 

procedure Del(var x,y:integer; var item:oneitem); 
begin {BACKSPACE key - deletes character} 

textbackground(black); 
textcolor(white); 
gotoxy(x+length(item)-1,y); 
write(''); 
item:=copy(item,l,length(item)-1); 
gotoxy(x,y); 
write( item); 

end; 

procedure Up(var x,y,hg,lg,i:integer; var items:wrds); 
begin 

gotoxy(x,y); 
textbackground(black); 
textcolor(white); 
write(items[i]); 
if y>lg then begin y:=y-1; i:=i-1; end 
else begin y:=hg-1; i:=hg-lg; end; 
gotoxy(x,y); 
textbackground(lightgray); 
textcolor(black); 
write(items[i]); 

end; 

procedure Down(var x,y,hg,lg,i:integer; var items:wrds); 
begin 

gotoxy(x,y); 
textbackground(black); 
textcolor(white); 
write ( i terns [ i]) ; 
if y<hg-1 then begin y:=y+l; i:=i+l; end 
else begin y:=lg; i:=l; end; 
gotoxy(x,y); 
textbackground(lightgray); 
textcolor(black); 

{UP arrow} 

{DOWN arrow} 
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write(items[i]); 
end; 

procedure SelectWrd( lg,hg,x,i:integer; {Permits changes to text menus} 
var items:wrds); 

var loop,pix,j,y : integer; 

begin 
pix:=O; 
scan:=l; 
highvideo; 
for j:=l to (hg-lg) do 

begin 
gotoxy(x,j+lg-1); 
writeln(items[j]); 
end; 

y:=lg+i-1; 
repeat 

gotoxy(x,y); 
textbackground(lightgray); 
textcolor(black); 
write(items[i]); 
1 oop : = 1; 

while loop < 11 do begin 
if scan=28 then scan:~8o else 

begin 
repeat 

KeyScan 
until scan in [2 .. 28,30 .. 41,43 .. 53,72,80] 
end; 

case scan of 
72 up(x,y,hg,lg,i,items); 
80 down(x,y,hg,lg,i,items); 
28 : begin 

pix:=l; 
loop:=ll; 

end; 
15 : tab(x,y,items[i]); 
else begin 

textbackground(black); 
textcolor(white); 
if scan=l4 then del(x,y,items[i]) 

else 
begin 
gotoxy(x,y); 
items [ i] : = i terns [ i] + ch; 
write(items[i]); 
end; 

repeat 
repeat KeyScan 
until scan in [2 .. 28,30 .. 41,43 .. 53,57]; 
case scan of 

14 del (x,y, items[i]); 
15 tab(x,y,items[i]); 
28 : begin end; 
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end; 
end; 

else begin 
items[i] := items[i] +ch; 
write{ch); 
end; 

end; 
until scan=28; 
end; 

until pix=l; 
textbackground{black); 
textcolor{white); 

end; 

procedure SelectNo{lg,hg,x,i:integer; {Permits changes to numeric values} 
var v:realstr; 
var items:wrds); 

var loop,pix,j,y : integer; 
code: integer; 

begin 
pix:=O; 
scan:=l; 
highvideo; 
for j:=l to {hg-lg) do 

begin 
gotoxy{x,j+lg-1); 
writeln{items[j]); 
end; . 

y:=lg+i-1; 
repeat 

gotoxy{x,y); 
textbackground{lightgray); 
textcolor{black); 
write{items[i]); 
loop : = 1; 

while loop < 11 do begin 
if scan=28 then scan:=80 else 

begin 
repeat KeyScan until scan in [2 .. 12,83,28,52,7i,80] 
end; 

· case scan of 
72: up{x,y,hg,lg,i,iterns); 
80: down{x,y,hg,lg,i,iterns); 
28: begin 

pix:=l; 
loop:=ll; 

end; 
else begin 

tab{x,y,items[i]); 
items [ i] : = items [ i] + ch; 
write{iterns[i]); 
repeat 

repeat KeyScan until scan in [2 .. 12,14,18,52,28]; 
case scan of 
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14: del(x,y,items[i]); 
28 : begin end; 
else begin 

items{i] := items[i] + ch; 
write(ch); 
end; 

end; 
until scan=28; 
end; 

end; 
end; 

for j:=l to 20 do val(items[j],v[j],code); 
until pix=l; 
textbackground(black); 
textcolor(white); 

end; 

procedure Select(lg,hg,x:integer; 
var i:integer; 
var items:wrds); 

var loop,pix,j,y : integer; 

begin 
pix: "'o; 
scan:,,,1; 
highvideo; 
for j:"'l to (hg-lg) do 

begin 
gotoxy(x,j+lg-1); 
writeln(items[j]); 
end; 

y:,,,lg+i-1; 
repeat 

gotoxy(x,y); 
textbackground(lightgray); 
textcolor(black); 
write(items[i]); 
1 oop : = 1; 

while loop < 11 do begin 

end; 

repeat KeyScan until scan in [28,72,80]; 
case scan of 

end; 

72: up(x,y,hg,lg,i,items); 
80: down(x,y,hg,lg,i,items); 
28: begin 

pix:=l; 
loop:=ll; 
end; 

until pix=l; 
textbackground(black); 
textcolor(white); 

end; 

end. 

{Selection of option} 
(no change possible } 
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Experiment no.I 

Zeta potentials- of carbons A and B as a function of solution pH. 

Carbon A Carbon B 

pH € [mV] pH € [mV] 

2.01 -9.18 1.46 111.38 
2.78 -23.44 2.92 -31.36 
3.52 -37.12 3.83 -51. 77 
4.69 -67.60 5.52 -99.96 
5.46 -92.35 6.41 -103.8 
5.55 -89.27 9.34 -99.01 
6.89 -98.14 
8.8 -89.84 

10.24 -94.31 
11.08 -82.96 

Experiment no.2 

Particle size distribution of carbon BTX. 

[~~l+de2 m 
[g] 

-2360+2000 1.8029 
-2000+1700 5.3469 
-1700+1400 10.852 
-1400+1180 8.2232 
-1000+850 2.5241 
-850+0 0.7064 

me(tota l) 34.466 

del' de2 = Sieve sizes 

de = )del · de2 

de(ave) = L: l/J.de 

1/J 

0.052 
0.155 
0.315 
0.239 
0.073 
0.020 

I 

de(ave) 

de 
[µm] 

2173 
1844 
1543 
1086 
922 
29 

1417 
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-
Experiment no.3 

Equilibrium adsorption of gold cyanide on carbon A from solutions in 
contact with air, i.e. [02] = 9 mg/l. 
vi = 1000 ml 

m 
[g] 

C.G 
[g/m3] 

v 
[ful] 

c 
[g,m3] 

Q 
[g~kg] 

1. 2081 30.6 945 3.0 23.0 
1. 0817 30.6 955 3.8 24.9 
0.9745 30.6 960 4.9 26.6 
0.8985 30.6 1000 5.9 27.5 
0.8266 30.6 965 7.0 28.9 
0.7667 30.6 945 7.9 30.2 
0.7116 30.6 955 8.9 31.1 
0.6238 30.6 955 11. l .32 .1 
1.1006 48.0 . 1015 11.6 32.9 
0.5562 30.6 965 12.5 33.3 
0.5064 30.6 965 13.5 34.7 
0.9820 48.0 1010 13.6 34.9 
2.0018 86.1 950 15.2 35.8 
0.8492 48.0 1045 16.5 36.2· 
0.7751 48.0 1020 19.5 36.3 
0. 7130 48.0 1000 21. l 37.7 
1.7555 86.1 955 21.1 37.6 
0.5337 48.0 1041 26.0 39.2 
1. 5510 86.1 940 28.0 38.6 . 
1.3660 86 .1 . 985 31.1 40.6 
1.2033 86.1 935 36.8 43.0 
1. 0552 86.1 950 43.0 42.9 
l. 2010 96.0 1020 46.3 40.6 
0.9138 86.1 965 48.0 43.5 
1.0009 96.0 990 51.3 45.2 

"0.7814 86.1 970 54.0 43.2 
0.6583 86.1 965 57.4 46.7 
0.8399 96.0 995 58.0 45.6 
0.5383 86.1 960 63.4 46.9 
0.6836 96.0 985 64.0 48.2 
0.5419 96.0 1000 69.0 49.8 
0.4265 86.1 960 69.2 46.l 
0.3138 86.1 945 74.6 49.7 

Q = 18. 97 c 0.2194 
eG eG 
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Experiment no.4 

Equilibrium adsorption of gold cyanide on carbon A from solutions with a 
constant [02 ] = 4.4 mg/l. 
V; = 1000 m I 

m 
[g] 

c 
[~~m3] 

v 
[ful] 

c 
[g,m3] 

Q 
[g~kg] 

1.4312 13.8 890 0.3 9.5 
1.1864 13.8 890 0.5 11.3 
0.7570 13.8 875 1.8 16.2 
0.4938 13.8 895 4.3 20.2 
0.3326 13.8 880 7 .1 22.7 
0.2067 13.8 895 10.0 23.5 
1.6800 57.4 870 12.7 27.6 
1.3875 57.4 900 19.2 28.9 
0.9410 57.4 885 28.6 34.l 
0.5844 57.4 900 41.6 34.2 

Q = 13 478 c 0·2636 
eG .• eG 
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'Experiment no.5 

Equilibrium adsorption of gold cyanide on carbon A from deaerated 
solutions, i.e. [02] = 0 mg/1. 
Ve = Vi 

m 
[g] 

v. 
[ml] 

C.G 
[ g/m3] 

c 
[g,m3] 

Q 
[g~kg] 

1.8968 1000 13.4 0.8 6.6 
1.2751 950 10.0 1.0 6.7 
0.9621 950 10.0 1.4 8.5 
1.3946 1000 13.4 1.6 8.5 
0.7349 950 10.0 2.3 9.95 
1.1153 1000 13.4 2.3 9.95 
0.4852 950 10.0 3.6 12.5 
0.7833 1000 13.4 4.5 11.4 
1. 6310 950 29.0 5.9 13.5 
0.3085 1000 13.4 9.1 13.9 
1.1129 950 29.0 10.0 16.2 
2.4208 1000 54.6 11.1 18.0 
0.6922 950 29.0 14.9 19.4 
1.9511 1000 54.6 16.6 19.5 
1. 2560 950 47.6 21. 0 20.l 
1. 2707 1000 54.6 28.0 20.9 
0.5949 950 47.6 33.0 23.3 
0. 7717 1000 54.6 35.8 24.4 
0.3564 1000 54.6 45.1 26.7 

Q = 7 302 c 0.3387 
eG • eG 
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Experiment no.6 

Equilibrium adsorption of gold cyanide on carbon A from solutions with a 
constant [9f] = 14.5 mg/l. 
v; = 1000 m 

m C.G v c Q 
[g] [ g/m3] [ful] [g'm3] [g~kg] 

1.1124 48.0 975 11. 9 32.7 
0.9834 48.0 985 15.0 33.8 
0.7743 48.0 970 20.4 36.4 
0. 7123 48.0 970 22.6 36.6 
0.6427 48.0 960 24.2 38.5 
0.5385 48.0 980 27.0 40.0 
1.2056 96.0 995 46.7 41.1 
1.1103 96.0 980 49.0 43.2 
0.9994 96.0 980 52.0 45.1 
0.8411 96.0 980 58.0 46.6 
0.6835 96.0 990 64.0 47.8 
0.5400 96.0 1000 69.0 50.0 

Q = 18 47 c 0· 226 
eG • eG 
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Experiment no.7 

Equilibrium adsorption of silver cyanide on carbon A from solutions in 
contact with air, i.e. [02] = 9 mg/l. 
v; = 1000 ml 

m 
[g] 

C.v 
[g/m3] 

v 
[ful] 

c 
[g~m3] 

Q 
[gfkg] 

4.5026 37.2 1000 0.4 8.2 
3.6003 37.2 1000 0.5 10.2 
3.2000 37.2 1000 0.6 11. 4 
3. 0017 37.2 1000 0.8 12.1 
2.2008 37.2 1000 1.3 16.3 
2.0044 37.2 1000 1.6 17.8 
1.9020 37.2 1000 1. 7 18.7 
1.6036 37.2 1000 3.0 21.4 
1. 5005 37.2 1000 3.3 22.6 
1. 3418 37.2 1000 - 4.5 24.4 
1.3011 37.2 1000 4.7 25.0 
1.1502 37.2 1000 5.7 27.4 
1. 5035 47.0 1030 6.7 26.7 
1.0029 37.2 1000 6.8 30.3 
1. 4138 47.0 1000 7.0 28.3 
0.9030 37.2 1000 7.6 32.8 
1.1350 47.0 1000 9.3 33.2 
0.7015 37.2 1000 10.4 38.2 
0.9799 47.0 1060 14.2 32.6 
0.7571 47.0 990 17.9 38. 7 -
0.5700 47.0 1000 21. 9 44.0 
1. 5015 102.0 1047 26.2 49.7 
1.3187 102.0 1065 29.0 53.9 
1.1656 102.0 1068 31. 5 58.7 
0.8998 102.0 1078 45.5 58.9 
0.6859 102.0 1050 51.0 70.6 

Q = 13 62 c 0
·
398 

eV • eV 
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Experiment no.a 

Equilibrium adsorption of silver cyanide on carbon A from solutions with 
a constant [02] = 4.4 mg/l. 
V; = 1000 ml 

m 
[g] 

C.v 
[g/m3] 

v 
[ful] 

c 
[gfm3] 

Q 
[gJkg] 

1.1822 4.7 885 0.2 3.8 
0.7593 4·. 7 895 0.3 5.8 
0.5828 4.7 905 0.4 7.4 
0.3767 4.7 915 1.0 10.1 
0.2180 4.7 905 2.0 13.3 
1.6037 28.6 900 5.7 14.6 
1.2246 28.6 915 8.5 17.0 
0.9638 28.6 910 10.1 20.1 
0.6090 28.6 895 14.3 26.0 
0.3585 28.6 905 18.6 32.8 / 

0.9099 55.0 910 26.l 34.3 
0.5359 55.0 905 37.6 39.l 
0.2455 55.0 895 47.0 52.7 

Q = 8 92 c 0.409 
eV • eV 

Experiment no.9 

Equilibrium adsorption of silver cyanide on carbon A from deaerated 
solutions, i.e. [02] =Omg/l. 
v. = v = 950 ml 

1 e 

m 
[g] 

C.v 
[g/m3] 

c 
[gfm3] 

Q 
[gfkg] 

3.0000 11.1 1.6 3.0 
2.5050 11.1 2.1 3.4 
1.6011 11.1 4 .1 4.2 
2.6910 47.0 21. 2 9.1 
1.9997 47.0 23.7 11. l 
1. 4735 47.0 27.1 12.8 
1.0683 47.0 31.0 14.2 
0.7122 47.0 35.0 16.0 
0.2223 47.0 43.0 17.1 

I 

Q = 2.192 c 0.5295 
eV eV 
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Experiment no.10 

Equilibrium adsorption of silver cyanide on carbon A from solutions at a 
constant [Of]= 14.5 mg/l. 
vi = 1000 m 

m C.v v c Q 
[g] [g/m3] [ful] [gfm3] [gfkg] 

1. 5031 47.0 1000 11. l 23.9 
1.4109 47.0 1000 11. 2 25.4 
0.9752 47.0 990 20.0 27.9 
0.7521 47.0 970 22.4 33.6 
0.5700 47.0 995 24.4 39.9 
1.4999 102.0 1000 33.0 46.0 
1.3148 102.0 1010 46.4 41. 9 
1.1630 102.0 1000 50.0 44.7 
0.9000 102.0 1005 54.0 53.0 
0.6823 102.0 975 61.0 62.3 

Q = 7 603 c 0·482 
eV • eV 

Experiment no.11 

Equilibrium adsorption of gold cyanide on carbon B from solutions in 
contact with air, i.e. [02] = 9 mg/l. 
vi = 1000 ml 

m 
[g] 

C.G 
[g/m3] 

v 
[fu 1 ] 

c 
[g~m3] 

Q 
[g~kg] 

1. 6132 62.5 922 0.8 38.3 
1. 5312 62.5 930 1. 2 40.1 
1.3915 62.5 920 2.6 43.2 
1.3317 62.5 920 4.0 44.2 
1.2500 62.5 938 4.2 46.8 
1.1028 62.5 921 7.8 50.2 
1.0388 62.5 920 9.6 51. 7 
0.9481 62.5 920 13.3 53.0 
0.8278 62.5 900 

I 

15.5 58.6 
0.7197 62.5 900 22.8 58.3 
0.6289 62.5 912 27.2 59.9 
0.5198 62.5 935 33.2 60.5 
1.4060 125.0 916 39.2 63.4 
1. 3242 125.0 880 46.4 63.6 
1.2612 125.0 900 49.2 64.0 

Q = 38 646 c 0· 1309 
eG • eG 
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Experiment no.12 

Equilibrium adsorption of gold cyanide on carbon B from solutions with a 
constant [02 ] = 4.2 mg/l. 
v. = 1000 ml c;6 = 41. 3 g/m3 

m 
[g] 

v 
[ful] 

c 
[g~m3] 

Q 
[g~kg] 

1.7028 930 0.1 24.2 
1. 5015 935 0.2 27.4 
1.3028 935 0.4 31.4 
1.1527 930 0.8 35.2 
1.0288 915 1. 9 38.5 
0.8102 930 5.8 44.3 
0.5520 950 13.4 51.8 
0.3016 935 24.1 62.2 

Q = 3 5 3 7 c 0 . 159 
eG • eG 

Experiment no.13 

Equilibrium adsorption of gold cyanide on carbon B from deaerated 
solutions, i.e. [02] = 0 mg/l. 
v. = v = 950 ml · c;6 = 39.2 g/m3 

m 
[g] 

c 
[g~m3] 

Q 
[g~kg] 

2.4050 0.1 15.4 
2.0020 0.3 18.5 
1.5998 1.4 22.4 
1. 2015 4.6 27.4 
1.0020 8.0 29.6 
0.8013 12.3 31.9 
0.6006 16.7 35.6 
0.4042 22.9 38.3 
0.2132 29.6 42.8 

Q = 2 2 . 0 2 c 0 . 1683 
eG eG 

/ 
/ 

Stellenbosch University  https://scholar.sun.ac.za



345 

Experiment no.14 

Equilibrium adsorption of silver cyanide on carbon B from solutions ·in 
contact with air, i.e. [02] = 9 mg/l. 
v; = 1000 ml 

m 
[g] 

C.v 
[g/m3] 

v 
[fu l ] 

c 
[gfm3] 

Q 
[gfkg] 

0.9450 22.0 1053 0.7 22.5 
0. 8725 22.0 1048 0.9 24.1 
0.7626 22.0 1068 1.3 27.0 
1. 4120 44.0 1020 1.8 29.9 
1.1883 44.0 1020 4.0 33.6 
1. 0739 44.0 1005 4 .1 37.1 
0. 9713 44.0 950 4.4 41.0 
0.8447 44.0 975 6.7 44.4 
0.6605 44.0 998 8.5 53.8 
1.5036 88.0 942 16.5 48.2 
1.3010 88.0 1058 23.0 48.9 
1.0898 88.0 990 27.5 55.8 
0.8704 88.0 1023 31.5 64 .1 
1.1754 125.0 1055 46.0 65.1 
1. 0548 125.0 1052 49.0 69.6 
0.8239 125.0 982 59.0 81.4 
0. 7126 125.0 945 67.0 86.6 
1.2889 176.0 980 82.0 74.2 
1.0746 176.0 1020 84.0 84.0 

Q = 25 357 c 0· 2626 
eV • eV 

/ 
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Experiment no.15 

Equilibrium adsorption of silver cyanide on carbon B from solutions with 
a constant [02] = 4.2 mg/l. 
vi = 1000 ml 
Cw = 38.3 g/m3 

m 
[g] 

v 
[ful] 

c 
[gfm3] 

Q 
[gfkg] 

0.6535 935 14.0 38.6 
0.9566 940 7.9 32.3 
1.4045 935 3.2 25.l 
1.6887 935 1.8 21. 7 
1.9057 930 1. 2 19.5 
2.4599 905 0.5 15.4 
2.8514 930 0.4 13.3 

Q = 18 134 c 0· 286 
eV • eV 

Experiment no.16 

Equilibrium adsorption of silver cyanide on carbon B from deaerated 
solutions, i.e. [02] = 0 mg/l. 
v. = v = 950 ml 

1 e 

m 
[g] 

C.v 
[g/m3] 

c 
[gfm3] 

Q 
[gfkg] 

0.4049 38.3 30.1 19.2 
0.8038 38.3 24.5 16.3 
1.6080 38.3 14.1 14.3 
0.2057 9.9 7.0 13.4 
0.5069 9.9 3.6 11.8 
0.8013 9.9 1. 5 10.0 
1.0011 9.9 0.6 8.8 
1. 2013 9.9 0.2 . 7.7 
1. 4015 9.9 0.2 6.6 
1.8027 9.9 0 .1 5.2 

Q = 9.206 c 0.1935 
eV eV 
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Experiment no.17 

The effect of purging with pure oxygen on the adsorption of gold cyanide 
onto carbon A from an alkaline solution. 
v = 1000 ml 
pH = 8.5 
CiG = 20.0 g/m3 

(a) Purge solution with pure oxygen, [02] = 40 mg/l, m.i; = 1.3303 g 
(b) Purge solution with air, [02] = 9.0 mg/l, me = 1.3.:slO g 

(a) (b) 

Time CG CG/CiG CG CG/CiG 
[h] [g/m3] [g/m3] 

0.000 20.0 . 1. 000 20.0 1.000 
0.100 19.6 0.980 19.8 0.990 
0.317 19.1 0.955 19.2 0.960 
0.800 18.8 0.940 18.9 0.945 
1.083 18.5 0.925 18.3 0.915 
1.950 17.9 0.895 18.0 0.900 
3.467 17.2 0.860 17.0 0.850 
4.817 16.7 0.835 16.2 0.810 
9.117 15.5 0. 775 13.6 0.680 

21.083 12.9 0.645 9.4 0.470 
22.233 12.6 0.630 9.2 0.460 
24.767 12.4 0.620 8.6 0.430 
27.583 12.2 0.610 8.2 0.410 
30.167 11.8 0.590 7.7 0.385 
33.600 11.6 0.580 7.2 0.360 
45.550 10.5 0.525 5.7 0.285 
48.650 10.4 0.520 5.3 0.265 
51. 500 9.9 0.495 5.0 0.250 
70.383 9.1 0.455 3.7 0.185 
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Experiment no.18 

The effect of purging with pure oxygen on the adsorption of gold cyanide 
onto carbon A from an acidic solution. 

v = 1500 ml 
pH = 3.5 
CiG = 30.3 g/m3 

(a) Purge solution with air, [02] = 9.0 mg/l, me= 2.0010 g 
· (b) Purge solution with pure oxygen, [02] = 40 mg/l, me= 2.0015 g 

(a) (b) 

Time CG CJC;G CG CJC;G 
[h] [g/m3] [ g/m3] 

0.000 30.3 1.000 30.3 1.000 
0.250 24.0 0.792 23.6 0. 779 
0.500 21.0 0.693 20.0 0.660 
1.000 16.4 0.541 15.3 0.505 
2.250 10.9 0.360 8.6 0.284 
3.500 7.0 0.231 5.6 0.185 
5.167 4.7 0.155 3.7 0.122 
6.300 3.6 0.119 2.6 0.086 
8.750 2.0 0.066 1.4 0.046 

11.800 1.1 0.036 0.7 0.023 
14.370 0.6 0.020 0.5 0.017 
23.500 0.4 0.013 0.3 0.010 
32.750 0.3 0.010 0.3 0.010 
47.500 0.3 0.007 0.2 0.007 
56.900 0.2 0.007 0.2 0.007 

Experiment no.19 

Effect of dissolved oxygen concentration on the adsorption of Hg(CN) 2 • 

Adsorption period = 2 days 
pH = 8.5 
v = 1500 ml 

(a) (b) (c) (d) 

Carbon A A BTX BTX 
me [g] 2.0 2.0 1. 5 1.5 
Ci [g Hg/m3] 34.0 34.0 34.7 34.7 
Purge Air N Air 0 
[02] [mg/1 J 9.0 o~o 9.0 40.0 
cf [g Hg/m ] 9.5 10.0 14.7 14.7 
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Experiment no.20 

The effect of oxygen on the adsorption of gold cyanide onto an 
experimental weak-base ion exchange fibre. 

v = 1000 ml 
pH = 9.86 
CiG = 19.6 g/m3 

(a) Purge solution with n~trogen, [02 ] = 0.0 mg/l, mfib.re = 0.2011 g 
(b) Purge solution with air, [02] = Y.0 mg/l, mfibre = u.2018 g 

(a) (b) 

Time CG CG 
[h] [g/m3] [g/m3] 

0.167 18.6 18.5 
0.333 18.0 18.4 
0.517 18.4 18.0 
0.767 17.7 17.3 
1.033 17.2 17.7 
1.600 16.7 16.9 
2.050 16.1 16.1 
2.800 15.6 15.8 
6.117 13.0 13.0 
8.450 11.8 11.6 

Experiment no.21 

The effect of oxygen on the zeta potenti.al of carbon A in distilled 
water. 

v = 1000 ml 
m = 0.005 g . 
p~ = 5.5 (pH not adjusted) 

[02] [mg/l] 0.0 9.0 40.0 

€ [mV] -71. 3 -64.5 -56.7 
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Experiment no.22 

The effect of a step change in the oxygen concentration on the adsorption 
of gold cyanide on carbon A. 

v = 1500 ml 
pH = 8.5 

(a) 

(b) 

(c) 

Purged solution with nitrogen for whole duration of experiment, CiG 
= 10.l g Au/m3, m = 3.0005 g. 
Purged solution ~ith air for whole duration of experiment, CiG = 
9.4 g Au/m3, m = 3.0012 g. 
Purged solutio~ with air for first 24 hours of experiment and then 
switched to nitrogen, ciG = 9.4 g Au/m3, me = 3.0050 g .. 

(a) (b) (c) 

Time c .. Time c . Time c G [~/m3] r§/m3] [h] [g/m3] [h] [h] 

0.167 9.4 0.683 9.1 0.083 9.4 
0.333 9.1 1.183 8.2 0.333 9.4 
0.583 8.9 2.200 7.6 ,0. 533 9.1 
0.833 8.8 3.383 6.7 0.767 9.0 
1.083 8.7 5.067 5.9 1.083 8.6 
1.550 8.3 5.750 5.3 1.500 8.3 
2.117 8.0 7.783 4.5 2.000 8.0 
2.617 7.9 9.800 3.5 2.867 7.4 
3.417 7.6 16.233 1.9 4.083 6.6 
4.450 7.6 20.283 1.2 5.033 6.1 
6.417 7.2 27.383 0.5 6.000 5.5 
7.883 6.9 32.967 0.2 7.050 5.0 
8.667 6.9 40.000 0 .1 9.067 3.8 

10.750 6.7 11. 000 2.9 
13.750 6.4 12.267 2.9 
15.500 6.3 23.400 0.9 
22.667 5.2 24.000 ~~9) 25.167 4.9 24.617 
27.750 4.8 25.000 0.9 
30.400 4.8 25.933 0.9 
33.667 4.6 29.500 1.0 
36.400 4.4 36.133 1.0 
39 .117 4.3 47.370 0.9 
47.783 4.0 53. 750 0.9 
52.083 3.8 74 .100 0.8 
56.367 3.5 

Stellenbosch University  https://scholar.sun.ac.za



5 

351 

Experiment no.23 

The effect of the dissolved oxygen concentration on the desorption of gold cyanide 
loaded onto carbon A from aerated solutions. 

Conditions for each of the three experiments (a,b and c) : 

Adsorption conditions 
v = 1500 ml 
pH = 8.5 
me = 2 .0 g 
CiG = 29.3 g/m3 

T = 20 °C 
Adsorption period = 2 days 
(a) cfG = 9. 7 g/m3 

(b) cfG = 9.4 g/m3 

(c) CfG = 10. l g/m3 

(a) (b) 

Desorption conditions 
v = 1500 ml 
pH = 12 
T = 20 "C 
(a) Q1G = 14.7 g/kg 
(b) Q1G = 14.9 g/kg 
(C) QiG = 14.4 g/kg 

(c) 
[Oz] = 9 mg/l [Oz] = 40 mg/l [Oz] = 0 mg/l 

t CG 1/J t CG 1/J t CG 

0.333 1.3 0.066 0.350 1. 3 0.065 0.383 1.3 
0.667 1.8 0.092 0.683 1.9 0.095 0.700 1.8 
1.083 2.5 0.128 1.100 2.5 0.126 1.117 2.4 
1.667 3 .1 0.158 1.683 3.2 . 0 .161 1.700 3.0 
2.617 4 .1 0.209 2.633 4.2 0.211 2.633 4.0 
3.933 4.8 0.245 3.950 5.0 0.251 3.967 4.8 
5.617 5.6 0.286 5.633 5.8 0.291 5.633 5.5 
7.000 6.0 0.306 7.000 6.2 0.312 7 .017 5.9 
8.400 6.4 0.327 8.417 6.6 0.332 8.433 6.3 

11. 383 6.7 
' 

0.347 11. 400 7.1 0.357 11. 400 6.8 
22.850 7.2 0.367 22.867 7.6 0.382 22.883 7.4 

t = Time [h] 
CG = Gold concentration [g/m3] 

1/J = Qi Q.Q = Fraction of Q1 desorbed 
1 

1/J 

0.068 
0.094 
0.125 
0.156 
0.208 
0.250 
0.286 
0.307 
0.328 
0.354 
0.385 
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Experiment no.24 

The effect of the dissolved oxygen concentration on the desorption of gold cyanide 
loaded onto carbon A from deaerated solutions. 

Conditions for each of the three experiments (a,b and c) : 

Adsorption conditions 
v = 1500 ml 
pH = 8.5 
m = 2.0 g 

c 3 
c;G = 45.6 g/m 
T = 20 °C. 
Adsorption period = 7 days 
(a) CfG = 26.5 g/m3 

(b) cfG = 27.2 g/m3 

( c) cfG = 26. 5 g/m3 

(a) 
[02] = 0 mg/l 

t CG l/J 

0.167 0.5 0.026 
0.700 0.8 0.042 
1.167 1.1 0.058 
2.167 1.6 0.084 

(b) 

Desorption conditions 
v = 1500 ml 
pH = 12 
T = 20 °C 
(a) QiG = 14.3 g/kg 
(b) QiG ~ 13.8 g/kg 
(c) QiG = 14.3 g/kg 

[02] = 40 mg/l [02] 

t CG l/J t 

0.167 0.5 0.027 0.167 
0.700 0.8 0.043 0.700 
1.167 1.0 . 0.054 1.167 
2 .167 1.5 0.082 2.167 

(c) 
= 9 mg/l 

CG 

0.5 
0.8 
1.1 
1.6 

3._200 2.1 0.110 3.200 1. 9 -- 0 .103 - 3.200 -- 2.1 
4.867 2.8 0.147 4.867 2.5 0.133 4.867 2.8 
6 .167 3.2 0.168 6.167 2.8 0.152 6.167 3.2 
7.033 3.5 0.183 7.033 2.9 0.158 7.033 3.5 

11. 033 4.3 0.225 11. 033 3.6 0.196 11. 033 4.3 
13.333 4.7 0.246 13.333 3.7 0.201 13 .333 4.6 
22.400 5.5 0.288 22.400 4 .1 0.223 22.400 5.0 
25 .167 5.8 0.304 25.167 4.3 0.234 25.167 5.2 
28.533 6.1 0.319 28.533 4.6 0.250 28.533 5.4 

- 30.000 6.4 0.335 30.000 4.8 0.261 30.000 5.6 

t = Time [h] 
CG = Gold concentration [g/m3 ] 

l/J = Q; - Q = Fraction of Q. desorbed 
Qi 1 

l/J 

0.026 
0.042 
0.058 
0.084 
0.110 
0.147 
0.168 
0.183 
0.225 
0.241 
0.262 
0.272 
0.283 
0.293 
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Experiment no.25 

The consumption of oxygen by carbon A in distilled water. 

2.0 g Carbon A was contacted with 500 ml distilled water in a tightly 
sealed bottle for a period of two weeks. A similar bottle of distilled 
water without carbon was used as a reference for the measurement of the 
oxygen concentrations. 

Oxygen concentrations after 2 weeks 
Reference solution : 
Carbon/water mixture 

Oxygen consumption : 

. 
8.8 mg/l 
7.0 mg/l 

1.8 mg/l x (v/mc) = 0.45 mg 02/g 
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Experiment no.26 

Measurement of the dissolved oxygen concentration during the adsorption 
of gold cyanide on carbon A in a closed vessel. 

v = 1475 ml 
m~. = 2.0 g 
pH = 8.5 
ciG = 21. 3 g Au/m3 

The reliability of the oxygen.measurements was investigated by repeating 
Experiment .26{a) in 26(b), {c) and {d). The gold concentration was 
measured for {a) and {c) and found to be the same. 

{a) {b) 

t CG ex ex 
0.000 21.3 8.3 8.3 
0.100 21.3 8.2 8.1 
0.183 21.2 8.2 8.1 
0.283 21.0 8.1 8.0 
0.367 20.9 8.0 8.2 
0.450 20.7 8.0 8.1 
0.617 20.6 7.9 8.0 
1.617 20.4 7.6 7.8 
2.183 19.7 7.2 7.6 
2.500 7.1 7.5 
3.650 19.4 
5.117 6.8 7.3 
6.733 17.5 
9.317 16.8 7.0 6.5 

17.933 14.9 
18.700 6 .1 7 .1 
20.433 14.2 6.0 7 .1 
23.050 13.8 5.9 7.0 
25.033 13.5 5.8 7 .1 
26.783 12.6 5.7 7 .1 
34 .117 12.3 5.5 7.0 
42.900 11.3 5.4 7.0 
48.650 11.3 5.2 7.0 

t = Time [h] 
ex= Oxygen concentration [m~/l] 
CG = Gold concentration [g/m] 

{c) {d) 

t ex ex 
0.000 8.3 8.9 
0.083 8.3 8.7 
0.167 8.2 8.6 
0.333 8.1 8.5 
0.500 8.0 8.4 
0.867 7.8 8.2 
1.417 7.6 8.3 
2.050 7.4 8.0 
2.450 7.3 8.0 
4.867 7.1 7.6 
6.683 6.9 7.5 
9.800 6.8 7.4 

19.300 7.3 7.2 
19.500 7.2 7.1 
21. 300 6.8 7 .1 
24.667 6.7 7.0 
27.283 6.9 6.8 
30.750 6.5 6.9 
33.583 6.4 6.9 
44.083 6.6 6.7 
46.250 6.3 6.7 
48.583 6.2 6.6 
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Experiment no.27 

The consumption of dissolved oxygen by activated carbon in closed containers. 

All the experiments were conducted in Schott Duran 2000ml and lOOOml bottles with 
p 1 ast i c screw tops. The tops were sea 1 ed with candle wax. The bottles were 
rolled for the whole duration of the experiments. At the end of the experiments, 
the oxygen concentrations were measured and subtracted from the oxygen 
concentration in a reference solution. The reference solutions were distilled 
water that was treated in exactly the same way as the rest of the experiments, 
except that no carbon or metal cyanides were added. 

Experiment 27(a) : 2280 ml distilled water was purged with N2 for 2 hours before 
the bottle was sealed and rolled for 93 hours. The bottle was then opened and the 
oxygen concentration measured as 0.5 mg 02/1. 

No. (b) (c) (d) (e) ( f) 

Carbon A A A A A 
Carbon cone. [g/l] 1.33 1.33 1. 77 1. 77 1. 77 
Carbon pretreatment* D,S D,S D D D 
Drying temp. [°C] 110 110 110 110 110 
Open/Closed bottle c 0 c c c 
Volume [ml] 1170 1475 2260 2260 2260 
pH 8.5 - 8.5 11. 2 9.1 3.2 
Metal cyanide (M) Au Au 
Ci (M) [g/m3

] 22.8 19.7 
Duration [h] 19 19 90 90 90 
Cf(M) [g/m3] 10.9 9.6 
C (M)/Ci (M) 0.478 0.487 
[02]\'.liff. [mg/l] 0.2 1.4 1. 2 1.4 

No. (g) (h) ( i ) (j) (k) \ ( l ) 

Carbon A A A A A A 
Carbon cone. [g/l] 1.34 1.34 1. 77 1. 77 . 1. 77 1. 77 
Carbon pretreatment* D,S D,S D D D 
Drying temp. [°C] 110 110 110 200 300 
Open/Closed bottle c 0 c c c c 
Volume [ml] 1170 1170 2260 2260 2260 2260 
pH 8.5 8.5 
Metal cyanide (M) Ag Ag 
Ci (M) [g/m3

] 23.2 23.2 
Duration [h] 90 90 90 90 90 90 
Cf(M) [g/m3

] 14.7 10.2 
C (M)/Ci (M) 0.634 0.440 
[02]diff. [mg/l] 0.5 -0.2 1.3 1.8 0.3 
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No. (m) (n) 

Carbon A BTX 
Carbon cone. [g/l] 1. 75 1. 75 
Carbon pretreatment* D 
Drying temp. [°C] 110 
Open/Closed bottle c c 
Volume [ml] 2280 2280 
pH 
Metal cyanide (M) CN 
C; (M) [g/m3

] 409 
Duration [h] 93 93 . 
Cf(M) [g/m3

] 385 
C (M)/C. (M) 0.941 
[02]diff ~ [mg/l] 0.6 0.2 

*carbon pretreatment : . 
D = Oven dried at specified temperature for 24 hrs 
S = Soaked in aerated, distilled water for 24 hrs 

356 

(o) (p) (q) (r) 

BTX BTX BTX BTX 
1. 75 1. 75 1. 75 1. 75 

c c c c 
2280 2280 2280 2280 

8.8 3.9 
Au CN Au 
70.5 409 70.5 

93 93 93 93 
28.2 390 10.4 
0.400 0.954 0.148 

-0.5 0.5 3.2 0.7 
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Experiment no. 28 

The consumption of oxygen during the adsorption of gold cyanide in a 
column packed with carbon A. 

Characteristics of carbon bed : 
h = 225 mm, d = 31 mm, Packed with 94. 7 g carbon A (-1. 7+1.4 mm sieve 
size fraction}, Flow direction = upward, Inserted oxygeri electrode 
through a rubber plug into the top of the glass column. 

In the instruction booklet of the oxygen electrode, the required stirring 
rate of the solution is specified as at least 10 cm/s. As a very low 
flowrate was used in the column, the measured concentration of 02 in the 
co 1 umn was. ca 1 i brated against the concentration of 02 measured in the 
same solution on a magnetic stirrer : 

[02] in column [mg/l] 7.4 5.6 4.6 
[02] (stirred)· [mg/l] 8.7 6.3 5.0 

Let : 
CX(l) =Oxygen concentration as measured in column, 
Cx( 2) =Oxygen concentration as calculated from calibration. 
Tne following relationship was obtained from a least squares fit on the 
calibration data : Cx( 2l = 1.33.CX(ll - 1.13 

Feed solution : 
ciG = 14.9 g Au/m3 
c.iX = 9.o mg O/l 
pH = 8.5 

Time v CG c c 
[h] [ml/min] [g/m3] [~Mh J [fiMh J 

0.000 7.6 9.0 
0.033 7.4 8.7 
0.067 7.5 8.8 
0.100 47 0.2 7.4 8.7 
0.433 0.3 7.4 8.7 
0.767 46 0.7 7.4 8.7 
1.550 46 1.8 7.3 8.6 
2.583 45 3.1 7.3 8.6 I 

3.600 4.1 7.3 8.6 
4.983 45 5.2 7.4 8.7 
5.783 46 7.4 8.7 
7.683 46 7.0 7.4 8.7 

10.383 44 8 .1 7.5 8.8 
14.933 9.2 7.5 8.8 
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Experiment no. 29 

Determination of irreversibly· adsorbed gold cyanjde species on carbon A 
by elution with distilled water. 

Adsorption : 
CiG = 48.0 g/m3 

me = 0. 7123 g 
v = 1000 ml 
pH = 8.5 
[02] = 9.0 mg/l 
Time = 21 days 
CfG = 22. 6 g/m3 

Elution Duration 
no. [h] 

1 24 
2 48 
3 48 
4 48 
5 96 
6 96 

% AuCN 

v CG 
[ml] [ g/m3] 

1650 7.4 
1510 4.3 
1620 2.3 
1515 1.0 
1615 0.8 
1600 0.4 

Desorption : 
Q.i.G = 36. 6 g/kg 
pH = 12 
T = 20 °C 

l/J 
[%] 

46.7 
71.6 
85.8 
91.6 
96.6 
99.0 

0 

l/J = Q; Q. Q x 100 =%of initial metal loading eluted 
1 
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Experiment no. 30 

Determination of irreversibly adsorbed silver cyanide species on carbon A 
by elution with distilled water. 

Adsorption : 
civ = 47.0 g/m3 

me= 0.7521 g 
v = 1000 ml 
pH = 8.5 
[02] = 9.0 mg/l 
Time = 21 days 
CfV = 22. 4 g/m3 

Elution Duration 
no. [h] 

1 3.5 
2 4.5 
3 10 
4 24 
5 24 
6 46 
7 48 
8 96 
9 72 

% AgCN 

v CV 
[ml] [g/m3] 

. 1500 1. 2 
1455 0.9 
1455 1.2 
1450 1.4 
1465 0.9 
1460 0.2 
1435 0.4 
1475 0.3 
1440 0.3 

Desorption : 
QiV = 33.6 g/kg 
pH = 12 
T = 20 °C 

l/J 
[%] 

7.1 
12.3 
19.0 
26.9 
32.0 
33.2 
35.6 
37.2 
38.7 

61 

l/J = x 100 = % of initial metal loading eluted 
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Experiment no.31 

The effect of the dissolved oxygen concentration on the formation of an 
irreversibly adsorbed gold cyanide species on carbon B. 

The results of two experiments (a and b) are presented here. These 
experiments were conducted with different oxygen concentrations in the 
adsorption stage, but similar [02]'s (= 0 mg/l) in the elutions. 

Adsorption : 
CiG = 19.2 g/m3 

me = 1.00 g 
v = 1000 ml 
pH = 8.5 
Time = 24 h 
(a) (02] = 0.0 mg/l, CfG = 5.6 g/m3 
(b) [02] = 9.0 mg/l, cfG = o.o g/m3 

(a) 

Elution Time CG l/J 
no. [h] [g/m3] [%] 

1 4 1.8 19.9 
2 4 1.3 34.2 
3 16 0.7 48.5 
4 24 0.7 56.2 
5 36 0.4 63.9 
6 36 0.4 68.3 
7 48 0.3 71.6 
8 52 0.3 74.9 

% AuCN 25 

Desorption : 
v = 1500 ml 
pH = 12 
T = 20 °C 
[O ] = 0.0 mg/l 
(a~ QiG = 13.6 g/kg 
(b) QiG = 19.2 g/kg 

(b) 

CG l/J 
[g/m3] [%] 

1. 9 14.8 
1. 7 28.0 
2.2 45.2 
1.6 57.7 
1.0 65.5 
0.7 71. o_ 
0.5 74.9 
0.5 78.8 

20 

l/J = x 100 =%of initial metal loading eluted 
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Experiment no. 32 

Determination of irreversibly adsorbed gold cyanide species on carbon BTX 
by elution with distilled water. 

Adsorption : 
C16 = 41. 8 g/m3 

me = 0. 9982 g 
v = 1000 ml 
pH = 8.5 
[02] = 9.0 mg/l 
Time = 3 days 
cend = 15. 6 g/m3 

Elution Duration 
no. [h] 

1 2.5 
2 4.5 
3 9 
4 9 
5 18 
6 45 
7 49 
8 40 
9 72 

% AuCN 

CG 
[g/m3] 

2.7 
2.4 
2.8 
2.0 
2.0 
2.0 
1. 7 
1.5 
0.8 

l/J 
[%] 

15.5 
29.2 
45.2 
56.7 
68.2 
79.7 
89.4 
98.0 
102.6 

0 

Desorption : 
Q.i.G = 26. 2 g/kg 
pH = 12 
T = 20 °C 
v = 1500 ml 

Q. - Q 
Qi 

x 100 =%of initial metal loading recovered 
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Experiment no.33 

The effect of a high dissolved oxygen concentration on the formation of 
an irreversibly adsorbed gold cyanide species on carbon A at a low pH.· 

The results of two experiments (a and b) are presented here. These 
experiments were conducted with different oxygen concentrations in the 
adsorption stage, but similar [02]'s in the elutions. 

Adsorption : 
C16 = 30.3 g/m3 

me = 2. 00 g 
v = 1500 ml 
pH = 3.35 
Time = 57 h 
(a) [02] = 9.0 mg/l 

cf.G = o. 2 g/m 
(b) [u2] = 40 mg/l 

CfG = 0. 2 g/m3 

Elution Time 
no. [h] 

1 3.5 
2 4.5 
3 10 
4 24 
5 24 
6 46 
7 48 
8 96 
9 72 

% AuCN 

CG 
[ g/m3] 

4.4 
4.3 
5.0 
5.4.-
3.4 
0.5 
1.2 
0.6 
0.6 

(a) 

l/J 
[%] 

14.6 
28.9 
45.5 
63.4 
74.7 
76.3 
80.3 
82.3 
84.3 

16 

Desorption : 
v = 1500 ml 
pH = 12 
T = 20 °C 
[ 0 ] = 9. O mg/l 
(a j Qi G = 2 2. 6 g/ kg 
(b) QiG = 22.6 g/kg 

(b) 

CG l/J 
[g/m3] [%] 

4.3 14.3 
4.4 28.9 
5.1 45.8 
5.4 63.7 
3.7 76.0 
0.4 77 .3 
1. 5 82.3 
1. 2 86.3 
0.8 89.0 

11 

l/J = x 100 = % of initial metal loading eluted 
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Experiment no.34 

Equilibrium isotherm for desorption of gold cyanide from carbon B. 

The carbon was loaded with gold cyanide for a period of 5 days whereafter 
it was separated from the gold solutions and transferred to beakers with 
distilled water at the same pH and temperature as used in the 
determination of the adsorption isotherm (Experiment no.11). 

Adsorption : 
v = 1000 ml 
C .ii; = 159 g Au/m3 
pH = 8.5 
T = 20 °C 

Adsorption 

m 
[g] 

c 
[~~m3] 

0.4035 130.0 
0.6005 120.0 
o. 9071 93.0 
1. 2140 76.0 
1.5026 62.0 
1.8038 46.5 
2 .1424 34.0 
2.4790 22.0 
2.8448 12.5 

Q 
[~~kg] 

71. 9 
64.9 
72.8 
68.4 
64.6 
62.4 
58.3 
55.3 
51.5 

v 
[ml 1 

990 
985 
985 
985 
990 
985 
990 
990 
990 

Desorption : 
vi = 1000 ml 
pH = 8.5 
T = 20 °C 

Desorption 

c 
[g~m3] 

5.3 
6.2 
7.1 
6.9 
6.5 
5.3 
4.0 
3.3 
2. 0 ·-

Q . 
[g~kg] 

58.9 
54.7 
65.l 
62.8 
60.3. 
59.5 
56.5 
54.0 
50 .. 8 
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Experiment no.35 

Equilibrium isotherm for desorption of gold cyanide from carbon A. 

The carbon was loaded with gold cyanide for a period of 5 days whereafter 
it was separated from the gold solutions and transferred to beakers with 
distilled water at the same pH and temperature as used in the 
determination of the adsorption isotherm (Experiment no.3). 

Adsorption : 
v = 1000 ml 
pH = 8.5 
T = 20 °C 

m 
[g] 

0.2070 
0.5012 
1.0009 
0.6519 
1.0028 
l. 5160 
2.0034 
2.5200 
3.0106 

Adsorption 

C.G 
[g/m3] 

c 
[~~m3] 

45.4 40.8 
45.4 32.4 
45.4 24.0 

190.0 159.0 
190.0 147.5 
190.0 126.0 
190.0 106.0 
190.0 85.5 
190.0 - 77 .0 

v 
[~l] 

985 
985 
990 
990 
985 
990 
985 
985 
985 ··-

Desorption : 
vi = 1000 ml 
pH = 8.5 
T = 20 °C 

Desorption 

c 
[g~m3] 

1.2 
2.0 

·l.6 
9.4 

11.8 
16.2 
16.7 
17.9 
15.7 

Q 
[g~kg] 

16.5 
22.0 
19.8 
33.3 
30.8 
31.6 
33.7 
34.5 
32.4 
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[xperiment no.36 

Equilibrium adsorption .of gold cyanide on carbon BTX from solutions in 
contact with air, i.e. [02) = 9 mg/l. 

vi = 1000 ml 
pH = 8.5 

m 
[g] 

c 
[g~m3] 

v 
[ful] 

c 
[g~m3] 

Q 
[g~kg] 

A* 

1. 2010 23.8 985 0.2 19.7 32.43 
0.9040 23.8 990 0.3 26.0 32.28 
1.0018 23.8 990 0.3 23.5 33.15 
0.7999 23.8 995 0.6 29.0 33.37 
0.7046 23.8 990 0.8 32.7 34 .13 
0.6058 23.8 . 990 1.6 36.7 32.19 
0 :5037 23.8 990 3.0 41.4 33.12 
0.4020 23.8 990 5.5 45.7 30.18 
0.3135 23.8 985 8.3 . 49.8 27.80 
1.6007 88.0 990 12.0 47.6 25.92 
1.4015 88.0 990 14.8 52.3 37.30 

. 1.2000 88.0 990 21. 2 55.8 30.48 
1.0007 88.0 990 22.7 65.5 35. 71 
0.8024 88.0 990 36.6 64.5 29.27 
0.6119 88.0 990 42.0 75.9 29.69 
0.3981 88.0 985 63.2 64.7 27.85 

* Calculated with n = -0.002688.A + 0 .. 2902 

From least squares fit on equilibrium data 
Q = 31 485 c 0· 204 

eG ' eG 

From average of calculated A-values 
Q = 31 55 c 0· 205 

eG • eG 
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Experiment no.37 

Equilibrium isotherm for desorption of gold cyanide from carbon BTX. 

The carbon was loaded with gold cyanide for a period of 5 days whereafter 
it was separated from the gold solutions and transferred to beakers with 
distilled water at the same pH and temperature as used in the 
determination of the adsorption isotherm (Experiment no.36). 

Adsorption : 
v = 1000 ml 
pH = 8.5 
T = 20 °C 
CiG = 138 g/m3 

Adsorption 

m 
[g] 

c 
[ ~~m3] 

0.4004 115.5 
0.8023 108.0 
1. 2727 82.0 
1.6055 59.0 
2.0045 49.0 
2 .4011 28.0 

' 

Desorption 

v 
[ fu l ] 

c 
[g~m3] 

995 4.9 
995 2.3 
995 3.9 
995 7 .1 
995 3.5 
990 5.3 

Desorption : 
vi = 1000 ml 
pH = 8.5 
T = 20 °C 

Q 
[g~kg] 

44.0 
34.5 
41.0 
44.8 
42.7 
43.6 
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Experiment no. 38 

Determination of irreversibly adsorbed gold cyanide species on carbon BTX 
after drying at 150 °C. 

Adsorption : 
C16 = 102.8 g/m3 

v = 1000 ml 
Time = 18.5 h 

m = 1.5031 g 
pR = 8.5 
CfG = 69. 3 g/m3 

Oven drying of carbon after adsorption step : 
T = 150 °C 
Time = 18 h 

Desorption : 
QiG = 22.3 g/kg 
T = 20 °C 

Elution Duration 
no. [h] 

1 3 
2 3.6 
3 16 
4 7.5 
5 15 
6 28 
7 44 

% AuCN 

pH = 12 
v = 1500 ml 

CG l/J 
[g/m3] [%] 

3.0 13.4 
1.8 21. 5 
2.8 34.0 
1.3 39.9 
1.3 45.7 
1.3 51. 5 
1.1 56.4 

40 

l/J = x 100 = % of initial metal loading recovered 
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Experiment no. 39 

The effect of Au(o) on the equilibrium adsorption of Au(CN)2· 

The adsorption of Au(CN)2 on a sample of Au(o) loaded carbon BTX (Exp. 
(a)) was compared to that on a fresh sample of carbon BTX (Exp. (b)). 
The amount of i rrevers i b 1 y adsorbed go 1 d on samp 1 e (a) was determined 
with an identically treated sample (c). 

Samples (a) and (c) were taken from a batch of carbon treated in the 
following way : 

Adsorption : 
me = 10 . 0131 g 
v = 5000 ml 
C. = 38. 3 g/m3 

pff not adjusted 

Acid treatment : 

Time = 60 h 
CfG = 0. 9 g/m3 

QfG = 18.7 g/kg 

Boil carbon for 25.5 h in 1000 ml 3 vol.% of 33 mass% HCl solution. 
Dried at 110 °C for 4 days. 

Determination 
(c) : 

of irreversibly adsorbed gold cyanide species on sample 

m~. = 1. 000 g 
PH = 12 

Elution 
no. 

1 
2 
3 
4 
5 

% Au(CN)
2
-

Duration 
[h] 

18 
50 
22 
25 
24 

T = 20 °C 
v = 1000 ml 

CG 7/J 
[g/m3] [%] 

0.6 3 .·2 
0.5 5.9 
0.6 9 .1 
0.7 12.8 
0.5 15.5 

< 20 

Comparison of adsorption of Au(CN)2 onto samples (a) and (b) 
Time = 3 weeks T = 20 °C 
pH = 8.5 v = 1000 ml 
CiG = 30.5 g/m3 

(a) (b) 

me [g] 0.5772 0.5771 
QiG [g/kg) 18.7 0.0 
v [ml] 995 995 
c:G [g/m3] 4.3 4.7 
QeG [g/kg) 45.4+18.7 44.7 
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Experiment no. 40 

The elution of gold cyanide from carbon BTX loaded over a period of 72 h. 

Adsorption : 
me = 9.4091 g 
v = 2000 ml 
CiG = 22.8 g/m3 

Cyanide pretreatment : 
Soaked loaded carbon in 
tem~erature for 30 min. 
g/m , CfK = 7200 g/m3

• 

Elution : 

Time = 72 h 
CfG = 0.1 g/m3 

QfG = 4. 83 g/kg 

20 ml of a 20 g KCN/l solution at room 
ciN = 7886 g/m3, ciK = 12300 g/m3, cfN = 4567 

In glass column, h = 143 mm, T = 70 •c, eluant = distilled water 

t v VB CG pH c c 
[ h] [ml/h] [g7m3] [gJm3] [g?m3] 

0.050 0.175 16.2 3400 
0.133 60.0 0.465 10.42 1327 
0.183 0.634 22.2 1818 
0.333 52.2 1.090 292 
0.417 1.344 64.4 10.62 501 
0.717 50.7 2.230 37 
0.767 2.377 112.0 214 
1.133 3.433 119.4 159 
1.300 49.0 3.910 10.82 32 -

1.500 4.520 113 .4 130 
1.833 57.8 5.640 103.5 110 
2.350 45.7 7.020 92.5 108 
2.933 51. 7 8. 775 82.5 10.74 8 95 
3.633 55.4 11. 040 65.1 85 
4.550 47.9 13.590 10.68 
5.550 45.0 16.220 45.0 10.58 58 
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Experiment no. 41 

Relationship between exponent n and constant A in Freundlich isotherm for 
gold on various carbons. 

The values for the carbons other than carbons A,B and BTX were-obtained 
from Van Deventer (1984a). 

Carbon [02] T [°C] A n 

Le Carbone G210 AS 9.0 20 49.90 0.091 
Le Carbone G210 AS < 9.0 20 19.03 0.207 
Le Carbone G210 AS 9.0 20 50.10 0.075 
Extruded coal-based 9.0 20 54.00 0.074 
Coconut shell 9.0 20 19.90 0.300 
Norit 9.0 20 41. 70 0 .120 
Brazilian coconut 9.0 20 28.10 0.210 
Sutcliffe Speakman 9.0 20 40~ 10 0.110 
Peach pip 9.0 20 27.80 0.180 
Sentrachem 9.0 20 39.50 0 .130 
Haycarb 9.0 20 26.90 0 .162 
BTX 9.0 20 31.48 0.204 
BTX 9.0 30 25.79 0.209 
BTX 9.0 40 21.84 0.251 
BTX 9.0 60 13.43 0.247 
A 0.0 20 7.31 0.338 
A 4.4 20 13.44 0.264 
A 9.0 20 18.32 0.229 
B 0.0 20 22.03 0 .168 
B 4.2 20 35.37 0 .159 -
B 9.0 20 38.65 0.131 

Stellenbosch University  https://scholar.sun.ac.za



371 

Experiment no.42 

Equilibrium adsorption of gold cyanide on carbon BTX from solutions at 
30 °C in open containers. 

vi = 1000 ml 
pH = 8.5 
CiG = 30.5 g/m3 

m 
[g] 

0. 2038 . 
0.3978 
0.6210 
0.8075 
1. 2376 
1.6022 

v 
[ful] 

960 
965 
965 
955 
955 
960 

c 
[g~m3] 

Q 
[g,kg] 

21.4 48.9 
14.1 42.5 
6.4 39.2 
3 .1 34.1 
0.6 24.2 
0.3 18.9 

* Calculated with n = -0.002688.A + 0.2902 

From least squares fit on equilibrium data 
Q = 25 79 c 0.2095 . 

eG • eG 

From average of calculated A-values 
Q = 25 39 c 0

·
222 

eG • eG . 

•. 

A* 

24.62 
23.27 
26.05 
26.63 
27.04 
24.74 
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Experiment no.43 

Equilibrium adsorption of gold cyanide on carbon BTX from solutions at 
40 °C in open containers. 

vi = 1000 ml 
pH = 8.5 
C16 = 27 .8 g/m3 

m 
[g] 

0.2053 
0.6074 
1.0058 
1.4070 
1.8055 
2.2099 

Ve 
[ml]' 

935 
895 
945 

1025 
915 
985 

c 
[g~m3 l 

Q 
[g~kg] 

19.9 44.78 
6.5 36.19 
1.8 25.95 
0.6 19.32 
0.3 15.25 
0.1 12.54 

* Calculated with n = -0.002688.A + 0.2902 

From least squares fit on equilibrium data 
Q = 21 84 c 0.2508 

eG • eG 

From average of calculated A-values 
Q = 22 05 c 0 . 231 

eG • eG 

A* 

22.53 
23.68 
22.68 
21. 75 
20.26 
21.42 
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Experiment no.44 

Equilibrium adsorption of gold cyanide on carbon BTX from solutions at 
60 °C in open containers. 

vi = 1000 ml 
pH = 8.5 

m 
[g] 

0.2019 
0.6006 
1. 0042 
2.2068 
1.2043 
1.6094 

C.G 
[ g/m3] 

27.5 
27.5 
27.5 
27.5 
30.3 
30.3 

v 
[mlJ 

c 
[g~m3] 

970 22.8 
785 15.2 
650 7.4 

1080 1.1 
895 4.0 
610 2.5 

* Calculated with n = -0.002688.A + 0.2902 

From least squares fit on equilibrium data 
Q = 13 43 c 0· 247 

eG · eG 

From average of calculated A-values 
Q = 13 33 c 0•254 

eG · eG 

Experiment no.45 

Q 
[g~kg] 

A ... 

26.67 11.90 
25.92 12.93 
22.60 13.60 
11.92 11.63 
22.19 15.74 
17.88 14 .19 

Effect of pH on equilibrium adsorption of gold cyanide on carbon BTX from 
solutions at 20 °C in open containers. 

v. = 1000 ml c;6 = 37 .8 g/m3 

The initial pH's were adjusted by the addition of KOH. KCl was added to 
give equimolar potassium concentrations. 

m v pHe c1r c 
[g] [ful] [g m3] [gfm3] 

0.5087 995 12.65 1003 21. 0 
0.5025 995 10.68 1137 17.6 
0.5063 995 8. 20 1188 11. 5 
0.5005 1000 7.60 1191 10.5 
0.5019 995 6.90 1190 9.0 

* Calculated with n = -0.002688.A + 0.2902 

A= 113.4 exp(-0.16 pHe) 

Qi\ A * 
[g g] 

33.2 15.59 
40.4 20.60 
52.1 31.55 
54.6 34.23 
57.5 38.05 
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Experiment no.46 

Effect of pH on equilibrium adsorption of gold cyanide on carbon BTX from 
solutions at 40 °C in open containers. 

vi = 1000 ml 
CiG = 29.8 g/m3 

The initial pH's were adjusted by the addition of KOH. KCl was added to 
give equimolar potassium concentrations. 

m v pHe c1r c~ Qi'\ A * 
[g] [ful] [g m3] [g m3] [g g] 

0.5019 940 7.57 1678 8.0 44.4 28.46 
0.5017 895 11.89 1705 19.5 24.6 11.38 
0.5026 920 12.39 1538 20 .1 22.5 10.23 
0.5018 940 8.49 1679 11.3 38.2 . 21.80 
0.5037 900 12.68 1523 21.3 21.1 9.38 
0.5025 925 12.89 1372 21.6 19.5 8.60 

* Calculated with n = ~0.002688.A + 0.2902 

A= 137.7 exp(-0.21 pHe) 
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Experiment no.47 

Effect of cyanide concentration on equilibrium adsorption of gold cyanide 
on carbon BTX from solutions at 20 °C in open containers. 

v; = v~ = 1000 ml 
CiG = .:s8 g/m3 

KCl was added to give equimolar potassium concentrations~ 

m ci'i pHe err Ce 
[g] [g m3] [g m3] [gi6m3] 

1.5046 1221 8.62 15.9 1. 9 
1. 5118 1230 9.09 37.2 2.8 
1.5080 1232 9.52 85.0 4.2 
1.5037 1223 9.73 135.4 5.2 
1.4967 1219 9.92 199.2 5.6 
1.5063 1218 10.09 259.0 5.9 
1.5039 1212 10.26 358.5· 6.5 
1. 5131 1183 10.23 398.3 6.8 
1. 5100 1200 10.31 471.4 7.5 
1.5094 1209 10.51 564.3 7.7 

* Calculated with n = -0.002688.A + 0.2902 

A = 31.8 (CeN + lr0.155 

Qi\ [g g] 

23.99 
23.28 
22.41 
21.81 
21.65 
21.31 
20.95 
20.62 
20.23 
20.07 

. A * 

20.63 
18 .16 
15.70 
14.41 
14.01 
13.58 
12.99 
12.62 
12.05 
11.84 
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Experiment no.48 

Effect of potassium concentration on equilibrium adsorption of gold 
cyanide on carbon BTX from solutions at 20 °C in open containers. 

V; = 1000 ml 
CiG = 37 .8 g/m3 

KCl was added to adjust the potassium concentrations. 

m v pHe c1r c Qi\ A * 
[g] [ml] [g m3] [ gfm3] [g g] 

0.5073 1000 7.70 14 12.6 49.7 29.03 
0.5260 995 7.47 67 10.8 51.4 31.52 
0.5026 995 7.29 249 10.9 53.6 33.16 
0.5045 1000 7.15 1119 8.9 57.3 37.98 
0.5125 1000 7.02 3104 7.2 59.7 42.09 

* Calculated with n = -0.002688.A + 0.2902 

A = 23 6 (C +1) 0· 069 
• eK 

Experiment no.49 

Effect of calcium concentration on equilibrium adsorption of gold cyanide 
on carbon BTX from solutions at 20 ·c in open containers. 

v; = 1000 ml 
CiG = 59.7 g/m3 

CaCl 2 was added to adjust the calcium concentrations. 

me v pHe c Ce 
. [ g] [ml] [gfm3J [g1m3

] 

0.4767 980 7.64 326 20.0 
0.4783 990 7.53 860 18.0 
0.4779 990 7.38 2010 16.0 
0.4796 990 7.31 3720 14.4 
0.4790 995 7.18 4920 13.9 

* Calculated with n = -0.002688.A + 0.2902 

A = 26.0 (C + 1) 0 · 127 
eCa 

Qi\ [g g] 

84.1 
87.6 
91.8 
94.8 
95.8 

A * 

54.9 
60.7 
68.3 
74.7 
76.9 

/ 
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Experiment no. 50 

The elution of gold cyanide from carbon BTX loaded over a period of 22 h. 

Adsorption : 
me = 9.4061 g 
v = 2000 ml 
C; 6 = 22.8 g/m3 

Cyanide pretreatment : 
Soaked loaded carbon in 
temf erature for 30 min,. 
g/m , CfK = 7380 g/m3. 

Elution : 

Time = 22 h 
cf6 = o.o g/m3 

QfG = 4.85 g/kg 

20 ml of a 20 g KCN/l solution at room 
CiN = 7886 g/m3, CiK = 12300 g/m3

, CfN = 4593 

In glass column, h = 143 mm, T = 70 ·c, eluant = distilled water 

t v VB CG pH c c 
[h] [ml/h] [g7m3] [gJm3] [g>m3] 

0.067 0.209 18.2 3053 
0.167 53.7 0.522 1600 
0.317 0.978 40.6 10.35 1200 
0.450 50.8 1.373 159 
0.567 1.723 105.6 324 
0.783 52.7 2.388 10.58 69 
0.883 2.695 122.4 204 
1.117 52.3 3.406 10. 72 29 
1.167 3.557 121.8 150 
1.983 5. 770 105.6 112 
2.117 45.6 6 .125 10.78 11 
2.550 56.7 7.556 
2.650 7.884 92.4 90 
3.133 54.0 9.405 10.77 11 
3.200 9.614 78.0 80 
3.950 52.7 11.918 60.0 7'0 
4. 700 35.0 13.447 55.8 72 
4.783 54.5 13.712 10.69 
5.367 48.3 15.354 46.4 8 56 
6.117 17.540 41.0 10.42 

V = 1. 367x10-B m3 • s-1 
ave 
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Experiment no. 51 

The elution of gold cyanide from carbon BTX after a sodium cyanide 
pretreatment. 

Adsorption : 
me = 9.4061 g 
v = 2000 ml 
CiG = 24.9 g/m3 

Cyanide pretreatment : 

Time = 22 h 
CfG = 0.0 g/m3 
QfG = 5.29 g/kg 

Soaked loaded carbon in 20 ml of .a 15 g NaCN/l solution at room 
temperature for 30 min. ciN = 7766 g/m3

, C;~ = 6896 g/m3
, cfN = 4846 g/m3, 

CfNa = 4494 g/m3
• 

{Subscript Na = sodium) 

Elution : 
In glass column, h = 143 mm, T = 70 ·c, eluant • distilled water 

t v VB CG pH c CN 
[h] [ml/h] [ g7m3] [g'm3] [gim3

] 

0.067 0.193 16.7 1592 
0.217 49.6 0.626 13.0 10.342 1261 1046 
0.500 51.0 1.468 80.0 372 280 
0.767 49.8 2.242 116.0 10.370 106 166 
1.050 3.044 131.6 26 116 
2.033 53.9 5.921 104.4 65 -·-
2.500 51.4 7.319 90.6 10.766 57 
3 .167 48.7 9.211 79.0. 50 
3.783 40.0 . 10.648 68.0 10.711 48 
4.583 51.5 13.049 56.1 41 
5.217 48.9 14.854 46.8 10.702 39 
6.117 49.9 17.471 38.4 34 
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Experiment no. 52 

The elution of gold cyanide from carbon BTX after a KOH/KCl pretreatment. 

Adsorption : 
me = 9 .4055 g 
v = 2000 ml 
C16 = 24.0 g/m3 

Pretreatment : 

Time = 24 h 
CfG = 0.1 g/m3 

QfG = 4.95 g/kg 

379 

Soaked loaded carbon in 20 ml of a solution of 0.965 g KOH/l and 21.66 g 
KCl/l at room temperature for 30 min. {This solution had the same pH and 
C .K as the 20 g KCN/l solutions used in most of the other elution 
experiments in the glfss column.) pH;= 12.379, C1K = 11696 g/m3, pHf = 
11.012, cfK = 8712 g/m . 

Elution : 
In glass column, h = 143 mm, T = 70 °C, eluant = distilled water 

t v VB CG pH c 
[h] [ml/h] [ g7m3

] [g7m3
] 

0.050 0.150 3.2 2766 
0.150 51. 5 0.450' 3856 
0.183 0.552 2.6 9.152 
0.350 56.4 1.100 5.2 474 
0.600 so.a 1.828 8.8 9.549 154 
1.017 46.8 2.964 11.8 64 
1.350 54.3 4.019 12.1 9.660 47 __ -
1.683 51.2 5.014 10.029 
2.267 6.762 10.1 33 
2.517 51.5 7.512 
2.783 48.9 8. 271 8.8 9.873 25 
3.517 46.0 10.237 7.5 9.754 19 
4.283 49.1 12.431 5.9 11 
5.183 15.006 9.276 5 
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Experiment no. 53 

The prolonged effect of a cyanide pretreatment on the elution of gold 
cyanide from carbon BTX. 

Adsorption : 
me = 9. 4061 g 
v = 2000 ml 
CiG = 24.0 g/m3 

Cyanide pretreatment 

Time = 23 h 
CfG = 0. 6 g/m3 
QfG = 4. 98 g/kg 

Soaked loaded carbon in 20 ml of a 20 g KCN/l solution at 35 °C for 44 h, 
boiled for 1 h, and left at room temperature for a further 20 h. C;N = 
7886 g/m3, c;K = 12300 g/m3, cfN = 80 g/m3, cfK = 7380 g/m3. 

Elution.: 
In glass column, h = 143 mm, T = 70 °C. 
Conducted elution in 2 phases : A KCl solution with a CK = 1972 g/m3 was 
used as the eluant for the first 2.5 bed volu~es. For the second part of 
the elution the KCl solution was replaced with distilled water. 

t v VB CG pH 
[h] [ml/h] [g7m3] 

0.067 0.190 20.9 
0.200 49.0 0.571 21. 4 
0.367 56.7 1.122 29.6 
0.633 49.9 1.897 39.9 11. 072 
0.883 47.1 2.446 
0.900 2.646 39.9 
1.017 58.9 3.046 40.8 
1.267 53.2 3.821 49.0 11.109 
1.450 51. 5 4.372 115.0 
1.683 48.4 5.030 155.5 
1.983 43.7 5.794 200.0 11. 746 
2.217 48.3 6.451 191. 0 
2.483 53.1 7.276 167.2 11.616 
2.700 54.4 7.963 160.8 
3 .150 51.1 

) 

8.901 138.0 
3.867 47.6 11. 263 120.6 
4.583 48.8 13.301 91.0 11. 104 
5.200 43.5 14.864 79.5 

** Rep~aced KCl eluant with distilled water. 

V ave = 1. 36xl0-8 m3 • s-1 

c 
[g?m3] 

2226 . 
** 

2196 
2055 
2050 
827 
395 
336 
290 
250 
230 
198 
156 
129 
116 
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Experiment no. 54 

Deactivation of carbon BTX towards the adsorption of gold cyanide by 
pretreatment with cyanide. 

Pretreatment of carbon : 
(a) Soaked 1.0027 g carbon BTX in 10 ml of a 20 g KCN/l solution for 40 

h at room temperature, rinsed in glass column with 3.2 1 of 
distilled water at room temperature and a flow rate of 35 ml/min. 

(b) Soaked 1.0037 g carbon BTX in 10 ml distilled water for 40 h at 
room temperature. 

Adsorption : 
v = 1000 ml 
crn = 24.3 g/m3 

pH = 9.5 

Time CG 
[h] [g7m3] 

0.250 23.6 
0.583 23.6 
1.367 23.4 
2.000 23.2 
3.750 22.2 
8.000 20.2 

13.000 17.9 
17.000 16.1 
22.167 13.7 
26.667 11.3 
94.667 2.7 

(a) 

CJCiG 

0. 971 
0.971 
0.963 
0.955 
0.914 
0.833 
0.738 
0.662 
0.564 
0.465 
0.111 

(b) 

c 
[g7m3] 

CJCiG 

23.4 0.963 
21. 9 0.901 
20.6 0.848 
20.0 0.823 
18.3 0.753 
16.1 0.664 

.. 13.6 0.559 
11. 5 0.475 
8.9 0.366 
5.9 0.243 
0.9 0.037 
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Experiment no. 55 

Effect of.cyanide-age on desorption of gold cyanide from carbon BTX. 

Adsorption : 
v = 1000 ml 
C tG = 63 . 3 g/m3 

Time = 44 h 

me [g] 3 
cfG [g/m l 

Pretreatment : 

(a) (b) 

2.8627 2.8629 
3.2 3.2 

(c) (d) (e) 

2.8619 2.8607 2.8649 
2.4 3.2 2.4 

382 

Soaked in 10 ml of cyanide solution for 45 min. at room temperature. 
Potassium concentrations all adjusted to 18000 g K+/m3 by addition of 
KCl. 

(a) (b) (c) (d) (e) 

CiN [g/m3] 0 2057 3983 7700 11550 
CfN [g/m3] 0 730 1693 4447 7567 
QfN [g/k~] 0 4.64 8.00 11.37 13.90 
CfG [g/m] 6.5 27.0 48.0 84.0 102.5 

Desorp·t ion .. : 
In batch, 75 ml each, distilled water at 70 °C. 

(a) (b) (c) (d) (e) 

CG (22 h) 18.0 69.0 101. 0 158.0 192.0 
CG (52 h) 7.0 48.0 77 .0 120.0 129.5 
CG (94 h) 3.0 27.6 52.5 91.0 107.5 

After 94 h . . 
pH 7.883 9.725 10.158 10.528 10.689 
CK 445 458 499 511 544 
QG 20.89 20 .15 19. 71 18.30 18.05 
A 15.92 8.28 6.71 5.27 4.94 
A/exp(-0.2 pH) 77 .03 57.90 51. 20 43.28 41. 90 

A-values calculated with n = -0.002688 A + 0.2902 

Stellenbosch University  https://scholar.sun.ac.za



383 

Experiment no. 56 . 

Reactivation of carbon BTX towards gold cyanide after pretreatment with 
cyanide. 

Adsorption : 

(a} 
V; = 1000 ml 
m = 3.0073 

c 3 
Ct6 = 4.8.9 g/m 
Time = 21 days 
Ve = 985 ml 
C = 0.1 g/m3 

eG · 

Pretreatment : 

(b} 
V; = 1000 ml 
me = 3.0073 
C16 = 21. l g/m3 

Time = 21 days 
v = 975 ml 
Ce = 0 0 g/m3 

eG •. 

Soaked each sample of loaded carbon in 5 ml of a 7300 ~ CN-/m3 solution 
for 30 min. at room temperature, c,N = 3319 g/m3. 

Desorption : 
v = 500 ml of distilled water 
T = 60 °C 
pH. = 11.103 
(a} QiG = 16.25 g.kg-l (b) QiG = 7.0 g.kg-l 

(a} 

t [h] CG CK t [h] CG 

0.167 15.0 0.167 7 .1 
0.417 20.6 59 0.417 10.2 
0.917 26.4 0.883 12.8 
l. 750 34.5 67 l. 717 13.2 
3.200 34.8 3.167 13.3 
4.633 35.7 4.600 13.1 
5.667 35.l 72 5.633 13.0 
6.950 34.3 6.917 12.8 

23.283 31.3 23.250 9.4 
26.167 29.4 26 .133 9.1 
29 .133 29.0 29 .100 9.0 

(b) 

CK pH 

9.072 
62 

68 
I 

8.878 

72 
; 9.237 

10.757 

10.950 
; 
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Experiment no.57 

Effect of a water insoluble gold species on elution from carbon BTX. 

Adsorption : 
(a) 
v = 1000 ml 
me = 1.5046 g 
c1G = 102.8 g/m3 

Time = 18.5 h 
CfG = 69.3 g/m3 

QfG = 22.3 g/kg 

Pretreatment : 

(b) 
v = 1000 ml 
me = 1.5031 g 
CtG = 102.8 g/m3 

Time = 18.5 h 
CfG = 69. 3 g/m3 

QfG = 22 .3 g/kg 

(c) 
v = 1000 ml 
m = 1.5024 g 

e 3 c1G = 102.8 g/m 
Time = 18.5 h 
CfG = 67. 2 g/m3 

QfG = 23. 7 g/kg 

(a), (b) : Dried at 150 ·c for 18 h before desorption. 
(c) : Desorption directly after adsorption. 

Desorption : 
v = 1000 ml of distilled water with 1 g KCN/l 
T = 20 °C 
pH = 11.25 

(a) (c) 

t [h] CG l/J CG l/J 

0.083 1.0 0.030 0.8 0.022 
0.250 1.5 0.045 1.6 0.045 
0.417 2.1 0.063 2.2 0.062 
0.667 2.8 0.084 3.3 0.093 
0.917 3.4 0 .101 3.9 0.110 
2~967 6.9 0.206 8.3 0.233 
3.983 8.1 0.242 9.7 0.272 
6.417 9.9 0.296 12.2 0.343 

384 
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Determination of water insoluble species on (a) and (b) by elution of 
Au(CN)2 from sample (b) with disti~led water 

Each elution : v = 1500 ml, pH= 11.5 

Des.no t [h] CfG QfG 

1 3.0 3.0 19.3 
2 3.6 1.8 17.5 
3 16.3 2.8 14.7 
4 7.5 1.3 13.4 
5 15.2 1.3 12.1 
6 27.9 1.3 10.8 
7 44.2 1.1 9.7 

% Water insoluble species 100 * (9.7/22.3) = 43.6 % 
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Experiment no.58 

Effect of particle size on elution of gold from carbon BTX in the 
presence of a water insoluble gold species.· 

· Adsorption : 
v = 5000 ml 
me = 10.0131 g 
de= -1.7 +1.4 mm 
CiG = 38.3 g/m3 

Pretreatment : 
Boi 1 carbon for 26 
solution was added, 
days. 

Time = 60 h 
cfG = o. 9 g/m3 

QfG = 18.7 g/kg 

h in 1000 ml water to which 30 ml of a 33 wt.% HCl 
rinsed with distilled water and dried at 110 °C for 4 

Desorptions · 
v = 1000 ml of distilled water with CiN = 342 g/m3 

· pH. = 11. 0 
T ~ 20 °C 
(a) me = 1.0030 g powdered carbon (from above batch) 
(b) me = 1.0035 g granular carbon (from above batch) 

(a) 

t [h] CG l/J 

0.250 1.6 0.085 
0.750 2.0 0.107 
2.417 2.8 0.149 
3.750 3.2 0.171 
6.000 3.5 0.187 
8.250 3.6 0 .192 

13.917 3.5 0 .187 
22.000 3.4 0 .182 
25.083 3.6 0 .192 

where l/J = (QiG - QG)/Q;G 
CfN = 275 g/m3 

pHf = 11.05 

(b) 

CG l/J 

0.4 0.021 
0.5 0.027 
0.9 0.048 
1. 2 0.064 
1.6 0.085 
1. 9 0.101 
2.4 0.128 
2.9 0 .155 
3.0 0.160 
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Determination of water insoluble specre·s on {a) and {b) by elution of 
Au(CN); from 1.00 g of the dried carbon with distilled water 

Each elution : v = 1000 mli pH= 12 

Des.no t [h] CfG QfG .. 

1 18 0.6 18.1 
2 50 0.5 17.6 
3 22 0.7 16.9 
4 25 0.8 16.1 
5 24 0.7 15.4 

% Water insoluble species 100 * {15.4/18.7) = 82.4 % 
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Experiment no. 59 

The elution of gold cyanide from loaded carbon. BTX stored in distilled 
water for 6 months. 

Adsorption : 
me = 3. 6 kg 
v = 60 1 
C16 = 167 g/m3 

Time = 10 da_xs 
ct6 = o. o g/m3 

QfG = 2.78 g/kg 

Stored loaded carbon in distilled water for 6 months after adsorption. 

Cyanide pretreatment : 
Loaded 9.143 g of the above batch of carbon into glass column filled with 
distilled water. Replaced distilled water with pretreatment solution by 
feeding 10 ml of 20 g KCN/l solution to the column. Soaked at room 
temperature for 16 h. Swithed on water bath and heated up bed to 80 ·c 
over a period of 1.5 h. 

Elution : 
In glass column, h = 139 mm, T = 80 ·c, eluant = distilled water. 
Started flow of distilled water directly after temperature of bed reached 
80 ·c. (The pretreatment solution was not drained from the bed.) 

t v VB CG pH CN c 
[h] [ml/h] [g7m3] [g/m3] [g~m3] 

0.033 0.103 13.5 4932 
0 .167 51. 7 0.517 15.2 10.094 929 3484 -
0.350 50.2 1.068 61.5 10.269 491 605 
0.600 50.7 1.828 107.5 10.784 106 260 
1.000 51.3 3.058 129.0 45 192 
1.250 48.1 3. 779 118.0 11.190 175 
1.500 50.0 4.529 
1.667 5.035 106.5 151 
I. 917 51.6 5.808 100.8 11.147 131 
2.417 46.9 7.214 81.6 120 
3.150 49.5 9.390 61.8 11. 078 
4.317 53.9 13 .160 43.6 74 
4.883 51. 9 14.923 30.5 10.930 
5.617 49.4 17 .095 25.1 57 

Stellenbosch University  https://scholar.sun.ac.za



389 

Experiment no. 60 

The elution of gold cyanide from loaded carbon BTX stored in distilled 
water for 6 months. 

Adsorption : 
me = 3 .6 kg 
v = 60 1 
CiG = 167 g/m3 

Time = 10 da)'s 
CfG = 0. 0 g/m3 

QfG = 2. 78 g/kg 

Stored loaded carbon in distilled water for 6 months after adsorption. 

Cyanide pretreatment : 
Loaded the above carbon into distilled water in the stainless steel 
column. Replaced distilled water with pretreatment solution by pumping 
4000 ml of 20 g KCN/l solution through the column. Soaked at room 
temperature for 16 h. Swithed on oil heaters and heated up bed to 80 °C 
over a period of 1.5 h. 

Elution : 
In stainless steel column, h = 749 mm, T = 80 °C, eluant = distilled 
water. Started flow of distilled water directly after temperature of bed 
reached 80 °C. (The pretreatment solution was not drained from the bed.) 

t v VB CG pH CN CK . 
[ml/ 

[h] min] [ g/m3] [g/m3] [g/m3] 

0.083 261 0.222 6.9 9.819 929 4320 
0.250 299 0.730 
0.283 0.832 15.9 10.101 531 . 1025 
0.450 298 1.338 55.5 10.325 159 431 
0.583 295 1.739 83.5 10.566 106 308 
0.833 301 2.506 106.0 10.940 53 212 
1.083 307 3.290 110.0 11. 072 40 184 
1.367 309 4.183 111. 5 11.171 40 171 
I. 717 305 5.271 107 .5 26 150 
2.133 307 6.576 92.5 11.155 139 
2.750 305 8.494 82.8 111 
3.750 308 11. 635 59.1 11.141 91 
5.000 307 15.549 45.6 
5.667 306 17.631 33.4 11.030 63 
6.333 306 19.709 27.3 
6.917 304 21. 519 25.0 10.899 53 
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Temperature profile through column during run 

t TIO Tll TI2 TI3 
[h] 

0.024 74 77 76 69 
0.072 76 76 75 62 
0.200 77 70 69 74 
0.338 77 76 77 77 
0.498 80 80 80 79 
0.684 80 80 80 79 
0.881 79 79 79 78 
1.142 79 79 79 78 
1.415 79' 79 79 78 
1.757 78 78 78 77 
2 .171 78 78 78 77 
2.792 78 78 78 77 
3. 719 78 78 77 77 
5.045 78 78 77 77 
5.949 77 78 77 77 
6.945 77 77 77 77 

See definition of TI 0 - Tis in Figure 3.2. 

vave = 5.08xl0-6 m3 .s-1 

390 

TI4 TIS 

76 77 
73 80 
71 81 
77 81 
80 81 
79 80 
79 80 
78 79 
78 80 
78 79 
77 79 
78 79 
77 79 
77 79 
77 78 
77 78 
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Experiment no. 61 

The elution of gold cyanide from carbon BTX at a flowrate of 5.9 bed 
volumes per hour. 

Adsorption : 
me = 9. 4061 g 
v = 2000 ml 
CiG = 23.5 g/m3 

Cyanide pretreatment : 
Soaked loaded carbon in 
temrerature for 30 min. 
g/m , CfK = 7015 g/m3. 

Elution : 

Time = 23 h 
CfG = 0.6 g/m3 
QfG = 4. 869 g/kg 

20 ml of a 20 g KCN/l solution at room 
ciN = 7169 g/m3, ciK = 12300 g/m3, cfN = 3983 

In glass column, h = 143 mm, T = 70 ·c, eluant = distilled water 

t v VB CG pH CN c 
[h] [ml/h] [ g7m3] [g/m3] [ g7m3] 

0.033 0.204 20.6 10.569 3340 
0.100 104.9 0.611 29.8 1261 1396 
0.217 108.2 1.347 66.0 10.461 . 332 499 
0.333 99.1 2.021 117 .5 80 290 
0.483 106.4 2.951 129.0 10.866 50 190 
0.633 99.2 3.818 118.0 163 
0.800 111.4 4.900 105.2 11. 050 129 
1.133 102.1 6.883 84.0 106 
1.317 105.3 8.008 66.4 10.900 94 
1.950 98.3 11. 636 52.8 
2.367 100.8 14.084 48.0 61 
2.967 101. l 17.619 29.2 10.455 
3.783 100.8 22.416 22.9 42 
5.033 99.5 29.664 15.4 10.255 33 
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Experiment no. 62 

The elution of gold cyanide from carbon BTX at a flowrate of 37 bed 
volumes per hour. 

Adsorption : 
me = 9.4073 g 
v = 2000 ml 
CiG = 24 .1 g/m3 

Cyanide pretreatment : 

Time = 22 h 
CfG = 0 . 0 g/m3 

QfG, = 5 .12 g/kg 

Soaked loaded carbon in 20 ml of a 20 g KCNfl 
temperature for 30 min. CiN = 7766 g/m3

, 

CfN = 4248 g/m3
, CfK = 7380 g/m3

• 

Elution : 

solution at room 
CiK = 12300 g/m3

, 

In glass column, h = 143 mm, T = 70 °C, eluant = distilled water 

t v VB CG pH CN c 
[h] [ml/h] [g7m3] [g/m3] [g?m3] 

0.017 0.612 29.3 1423 
0.042 630 1.530 < 80 
0.050 1.834 94.0 288 
0.067 618 2.434 11. 024 
0.100 3.596 94.4 183 
0.150 568 5.251 84.4 137 
0.200 690 7.261 62.4 86 
0.217 7.925 11.251 
0.267 664 9.860 52.0 
0.333 658 12.415' 41.6 61 
0.383 660 14.339 30.9 
0.433 641 16.207 29.9 50 
0.483 624 18.025 11.214 
0.500 18.636 23.7 43 
0.550 645 20.516 22.6 
0.633 631 23.579 19 .1 39 
0.733 667 27.466 15.0 10.976 
0.817 652 30.633 13.3 33 
0.933 622 34.862 11. 6 
1.017 580 37.679 10.3 10.522 29 

V ave = 1. 767x10-7 m3 • 5-l 
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Exper;ment no. 63 

Effect of distribution of gold thr.ough carbon particles on elution from 
carbon BTX. 

Adsorption : 
v = 1000 ml 
C. = 10.0 g/m3 

(a) me = 1.0033 g 
(b) me= 1.0094 g 
(c) me= 1.0025 g 

Desorption : 

Time = 25.4 h 
Time = 46.8 h 
Time = 144.3 h 

v = 1000 ml of distilled water 
pH. = 12.37 
T !. 22 °C 
CK = 390 g/m3 

(a) 

t [h] CG l/J CG 

0.067 0.2 0.021 0.1 
0.133 0.2 0.021 0.2 
0.250 0.3 0.032 0.2 
0.417 0.4 0.042 0.3 
0.733 0.5 0.053 0.4 
1.167 0.7 0.074 0.5 
2.217 1.1 0.116 0.9 
3.167 1.4 0.147 1.1 
6.133 2.0 0.211 1. 7 
8.250 2.2 0.232 2.0 

21.850 2.5 0.263 2.4 
23.683 2.4 0.253 2.4 
28.433 2.5 0.263 2.4 
29.183 2.5 0.263 2.4 
47.433 2.2 0.232 2.3 
74.267 1. 7 0.179 1.6 
94 .100 1.4 0.147 1.2 

(b) 

l/J 

0.010 
0.020 
0.020 
0.031 
0.041 
0.051 
0.092 

. 0 .112 
0.173 
0.204 
0.245 
0.245 
0.245 
0.245 
0.235 
0 .163 
0 .122 . 

CfG = 0. 5 g/m3 

CfG = 0. 2 g/m3 

CfG = 0. 2 g/m3 

(c) 
I 

CG l/J 

0.1 0.010 
0.15 0.015 
0.15 0.015 
0.2 0.020 
0.3 0.031 
0.4 0.041 
0.6 0.061 
0.8 0.082 
1.1 0.112 
1.4 0.143 
2.0 0.204 
1. 9 0.194 
2.0 0.204 
2.0 0.204 
1. 9 0.194 
1. 5 0 .153 
1.1 0.112 
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Experiment no. 64 

The elution of gold cyanide from carbon BTX after a cyanide pretreatment 
at 100 °C. 

Adsorption : 
me = 9 .4115 g 
v = 2000 ml 
CiG = 22.9 g/m3 

Cyanide pretreatment : 

Time = 48 h 
cf6 = 0.3 g/m3 

QfG = 4.80 g/kg 

Soaked loaded carbon in 10 ml of a 20 g KCN/l solution at 100 °C for 30 
min. C1N = 7733 g/m3, C.K = 12300 g/m3, Cf = 1128 g/m3, Cfl( = 4245 g/m3. 
The cyanide concentrati1on in a "control'~ solution of lu ml 20 g KCN/l 
without any carbon decreased to CfN = 7435 g/m3 under the above. 
conditions. 

Elution : 
·. In glass column, h = 143 mm, T = 70 °C, ~luant = distilled wate~ 

t v VB CG pH c c 
[h] [ml/h] [ g7m3] [g,m3] [g~m3] 

0.050 0 .142 18.0 1479 
0.167 48.6 0.473 478 1668 
0.250 0.705 34.0 
0.483 46.1 1.331 72.8 305 458 
0.750 49.6 2.103 137.6 9.950 192 
1.167 3.416 180.0 103 
1.283 55.3 3.790 26 
1.517 52.0 4.499 160.3 10.042 89 
2.167 48.0 6.317 137.4 ' 72 
2.750 44.5 7.829 120.0 . 
3.450 44.3 9.636 96.6 10.366 61 
4 .167 40.3 11. 320 80.0 
4.833 54.5 13.435 63.5 47 
5.583 49.5 15.599 55.5 
6.083 47.2 16.974 49.5 10.427 41 

· V = 1 33xl0-8 m3 s-1 
ave • • 
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Experiment no. 65 

The elution of gold cyanide from carbon BTX after an acid wash. 

Adsorption : 
me = 9.4086 g 
v = 2000 ml 

. 3 
C; 6 = 24.2 g/m 

Acid wash : 

Time = 22 h 
CfG = 0.0 g/m3 

QfG = 5.14 g/kg 

395 

Soaked loaded carbon in 10 ml of a 3 vol.% x 33 mass% HCl solution at 
70 °C for 45 min. Rinsed with distilled water and soaked for 20 min. at 
room temperature in 10 ml of distilled water with a pH; = 11.907, pHf = 
2. 291. 

Cyanide pretreatment : 
Soaked loaded carbon in 10 ml of a 20 g KCN/l solution at 100 °C for 30 
min. CiN = 7567 g/m3, C.K = 12300 g/m3

, Cf = 200 g/m3, Cf.K = 6447 g/m3. 
The cyanide concentrati

1
on in a "control'~ solution of 10 ml 20 g KCN/l 

without any carbon decreased to CfN = 7435 g/m3 after 30 min. at 100 °C. 

Elution : 
In glass column, h = 143 mm, T = 70 °C, eluant = distilled water 

t v VB CG pH CN c 
[h] [ml/h] [ g7m3] [g/m3] [g~m3] 

0.050 0.142 7.3 1908 
0.217 48.9 0.618 7.0 133 1382 
0.417 53.7 1.243 17.6 133 504 
0.617 51.4 1.842 8.863 
0.833 49.8 2.471 53.6 80 155 
1.117 46.6 3.241 69.6 9.012 102 
1.600 49.2 4.626 < 26 
1.650 4. 770 85.0 56 
2.000 51.3 5.817 98.5 
2.250 57.7 6.657 
2.450 54.5 7.293 94.5 9.273 37 
3.083 49.9 9 .134 79.2 
3. 750 . 47.0 10.960 72.0 I 28 
4:550 50.2 13.301 60.3 9.413 
5.250 46.8 15.210 54.6 20 
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Experiment no. 66 

The effect of temperature on the decomposition of cyanide in the absence 
of carbon. 

v =· 1500 ml 

(a) T = 54 °C, CiN = 727 g.m-3 

(b) T = 76 °C, c1N = 727 g.m-3 

(c) T = 91 °C, c.N = 709 g.m-3 

(d) T = 100 °C, ~iN = 709 g.m-3 

(a) 

t [h] CN C/CNi 

0.750 711 0.978 
6~617 703 0.967 

20.370 687 0.945 
26.880 685 0.942 
44.870 653 0.898 

(c) 

t [h] CN CN/CNi 

0.500 685 0.966 
2.633 627 0.884 
6.467 528 0.745 

10.880 432 0.610 
20.200 260 0.367 
26.780 186 0.262 
44. 770 82 0.116 

t [h] 

0.617 
2. 717 
6.550 

10.930 
20.320 
26.830 
44.820 

t [h] 

0.350 
2.583 
6.417 

10.830 
20.150 
26.750 
44.720 

Calculated first order rate constants 

( a) kN = 5 . 16 7 X 10-7 S - l 

(b) kN = 3. 603x10-6 s-1 

(c) kN = l.353x10-5 s-1 

(d) kN = 2.644x10-5 s-1 

(b) 

CN CN/CNi 

714 0.982 
693 0.953 
669 0.920 
637 0.876 
557 0.766 
512 0.704 
403 0.554 

(d) 

C· N C/CNi 

663 0.935 
523 0.738 
342 0.483 
218 0.307 

64 0.090 
42 0.059 
11 0.016 
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Experiment no. 67 

The effect of carbon particle size on the decomposition of cyanide. 

v = 1000 ml 
cm = 1 g KCN/l 
pH = 10.97 
T = 20 °C 
(a) m = 1.5035 g powdered carbon BTX 
(b) m: = 1.5023 g carbon BTX with de= -1.7 +1.4 mm 

(a) (b) 

Time CN C/C;N CN CN/CiN 
[h] [g/m3] [ g/m3] 

0.00 372 1.000 372 1.000 
20. 72 268 0.721 281 . 0. 757 
41.97 194 0.529 202 0.543 

Experiment no. 68 

The effect of mixing speed on the decomposition of cyanide on carbon BTX. 

v = 1000 ml 
C. = 1 g KCN/l 
pui = 11.53 = 29 °C 
(a) me= 1.5077 g, N = 700 rpm 
(b) me = 1.4993 g, N = 1350 rpm 
(c) me= 1.5021 g, N = 1500 rpm 

(a) 

t [h] CN C/C;N CN 

0.000 380 1.000 380 
0.167 377 0.992 377 
0.783 377 0.992 376 
3.833 369 0.971 369 

17.417 324 0.853 305 
26.883 281 0.739 276 
42.667 268 0.705 223 
66.250 210 0.553 162 

(b) (c) 

C/C;N t [h] CN CN/C;N 

1.000 0.000 380 1.000 
0.992 0 .167 380 1.000 
0.989 0.783 376 0.989 
0. 971 3.833 359 0.945 
0.803 17.417 290 0.763 
0. 726 26.883 256 0.674 
0.587 42.667 178 0.468 
0.426 66.250 98 0.258 
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Experiment no. 69 

The elution of gold cyanide from carbon BTX with a constant concentration 
of cyanide in the eluant. 

Adsorption : 
me = 9.4085 g 
v = 2000 ml 
CiG = 22.8 g/m3 

No pretreatment was conducted. 

Elution : 

Time = 22 h 
cf6 = 0.3 g/m3 

QfG = 4. 78 g/kg 

In glass column, h = 143 mm, T = 70 ·c, eluant =solution of 0.5 g KCN/l, 
CN = 191 g/m3, pH = 10.65. 

t v VB CG pH c c 
[h] [ml/h] [ g7m3] [gJm3] [g7m3] 

0.083 0.259 2.2 8. 72 101 
0.250 0. 777 2 .1 
0.500 53.3 1.550 5.3 
0.583 1.809 1.8 145 
0.667 50.5 2.060 2.0 
0.750 2.300 8.39 
0.917 2.770 5.3 
0.950 2.860 2.1 
1.050 45.5 3 .130 2.2 8.87 21.2 183 
1.333 3.860 2.7 
1.750 41.1 4.890 3.0 23.9 
2.000 51.4 5.570 227 
2.667 45.0 7.440 6 .1 79.7 
3.050 8.440 7 .1 
4.000 10.830 9.6 9.87 117 
4.167 42.0 11. 240 9.7 254 
4.833 48.l 12.990 12.3 141 
5.900 57.4 16.270 10.09 259 
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Experiment no. 70 

The deactivation of carbon BTX towards the decomposition of cyanide. 

v = 350 ml 
C. = 525 g/m3 

T
1 '!. 18 °C 

me = 21 g 

399 

The same sample of carbon BTX was repeatedly contacted with a fresh 
solution of cyanide as follows : 

No. t [h] QiN CfN -ln(Cf/C;) kN(h-1] 

l 1.533 0.00 404 0.262 0.171 
2 1.817 2.02 441 0 .174 0.096 
3 4.118 3.42 449 0.156 0.038 
4 2.333 4.68 475 0.100 0.043 
5 l. 417 5.52 496 0.057 0.040 

Experiment no. 71 

The elution of potassium from carbon BTX after a KCl pretreatment. 

Pretreatment : 
Soaked 9.4069 g dry carbon BTX in 20 ml KCl solution at 20 -°C for 30 min. 
CiK = 11921 g/m , CfK = 12740 g/m3. 

Elution : In glass column, h = 143 mm, T = 20 °C, eluant = distilled H20 

t v VB c 
[h] [ml/h] [g~m3] 

0.067 62.6 0.243 6012 
0.167 48.8 0.528 4587 
0.250 48.5 0.763 1800 
0.367 49.6 1.100 729 
0.533 46.8 1. 555 246 
0.683 48.8 1. 981 107 
0.933 2.697 56 
1.250 49.6 3.613 41 
1.583 45.7 4.500 34 
2.033 50.9 5.835 23 
2.333 47.6 6.667 21 
2.883 51.4 8.315 15 
3.500 47.8 10.033 13 
4.050 47.8 11. 565 8 

Vave 1.361x10-B m3 .s-l 
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Experiment no. 72 

The adsorption of potassium onto carbon BTX during a KCN pretreatment. 

(a) 

(b) 

Soaked 9.4067 g dry carbon BTX in 20 ml of a 20 g KCN/l solution at 
20 °C for 30 min. CiN = 7435 g/m3, CiK = 12481 g/m3, 
CfN = 5841 g/m3, CfK = 10213 g/m3. 
Soaked 9.4060 g dry carbon BTX in 20 ml of a 20 g KCN/l solution at 
70 °C for 30 min. CiN = 7435 g/m3, CiK = 12481 g/m3, 
cfN = 5310 g/m3, cfK = 10178 g/m3. 

Molar ratio of adsorbed K+ : CN-
(a) QK : QN = 1 : 1.03 (b) QK : QN = 1 : 1.37 

Note that dry carbon was used in the above experiments to eliminate the 
dilution effect of the pore volume solution. 

Experiment no. 73 

The elution of gold cyanide from carbon BTX at room temperature. 

Adsorption : 
me = 9 .4056 g 
v = 2000 ml 
CiG = 119 g/m3 

Cyanide pretreatment : 

Time = 21 h 
cf6 = 1o.3 g/m3 

QfG = 23 .1 g/kg 

Soaked 1 oaded carbon in 20 m 1 of a 20 g KCN/l so 1 ut ion at 20 ° C for 30 
min. CiN = 7766 g/m3, CiK = 12300 g/m3, CfN = 4593 g/m3, CfK = 7380 g/m3 

. 
Elution : In glass column, h = 143 mm, T = 20 °C, eluant = distilled H20 

t v VB CG pH CN c 
[h] [ml/h] [ g7m3] [g/m3] [g7m3] 

0.250 31.9 0.465 10.8 11. 051 1062 3171 
0.583 29.0 1.028 17.0 1261 1356 
0.867 29.5 1. 516 41. 6 498 510 
1.183 30.3 2.074 66.8 10. 911 432 290 
1.633 30.2 2.866 89.6 106 191 
2.083 3.768 104.8 146 
2.633 31. 9 4.701 107.6 11. 144 40 
3.067 31. 7 5.501 111. 2 107 
3.867 30.0 6.900 111. 2 
4.333 30.3 7.723 110.0 11.373 92 
5.250 30.7 9.364 104.8 
6.000 31. 5 10.741 105.2 79 
7.050 29.5 12.546 96.8 11. 320 
7.500 32.5 13.398 90.4 69 
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The elution of gold cyanide from carbon BTX with a 2 wt.% KCN solution. 

Adsorption : 
me = 9.4061 g 
v = 2000 ml 
CiG = 22.8 g.m-3 

Cyanide pretreatment : 

Time = 23 h 
CfG = 0. 3 g. m-3 
QfG = 4.78 g.kg-l 

401 

Soaked loaded carbon in 20 ml of· a 20 g KCN/l solution at room 
temperature for 30 min. CiN = 7726 g.m-3, CiK = 12200 g.m-3, CfN = 4461 
g.m-3, CfK = 7154 g.m-3. 

Elution : 
In glass column, h = 143 mm, T = 70 ·c, eluant = distilled water 
containing 20 g KCN/l (CN = 7726 g.m-3, CK= 12200 g.m-3) 

t v VB CG pH c c 
[h] [ml/h] [ g7m3

] [gJm3] [g7m3 ] 

0.033 0.159 19.9 5177 
0.083 82.0 0.398 9070 
0.167 0.738 21. l 6107 
0.300 50.4 1.130 10.776 
0.367 1.327 24.6 6532 11060 
0.500 51.5 1. 727 
0.583 1.970 26.2 
0.750 48.l 2.437 11. 019 -
0.833 ' 2.680 27.6 7195 11300 
0.967 52.5 3.088 
1.050 3.331 28.4 
1. 217 48.0 ~.797 11. 204 
1.400 4.342 29.7 
1.917 54.8 5.968 31.8 11.380 11870 
2.667 48.2 8.075 11. 508 7517 
3.250 48.6 9.727 34.6 ' 11840 
3.833 49.l 11. 395 11. 649 
4.533 48.2 13.361 3 5 . .1 7633 
5.550 40.2 15.743 36.3 12200 
5.750 53.l 16.362 11. 864 
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Experiment no. 75 

The elution of gold cyanide from carbon BTX with a solution containing 
559 g K+ .m-3 • 

Adsorption : 
me = 9.4067 g 
v = 2000 ml 
CiG = 22.2 g.m-3 

Cyanide pretreatment : 

Time = 21 h 
CfG = 0. 1 g. m-3 

QfG = 4.70 g.kg-l 

Soaked loaded carbon in 20 ml of a 20 g KCN/l solution at room 
temperature for 30 min. CiN = 7567 g.m-3 , CiK = 12450 g.m-3 , CfN = 4315 
g.m-3 , CfK = 6312 g.m-3 • 

Elution : 
In glass column, h = 143 mm, T = 70 ·c, eluant ='distilled water 
containing 559 g K+.m-3 (by addition of KCl). 

t v VB CG pH CN c 
[h] [ml/h] [g7m3] [g/m3] [g?m3] 

0.050 0.157 17.3 3035 
0.183 54.0 0.576 1328 
0.217 0.682 16.0 2553 
0.400 51. 7 1.233 372 
0.450 1.383 25.9 1066 
0.583 50.1 1. 771 10.229 133 
0.667 2.014 30.2 830 
0.833 48.6 2.484 56 
0.917 2.727 30.2 715 
1.083 51.5 3.225 10 .180 
1.167 3.473 30.1 660 
1.417 48.6 4 .182 26 
1.700 5.017 28.4 623 
1.917 52.2 5.677 10.129 
2.500 48.2 7.314 25.2 608 
2.933 50.0 8.576 22.8 604 
3.433 47.9 9. 972 22.2 598 
4.050 50.9 11. 802 20.5 10.045 578 
4.667 45.0 13.420 
5.083 54.3 14.736 19.1 577 
5.417 49.7 15.704 10.090 
6.000 47.5 17 .317 17.5 577 
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Experiment no. 76 

The elution of gold cyanide from carbon BTX in the stainless steel column 
after drainage of the pretreatment solution. 

Adsorption : 
me = 3. 6 kg 
v = 75 1 
CiG = 85.9 g/m3 

Cyanide pretreatment : 

Time = 24 da~s 
CfG = 0. 0 g/m3 

QfG = 1. 79 g/kg 

Loaded the above carbon into distilled water in the stainless steel 
column. Drained column and added 1.91 of the following KCN/KOH solution 
at 70 ·c to the top of the bed : 22 g KCN/l, 18. 75 g KOH/l. Measured 
composition of pretreatment solution : Cli = 8496 g.m-3 , CK = 25600 g.m-3

, 

pH = 13.56. Soaked for 30 min. at 10 °C before draining the bed. 
Composition of drain solution : CN = 1062 g.m-3, CK = 3308 g.m-3, pH = 
10. 61, CG = O. 5 g. m-3 • 

Elution : 
In stainless steel column, h = 749 mm, T = 80 °C, eluant = distilled 
water. Started flow of distilled water directly after draining of 
pretreatment solution. t=O was recorded at the moment when the e 1 uant 
pump was switched on. 

t v VB CG pH CN CK 
[ml/ 

[h] min] [g/m3] [g/m3] [g/m3] 

0.217 3.18 0.494 5.4 12.48 1168. 6075 
0.400 3.64 0.910 12.3 12.29 148 1450 
0.583 3.65 1. 327 20.6 12.13 53 790 
0.817 3.74 1.860 29.6 11.99 32 515 
1.083 3.77 2.465 41.4 11.85 365 
1.417 3.72 3.225 46.6 11.78 16 278 
1.750 3.76 3.983 50.0 11. 67 230 
2.100 3.75 4.780 52.6 11. 62 16 196 
3.100 3.74 7.056 45.8 11.43 135 
4.000 3.78 9 .104 39.2 11.28 5 109 
5.333 3.68 12.138 27.5 11.11 81 
6.300 14.339 22.0 11. 06 10 68 
7.833 3. 71 17.828 16.4 10.94 54 
9.917 3.80 22.572 10.9 10.83 8 42 

11. 917 3.82 27.124 7.7 10.56 34 
14.917 3.81 33.952 4.3 10.25 5 24 
18.850 3. 77 42.904 2.2 10 .18 15 
22.417 3.80 51.022 1. 2 9.99 10 9 
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Temperature profile through column during run 

t TIO Til TI2 TI3 TI4 TIS 
[h] 

0.002 75 84 86 84 86 68 
0.069 75 85 87 75 84 83 
0.191 84 84 80 79 79 82 
0.306 81 80 80 79 79 82 
0.443 79 80 80 80 79 81 
0.595 79 80 80 79 79 81 
0.811 79 80 79 79 79 80 
1.084 78 78 78 78 77 79 
1.422 77 78 78 79 78 81 
1.784 78 79 79 79 78 80 
2.117 78 79 79 79 79 80 
3.096 79 79 79 79 79 80 
4.044 78 79 79 79 79 80 
5.343 78 79 79 79 78 80 
6.347 78 79 79 78 78 80 
7.834 78 79 79 78 78 80 
9.926 77 78 78 -78 78 80 

11. 896 78 78 78 78 78 80 
14.919 78 78 78 78 78 80 
18.900 77 78 78 77 77 80 
22.425 78 79 79 78 78 80 

See definition of TI 0 - Tis in Figure 3.2. 
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Experiment no. 77 

Kinetics of adsorption and desorption of aurocyanide on carbon BTX in 
batch. 

Adsorption : 
me = 0.5106 g 
v = 1500 ml 
CiG = 20.1 g.m-3 ' 

Both adsorption and e 1 ut ion were conducted in batch in open 2000 ml 
bottles with magnetic stirring at 1350 rpm and at room temperature. 

t c pH CG/CiG 
[h] [g7m3

] 

0.000 20.1 6.80 1.000 
0.083 19.9 6.89 0.990 
0 .167 20.3 1.010 
0.250 20.2 6.66 1.005 
0.400 19.6 0.915 
0.600 19.6 6.55 0.975 
1.050 18.7 0.930 
2.950 18.1 6.58 0.900 
6.083 17. 2 0.856 
16.783 14.6 0.726 
19.167 14.6 6.80 0.726 
21. 950 14.1 0.701 
24 .117 13.8 0.687 
30.083 13.0 0.647 
41.583 12.0 6.90 0.597 
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Elution : 
Eluant = 1500 ml distilled water with pH;= 11.87 and CK =90 g.m-3 (by 
addition of KOH), Q;6 = 23.8 g.kg-1 

t c pH ~_Ck [h] [g7m3] . iG 

0.083 0.2 0.025 
0.167 0.3 0.037 
0.283 0.3 11.87 0.037 
0.400 0.3 0.037 
0.533 0.3 0.037 
0.883 0.5 0.062 
1.567 0.8 0.099 
3.083 1.2 11.82 0.148 
5.500 1.6 0.198 
7.200 1. 9 0.235 
11. 367 2.5 0.309 
23.333 3.0 11. 26 0.370 
25.867 3.0 0.370 
28.800 3.0 0.370 
32.367 3.1 0.383 
36.183 3.1 0.383 
47.367 3.1 10.32 0.383 
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Experiment no. 78 

Kinetics of adsorption and desorption of aurocyan i de on carb.on BTX in 
batch. 

Adsorption : 
me = 1.0031 g 
v = 1500 ml 
CiG = 20.1 g.m-3 

Both adsorption and elution were conducted in batch in open 2000 ml 
bottles with magnetic stirring at 1350 rpm and at room temperature. 

t c pH CJCiG 
[h] [g,m3] 

0.000 20.1 6.80 1.000 
0.083 19.9 6.86 0.990 
0.167 19.5 0.968 
0.250 19.4 6.64 0.965 
0.400 18.7 0.930 
0.600 18.4 6.53 0.915 
1.050 17.8 0.886 
2.950 16.4 6.60 0.816 
6.083 14.6 0.726 

16.783 10.2 0.507 
19.167 9.9 7.01 0.493 
21.950 9.2 0.458 
24 .117 8.7 0.433 
30.083 7.5 0.373 
41. 583 5.5 7.07 0.274 
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Elution : 
Eluant = 1500 ml distilled water with pH. = 11.87 and CK= 90 g.m-3 (by 
addition of KOH), Q

6
i = 21.83 g.kg-1 · 

1 

t c pH Qi~QG 
[h] [g7m3

] iG 

0.083 0.3 0.021 
0.167 0.3 0.021 
0.283 0.4 11.87 0.027 
0.400 0.5 0.034 
0.533 0.6 0.041 
0.883 0.9 0.062 
1.567 1.3 0.089 
3.083 2.1 11.82 0 .144 
5.500 2.9 0.199 
7.200 3.3 0.226 

11. 367 4.0 0.274 
23.333 4.4 11. 29 0.301 
25.867 4.3 0.295 
28.800 4.4 0.301 
32.367 4.4 0.301 
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Exper;ment no. 79 

Kinetics of adsorption and desorption of aurocyanide on carbon BTX in 
batch. 

Adsorption : 
me = 0. 7029 g 
v = 1500 ml 
cjp = 11.4 g.m-3 

pH= 7.0 

Both adsorption and elution were conducted in batch in open 2000 ml 
bottles with magnetic stirring at 1350 rpm and at room temperature. 

t CG CG/CiG 
[h] [g7m3] 

0.000 11.4 1.000 
0.083 11.6 1. 018 
0.167 11.3 0.991 
0.333 11.1 0.974 
0.500 11.0 0.965 
1.467 10.2 0.895 
4.350 9.2 0.807 
5.533 8.7 0.763 
7.883 8.1 0. 711 

14.500 6.4 0.561 
22.950 5.3 0.465 
25.000 5.2 0.456 
27 .017 4.7 0.412 
31.583 4.5 0.395 
35.117 4.3 0.377 
37.000 4.4 0.386 
46.850 3.4 0.298 
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Elution : 
Eluant = 1500 ml distilled water with pH. = 11.05, C.N = 382 g.m-3 and 
CK= 597 g.m-3 (by addition of KOH and KCN), 

1
QiG = 17.07 g.kg-1 

t c pH CN QfftiQG 
[h] [g7m3] [g/m3] . iG 

0.000 0.0 11. 05 382 0.000 
0.083 0.8 0.100 
0.233 0.8 11.00 0.100 
0.417 0.9 0.113 
0.617 1.0 0.125 
1.183 1.2 0.150 
2.000 1.6 10.90 372 0.200 . ' 

3.333 2.1 0.263 
4.900 2.6 10.84 0.325 
6.700 3.1 10.82 0.388 

14.530 3~8 0.475 
25.583 4.0 363 0.500 
28.783 4.0 10.52 0.500 
32.167 4.1 0.513 
35.367 4.2 356 0.525 
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Experiment no. 80 

Kinetics of adsorption and desorption of aurocyanide on carbon BTX in 
batch. 

Adsorption : 
me = I. 5038 g 
v = 1500 ml 
c,i/j = 11.4 g.m-3 

pH= 7.0 

Both adsorption and e 1 uti on were conducted in batch in open 2000 ml 
bottles with magnetic stirring at 1350 rpm and at room temperature. 

t c CJC;G . 
[h] [g7m3] 

0.000 11. 4 1.000 
0.083 11.1 0.974 
0.167 10.9 0.956 
0.333 10.4 0.912 
0.500 10.0 0.877 
1.467 8.7 0.763 
4.350 6.4 0.561 
5.533 5.7 o.500 
7.883 4.8 0.421 

14.500 2.6 0.228 
22.950 1.2 0 .105 
25.000 1.1 0.096 
27 .017 0.9 0.079 
31. 583 0.7 0.061 
35 .117 0.6 0.053 
37.000 0.6 0.053 
46.850 0.5 0.044 
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Elution : 
Eluant = 1500 ml distilled water with pH. = 11.05, C.N = 382 g.m-3 and 
CK= 597 g.m-3 (by addition of KOH and KCN), 

1
Qi 6 = 10.87 g.kg-1 -

t c pH CN Qj~-QG 
[h] [g~m3]' [ g/m3] iG 

0.000 0.0 11.05 382 0.000 
0.083 0.6 0.055 
0.233 0.7 11.00 0.064 
0.417 0.8 0.073 
0.617 0.9 0.083 
1.183 l.'1 0 .101 
2.000 1.6 10.90 3'69 0.147 
3.333 2.0 0.183 
4.900 2.4 10.84 0.220 
6.700 2.8 10.83 377 0.257 

14. 530. 3.2 0.294 
25.583 3.1 366 0.284 
28.783 3.0 10.55 0.275 
32 .167 3.1 0.284 
35.367 3.1 356 0.284 
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Experiment no. 81 

Kinetics of desorption of aurocyanide from carbon BTX in batch. 

Adsorption : 
me = 0.6594 g 
vi = 1000 ml 
Ve = 990 ml 
CiG = 49.9 g.m-3 

Cez = 13.3 g.m-3 

pH = 7. 04 
T ; 20 °C 
Adsorption period= 21 days, i.e. adsorption to equilibrium. 

Elution : · 
In open 1000 ml beaker with magnetic stirring at 1350 rpm 
v = 1000 ml" 
T = 20 °C 
QiG = 55.7 g.kfl 
CK = 1872 g.m- {from addition of KOH) 
C = 0 g .m-3 

p~ = 12.59 

t c Qj'b-QG 
[h] [g,m3] iG 

0.050 0 .1 0.003 
0.150 0.3 0.008 
0.250 0.4 0.011 
0.450 0.7 0.019 
0.733 1.1 0.030 
1.117 1.5 0.041 
1.667 2.0 0.054 
2.600 3.0 0.082 
3. 717 4.0 0 .109 
4.817 4.8 0.131 
6.000 5.6 0 .152 
7.083 6 .1 0 .166 

10.383 7.6 0.207 
13.350 8.3 0.226 
22.450 10.0 0.272 
23.750 10.4 0.283 
26.000 10.8 0.294 
28.750 11.1 0.302 
34.500 12.5 0.340 

413 
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Experiment no. 82 

Kinetics of desorption of aurocyanide from carbon BTX in batch. 

Adsorption : 
me = 0.8000 g 
v1 = 1000 ml 
Ve = 975 ml 
C16 = 49.9 g.m-3 

CeG = 7.0 g.m-3 

PHe = 7. 36 
T = 20 °C 
Adsorption period= 21 days; i.e. adsorption to equilibrium. 

Elution : 
In open 1000 ml beaker with magnetic stirring at 1350 rpm 
v = 1000 ml 
T = 20 °C 
Q

16 
= 53.8 g.kg-l 

CK = 690 g.m-3 (from addition of KCN) 
C.N = 441 g.m-3 

C 
1 

= 284 g. m-3 

ptr = 11. l 

t c Qj~-QG 
[h] [gJm3] 

iG 

0.067 0.4 0.009 
0 .167 0.8 0.019 
0.250 1.1 0.026 
0.417 I. 7 0.039 
0.667 2.4 0.056 
1.083 3.4 0.079 
1.417 4 .1 0.095 
2.550 6 .1 0.142 
4.467 8.6 0.200 
6.317 10.6 0.246 
7.217 11.3 0.262 
9. 717 13 .1 0.304 

18.000 16.5 0.383 
23.533 18.l 0.420 
26.050 18.7 0.434 
29.783 19.4 0.450 

414 
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Experiment no. 83 

Kinetics of desorption of aurocyanide from carbon BTX in batch. 

Adsorption : 
me = 1. 6042 g 
v = 1000 ml . 3 
CiG = 49.9 ,g.m-
CeG = 0.2 g.m-3 

pH = 7. 49 
T ; 20 °C 
Adsorption period= 21 days, i.e. adsorption to equilibrium. 

Elution : 

415 

The elution was conducted in a 2000 ml round-bottomed flask fitted with a 
total reflux condenser. The fl ask was submerged in a water bath and 
stirred magnetically at 1350 rpm, 
v = 1000 ml 
T = 52 °C 
QiG = 30. 98 ~. kg-l . 
CK< 10 g.m- (no KOH or KCN added) 
pH = 6.5 

t c Qi~QG 
[h] [gJm3] iG 

0.067 0.3 0.006 
0 .167 0.5 0.010 
0.250 0.7 0.014 
0.417 0.9 0.018 
0.667 1.1 0.022 
1.083 1.4 0.028 
1.417 1.4 0.028 
2.550 1. 7 0.034 
4.467 2.0 0.040 
6.317 2.1 0.042 
7.217 2.1 0.042 
9. 717 2.2 0.044 

18.000 2.2 0.044 
23.533 2.2 0.044 
26.050 2.4 0.048 
29.783 2.3 0.046 
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Experiment no. 84 

Kinetics of desorption of aurocyanide from carbon BTX in batch. 

Adsorption : 
me = 1.8145 g 
V; = 1000 ml 
Ve = 970 ml 
CiG = 49.9 g.m-3 

Ce!l = 0.1 g.m-3 

pH = 7 .47 
T ; 20 °C 
Adsorption period= 21 days, i.e. adsorption to equilibrium. 

Elution : 

416 

The elution was conducted in a 2000 ml round-bottomed flask fitted with a 
total reflux condenser. The flask was submerged in a water bath and 
stirred magnetically ·at 1350 rpm, 
v = 1000 ml 
T = 90 °C 
QiG = 27 .45 ~.kg-l 
CK < 10 g .m- (no KOH or KCN added) 
pH = 6.5 

t c QiCQ-QG 
[h] [g7m3] iG 

0.067 1.2 0.024 
0.167 2.0 0.040 
0.250 2.8 0;056 
0.417 3.4 0.068 
0.667 4.2 0.084 
1.083 5.4 0.108 
1.417 5.7 0.114 
2.550 7.1 0.143 
4.467 8.6 0.173 
6.317 9.4 0.189 
7.217 10.0 0.201 
9.717 10.4 0.209 

18.000 10.8 0.217 
23.533 11.3 0.227 
26.050 11. 6 0.233 
29.783 11.8 0.237 
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Experiment no. 85 

The elution of gold cyanide from carbon BTX with distilled water at 
70 °C. 

Adsorption : 
me = 9.407 g 
v = 2000 ml 
C; 6 = 95.0 g.m-3 

Pretreatment 
NONE 

Elution : 

Time = 23 h 
CfG = 9. 5 g. m-3 

QfG = 18.18 g.kg-1 . 

In glass column, h = 143 mm, T = 70 •c, eluant = distilled water 

t v VB CG pH 
[h] [ml/h] [ g/m3] 

0.083 49.6 0.241 81.0 
0.217 41.0 0.559 55.8 
0.433 42.9 1.101 62.1 8.552 
0.650 45.0 1.669 64.5 8.636 
0.900 43.9 2.309 62.7 8.779 
1.167 46.3 3.028 57.9 
1.517 46.6 3.979 53.l -8. 828 
1.900 45.0 4.984 44.4 
2.400 42.6 6.225 34.8 
3.083 40.3 7.830 25.3 8.434 
3.650 44.7 9.306 21.1 
4.300 42.3 10.909 17.9 
4.967 42.4 12.556 16.0 7.917 
5.617 44.9 14.257 15.4 
6.250 43.8 15.873 14.4 8.027 
6.900 41.3 17.437 13.4 

Stellenbosch University  https://scholar.sun.ac.za



Exper;ment no. 86 

The elution of gold cyanide from carbon BTX with a 12 g KCl/l solution. 

Adsorption : 
me = 9.4078 g 
v = 2000 ml 
CiG = 22.8 g.m-3 

Cyanide pretreatment : 

Time = 23 h 
CfG = 0. 2 g. m-3 
QfG = 4.805 g.kg-l 

418 

Soaked loaded carbon in 20 ml of a 20 g KCN/l solution at room 
temperature for 30 min. CiN = 7726 g.m-3, CiK = 12450 g.m-3, CfN = 4461 
g.m-3, CfK = 7154 g.m-3. 

Elution : 
In glass column, h = 143 mm, T = 70 °C, eluant = distilled water 
containing 12 g KCl/l (CK = 6300 g.m-3) 

t v VB CG pH CN . c 
[h] [ml/h] [g7m3] [g/m3] [g~m3] 

0.067 0.319 14.2 6750 
0.100 81.8 0.477 15.7 10.50 1062 6540 
0.183 0.810 13.0 6540 
0.300 51.4 1.161 12.5 10.01 212 
0.350 1.307 11. 2 6540 
0.467 46.8 1.626 10.8 90 
0.600 1.988 10.6 6660 
0. 717 46.7 2.306 9.66 50 
0.850 2.669 9.6 6462 
1.017 47.0 3 .126 32 
1.150 3.481 8.8 6300 
1.300 44.4 3.869 9.59 
1.517 4.426 7.9 6168 
1.933 43.3 5.475 7.4 9.56 21 6198 
2.600 45.6 7.248 6.6 6180 
3.017 40.0 8.220 6.5 9.43 6132 
3.850 52.0 10.744 5.8 9.41 8 6372 
4.350 12.154 5.6 6300 
4.850 44.8 . 13.460 5.4 
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Experiment no. 87 

The elution of gold cyanide from carbon BTX with a 3;9 g KCl/l solution. 

Adsorption : 
me = 9 .4061 g 
v = 2000 ml 
CiG = 22.8 g.m-3 

Cyanide pretreatment : 

Time = 22 h 
CfG = 0. 0 g. m-3 

QfG = 4.848 g.kg-l 

419 

Sciaked loaded carbon in 20 ml of a 20 g KCN/l solution at room 
temperature for 30 min. CiN = 7726 g.m-3, CiK = 12450 g.m-3, CfN = 4461 
g.m-3, CfK = 7154 g.m-3. 

Elution : 
In glass ,column, h = 143 mm, T = 70 ·c, eluant = distilled water 
containing 3.9 g KCl/l (CK= 2100 g.m-3) 

t v v CG pH CN c 
[h] [ml/h] 

B 
[ g7m3] [g/m3] [ g?m3] 

0.067 0.221 17.4 4140 
0.183 56.6 0.604 13 .6 10 .19 1088 
0.267 0.872 16.6 3210 
0.567 48.9 I. 727 18.3 '2400 
0.767 2.286 17.8 
1.017 46.8 2.967 17.5 9.90 80 
1.083 3.145 16.9 
1.350 44.4 3.836 
1.600 4.572 15.2 2180 
I. 767 54.5 5 .102 10.06 
2.517 6.086 12.8 
2.767 50.5 6.821 12.4 11 
2.983 7.451 11. 7 9.64 2130 
3.350 50.0 8.520 
3.483 8.869 11. 5 
4.267 40.6 10.724 11. 0 
4.433 48.9 11.197 9.59 
4.767 12.112 10.8 
5.267 45.5 13.437 10.9 2124 
5.767 52.0 14.953 10.6 
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Experiment no. 88 

The elution of gold cyanide from carbon BTX loaded with gold over~ short 
period of time. 

Adsorption : 
me = 9. 4061 g 
v = 2000 ml 
CiG = 22.8 g.m-3 

Cyanide pretreatment : 

Time= 7.25 h 
CfG = 3. 1 g. m-3 

QfG = 4.1.89 g.kg-l 

Soaked loaded carbon in 20 ml of a 20 g KCN/l solution at room 
temperature for 30 min. CiN = 7674 g.m-3

, CiK = 12450 g.m-3
, CfN = 4514 

g.m-3 , CfK = 7154 g.m-3 • 

Elution : 
In glass column, h = 143 mm, T = 70 °C, eluant = distilled water. 

t v VB CG pH CN c 
[h] [ml/h] [g7m3

] [ g/m3] [g?m3] 

0.067 0.234 26.2 3350 -
0.233 60.0 0.815 1328 
0.250 0.873 25.2 1940 
0.400 50.0 1.310 10.528 478 
0.567 52.5 1.821 69.0 378 
0.900 42.8 2.652 
0.983 2.860 78.6 230 
1.567 44.4 4.371 11. 060 40 
1.667 4.657 84.0 138 
1.817 56.5 5.151 
2.233 50.4 6.373 78.0 11. 081 110 
2.483 44.4 7.020 
2.733 7.715 70.0 97 
3.067 52.2 8.731 11. 089 
3.317 47.0 9.416 62.0 86 
3.900 45.9 10.975 ,10.966 
3.922 11. 034 60.4 77 
4.483 50.7 12.692 10.933 
4.733 13.424 51. 2 
5.617 ·48.7 15.933 45.2 

V ave 1. 352xl0-8 m3 • s-1 
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Experiment no. 89 

The elution of gold cyanide from carbon BTX with a high initial gold 
loading. 

Adsorption : 
me = 9.4053 g 
v = 2000 ml 
CiG = 57.3 g.m-3 

Cyanide pretreatment : 

Time = 48 h 
-3 ' 

CfG = 0.1 g.m 
QfG = 12.16 g.kg-l 

Soaked loaded carbon· in 20 ml of a 20 g KCN/l solution at room 
temperature for 30 min. CiN = 7634 g.m-3, CiK = 12450 g.m-3 , CfN = 4447 
g.m-3 , CfK = 7154 g.m-3. 

Elution : 
In glass column, h = 143 mm, T = 70 ·c, eluant = distilled water 

t v VB CG pH c c 
[h] [ml/h] [ g7rn3

] [gJm3] [g7m3] 

0.083 0.268 61.8 2925 
0.217 55.5 0.702 10.266 1221 
0.250 0.807 103.0 1830 
0.383 51.6 1.207 10.234 401 
0.467 1.455 207.0 620 
0.633 49.1 1.930 10.259 133 
0. 717 2.170 308.0 320 
1.033 3.063 354.0 217 
1.183 48.3 3.486 355.5 190 
1.467 49.0 4.297 10.444 20 
1.550 4.532 331. 5 181 
1. 717 47.8 4.998 
2.050 50.9 5.985 10.619 
2.167 6.333 290.0 127 
2.650 51.4 7.780 245.0 
3.350 49.5 9.799 190.0 10.696 94 
3.983 45.6 11. 481 160.0 
4.683 47.1 13.402 135.0 78 
5.600 43.6 15.722 107.2 
6.050 16.860 93.6 65 

V = 1. 328xl0-8 m3 • s-1 
ave , 
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Experiment no. 90 

The elution of gold cyanide from carbon BTX after a pretreatment with a 
4 g KCN/l solution. 

Adsorption : 
me = 9.4050 g 
v = 2000 ml 
CiG = 24 g .m-3 

Cyanide pretreatment : 

Time = 24 h 
CfG = 0. 2 g. m-3 

QfG = 5.061 g.kg-l 

Soaked loaded carbon in 25 ml of a 4 g KCN/l solution at room temperature 
for_

3
65 h. CiN = 1593 g.m-3

, CiK = 2420 g.m-3
, CfN < 50 g.m-3

, CfK = 1500 
g.m . 

Elution : 
In glass column, h = 143 mm, T = 70 ·c, eluant = distilled water 

t v VB CG pH c 
[h] [ml/h] [g7m3

] [g7m3
] 

0.050 0.158 11. 2 522 
0.133 54.2 0.421 
0.217 0.674 12.1 471 
0.367 48.3 1.096 9.920 
0.417 1. 243 18.2 275 
0.533 54.7 1.614 
0.650 1.966 29.0 152 
0.750 49.1 2.252 10. 190 
0.933 2.750 30.3 109 
1.117 44.1 3.221 10.263 
1.250 3.582 31.2 93 
1.583 52.4 4.600 
1. 767 49.3 5 .127 34.8 10.426 69 
2.617 44.3 7.321 36.9 10.387 59 
3.417 9. 725 34.7 
4.083 57.6 11. 962 33.9 40 
4.350 58.4 12.870 32.4 37 
5.217 54.1 15.602 29.4 
5.417 51. 5 16.202 
5.583 16.694 27.1 30 
6.083 47.8 18.086 
6.583 19.479 27.1 10.130 

V ave = 1. 4lxl0-8 m3 • s-l 
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Experiment no. 91 

The elution of gold cyanide from carbon BTX at 50 °C. 

Adsorption : 
me = 9.4053 g 
v = 2000 ml 
c;6 = 21. 6 g .m-3 

Cyanide pretreatment : 

Time = 22 h 
CfG = 0. 0 g. m-3 _ 

QfG = 4. 593 g. kg l 

423 

Soaked loaded carbon in 20 ml of a 20 g KCN/l solution at room 
temperature for 30 min. CiN = 7726 g.m-3

, CiK = 12450 g.m-3
, CfN = 4461 

g. m-3 , CfK = 7119 g. m-3 • 

Elution : 
In glass column, h = 143 mm, T = 50 °C, eluant = distilled water 

t v VB CG pH CN c 
[h] [ml/h] [ g7m3] [g/m3] [ g7m3] 

0.050 0.157 10 .1 2360 
0.233 54.0 0.734 8.9 1328 1535 
0.433 50.1 1.318 17.9 425 570 
0.783 51.8 2.375 47.8 10.821 132 239 
1.300 47.4 3.802 59.0 30 159 
1.567 5·0.0 4.579 62.0 137 
1.950 45.6 5.598 58.0 123 
2.350 50.9 6.784 57.0 11.014 101 
2.733 49.8 7.895 54.4 
3.450 47.6 9.884 50.0 82 
4.000 45.0 11. 327 42.3. 11. 024 
4.583 51.0 13.060 40.8 63 
5.167 49.8 14.753 30.5 
5.867 47.9 16.707 29.3 10.846 53 
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Experiment no. 92 

The elution of gold cyanide from carbon BTX at 80 °C. 

Adsorption : 
me = 9.4051 g 
v = 2000 ml 
CiG = 23.4 g.m-3 

Cyanide pretreatment : 

Time = 22 h 
CfG = 0. 0 g. m-3 

QfG = 4.976 g.kg-l 

424 

Soaked loaded carbon in 20 ml of a 20 g KCN/1 solution at room 
temperature for 30 min. CiN = 7501 g.m-3

, CiK = 12450 g.m-3
, CfN = 4315 

9 .m-3 , CfK = 6916 g .m-3 • 

Elution : 
In gl~ss column, h = 143 mm, T = 80 °C, eluant = distilled water 

t v v CG pH CN c 
[h] [ml/h] 

B 
[ g7m3] [g/ma] [g?ma] 

0.050 0 .142 29.8 2960 
0.233 48.7 0.662 33.6 1195 1908 
0.433 57.4 1.331 132.0 10.291 266 466 
0.700 48.0 2.077 182.4 10.415 106 268 
1.150 44.3 3.239 196.8 80 172 
1.833 46.2 5.078 153.3 10.756 26 130 
2 .217 46.3 6.113 133.8 112 
3.067 45.5 8.367 103.0 10.814 94 
4.217 42.1 11.188 80.0 80 
4.933 55.1 13.489 60.3 10.740 62 
5.767 41. 7 15.514 50.4 57 
6.683 37.3 17.507 43.8 10.557 50 

V = l.249xl0-8 m3 .s-1 
ave 
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Experiment no. 93 

The elution of gold cyanide from carbon BTX at 130 °C. 

Adsorption : 
me = 3.626 kg 
v = 50 1 
CiG = 178.5 g/m3 

Cyanide pretreatment : 

Time = 37 h 
CfG = 0. 1 g/m3 

QfG = 2. 46 g/kg 

425 

Loaded the above carbon into distilled water in the stainless steel 
column. Replaced distilled water with pretreatment solution by pumping 
4000 ml of a 20 g KCN/l solution through the column. Swithed on oil 
heaters and heated up bed to 125 °C over a period of 1.5 h. 

Elution : 
In stainless steel column, h = 749 mm, T = 130 °C, P = 280 kPa(g), eluant 
= distilled water. Started flow of distilled water directly after 
temperature of bed reached 130 °C. ·. (The pretreatment solution was riot 
drained from the bed.) 

t v VB CG pH CN CK 
[ml/ 

[h] min] [ g/m3] [g/m3] [g/m3] 

0.133 226 0.307 81. 5 9.529 531 4285 
0.200 163 0.418 163.1 1922 
0.417 216 0.896 639.6 9.945 199 719 
0.667 222 1.462 630.0 402 
0.917 228 2.043 409.5 9.883 40 313 
1.167 206 2.568 273.0 
1.417 239 3 .178 152.0 10.014 194 
1.917 258 4.493 69.9 
2.417 266 5.850 27.4 10.424 121 
2.917 274 7.247 16.2 
3 .417 245 8.496 9.8 10.629 103 
4.167 239 10.324 5.7 
4.917 236 12.130 4 .1 10.796 88 
6.083 233 14.902 2.6 
6.917 223 16.797 1. 7 10.219 67 
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Temperature profile through column during run 

t TIO Tll TI2 TI3 
[h] 

0.001 117 126 125 121 
0.093 121 125 121 117 
0.252 120 121 124 127 
0.447 129 129 130 128 
0.758 129 130 130 129 
0.947 130 130 131 129 
1.218 130 130 131 129 
1.707 129 130 130 129 
2.046 130 130 132 131 
2.356 132 132 133 132 
2.903 131 132 132 131 
3.228 130 131 131 129 
3.819 129 130 130 130 
4.157 129 130 131 130 
4.922 130 131 131 130 
6.051 130 131 132 131 
6.895 130 131 132 131 

See definition of TI 0 - Tis in Figure 3.2. 

vave = 3.966xl0-6 m3 .s-1 
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TI4 TIS 

125 123 
116 131 
123 135 
127 135 
128 134 
128 134 
128 134 
128 133 
129 135 
130 136 
130 134 
129 134 
128 134 
128 134 
129 135 
129 135 
129 135 
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Experiment no. 94 

The elution of gold cyanide from carbon BTX at 20 °C. 

Adsorption : 
me = 9.4053 g 
v = 2000 ml 
CiG = 119 g .m-3 

Cyanide pretreatment : 

Time = 21 h 
CfG = 10.3 g.m-3 

QfG = 23.11 g.kg-l 

427 

Soaked loaded carbon in 20 ml of a 20 g KCN/l solution at room 
temperature for 30 min. CiN = 7766 g.m-3, (iK = 12450 g.m-3, CfN = 4713 
g.m-3, CfK = 7154 g.m-3. 

Elution : 
In glass column, h = 143 mm, T = 20 °C, eluant = distilled water 

t v VB CG pH c c 
[h] [ml/h] [ g7m3] . [gJm3] [g~m3] 

0.050 133.3 0.388 12.7 11.112 1261 2646 
0.117 123.7 0.869 30.0 929 797 
0.200 118.5 1.444 68.0 11. 009 318 4·52 
0.283 119.2 2.023 89.2 159 265 
0.400 117 .3 2.821 105.2 106 190 
0.550 123.5 3.900 118.8 11. 203 79 143 
0.683 117 .1 4.810 116.4 50 
0.950 114.3 6.586 111. 2 11. 278 98 
1. 217 111.3 8.316 105.6 84 
1.467 133.4 10.260 95.2 
1. 767 117.9 12.321 90.4 66 
2.067 108.3 14.214 80.0 11. 321 
2.367 123.5 16.373 70.8 57 
2.683 125-.8 18.694 68.8 
3.017 115.2 20.933 65.6 11.201 
3.800 23 .671 57.2 
4.217 121.3 26.617 41.6 41 
4.633 121.6 29.569 40.0 11. 202 
5.050 111. 7 32.282 38.4 37 
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Activ;ucd carbon adsorhs insignificant quantities of oxygen from aerated water. This consumption is 
increased <lrasticnlly during the adsorption of anionic metal cyanides. The equilibrium loadings of 
gold and silver cyanides increased with an increase in the level of dissolved oxygen. However. for 
both gold and silver cyanides an oxygen concentration occurred above which the metal loading 
showed no further increase. Fl'IR scans were used to confirm the presence of AuCN and Au(CN)2 
on the loaded carbons. It was suggested that gold and silver cyanides adsorb in two ways: (I) where 
oxygen is consumed for the oxidation or the active sites. and (2) where adsorption takes place without 
the use o.f oxygen. A muhicomponent Freundlich-type isotherm proved to be adequate in predicting 
the equilibrium metal loadings for the competitive adsorption of gold and silver cyanides on activated 
carbon. The level of dissolved oxygen did not affect the competition between these two solutes 
significantly. 
KEYWORDS Activated carbon Adsorption Oxygen Metal cyanides 

INTRODUCTION 

I 

Activated carbon is being used worldwide as the main adsorbent for gold and 
silver from cyanided pulps. In most plants the activated carbon is contacted with 
the pulp in counter-current cascades of open stirred reactors. Factors such as pH. 
temperature, free cyanide concentration and ionic strength influencing this 
process have been investigated thoroughly (Fleming et al., 1984; Tsuchida et al., 
1984; Davidson. 1986). Although it is known that oxygen also plays a role in the 
adsorption of metal cyanides onto activated carbon, i~ has received less attention. 

Dixon et al. ( 1978) observed that less gold was adsorbed in the presence of 
nitrogen instead of air. They concluded tliat the exclusion of oxygen reduces the 
number of available adsorption sites on the carbon. From the changes in redox 
potential observed for charcoal in different solutions, Hughes et al. (1984) 
proposed an oxidation~reduction mechanism for the loading of various anions. 
They stated that the loading of complexes, such as Au(CN)2, is controlled by the 
supply of an oxidant such as oxygen or quinone groups. 

t Author to whom correspondence should be addressed. 
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In a detailed study of the mechanism of gold adsorption on activated carbon, 
Tsuchida_ and co-workers (1984) suggested that up to half of the adsorbed gold 
was ox1d1zed to neutral AuCN by oxygen and/or quinone groups and that the 
released CN- was oxidized via CNO- to Cof- and NH3. Consequently, the 
effect of oxygen cannot be investigated without due consideration of the nature of 
the adsorbed species. 

Dixon et al. ( l 978) found that the zeta potential of the carbon became more 
negative as more silver cyanide was absorbed. This agrees with a mechanism in 
which the adsorbate is an anion such as Ag(CN)2. McDougall et al. (1980) 
measured the molar ratios of nitrogen to gold to be lower than 2: 1 for all their 
loaded carbons. This suggested that not all of the adsorbed gold was in the 
Au(CN)2 form. A mechanism was proposed in which the gold is adsorbed as the 
M"+(Au(CN)2]. ion pair (M"+ =Na+, K+, Ca2+, H+), followed by reduction to 
a sub-stoichiometric Au(CN), surface species or a cluster-type compound of gold. 

As summarized by Tsuchida et al. (1984), it is widely assumed that the gold is 
adsorbed in mainly two forms. i.e. (a) AuCN, or (b) Au(CN)i-, where the latter 
can be part of an ion pair. a cluster-type species or adsorbed in a double layer. 

Although the importance of oxygen is recognized, there is still disagreement on 
its function and its influence on the nature and distribution of the adsorbed 
species. Up to now, no quantitative studies have been published on the uptake of 
oxygen during the adsorption of metal cyanides onto activated carbon. These 
aspects, as well as the effect of oxygen on the competitive adsorption of gold and 
silver cyanirlcs, will be discussed here. An understanding of the role of oxygen is 
important in the modelling of the adsorption of metal cyanides in columns of 
carbons. while knowledge of the form of the adsorbed species is essential in 
studying the desorption process. 

EXPERIMENTAL PROCEDURE 

Matefial1 

Two types of experimental coconut shell carbon. designated A and B. were used. 
Figure I shows their zeta potential versus pH curves determined at 2S°C with a 
Rank Brothers Mark II instrument. In order to measure the zeta potential. 50 mg 
of carbon was mixed with I litre of distilled water and conditioned for 20 min. 
Both carbons revealed a po"int of zero charge at a pH of 1.8. and a natural pH in 
distilled water of S.S. Carbons A and B had apparent densities o.f 1080 and 
1004 kg/m 3 respectively. The iodine test described by Hassler (1974) was 
performed on both carbons. Carbon A adsorbed 48% of the available iodine and 
carbon B. S3% .. For all experiments the carbon was dried at 120°C for 3 days 
before being weighed. Only the 1.7 to 2 mm sieve size fraction was used. 

The gold and silver were obtained as KAu(CNh and AgCN from Barry Colne 
& Co. The silver was dissolved in a 10% more than stoichiometric KCN solution 
at a pl-I of 10 and a temperature of 9S 0 C. Mercury in the form of Hg(CN)i was 
used in comparative experiments. The coi1centrations of metals in solution were 
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determined with a Varian AA-1275 atomic absorption spectrophotometer, and 
the loadings on the carbon calculated by mass balance. Distilled water was used 
in all experiments. HCl.and KOH were used to adjust the pH. 

Adsorption 

All the adsorption experiments were carried out at a pH of 8.5 and a room 
temperature of 17 to 22°C. Although most gold extraction plants still use pH 
values higher than 10, there is a tendency towards lower pH's with the 
improvement in control systems. Equilibrium conditions were assumed after 3 
weeks. Constant .oxygen concentrations were maintained by a continuous supplv 
of air-nitrogen or air-oxygen mixtures to the solution. The level of dissolved 
oxygen was monitored with a Schott Geriite model CG867 oxygen meter. 

Elution 

In order to determine the molar ratio of MCN to M(CN)2 (M =Au or Ag) on 
the loaded carbon. the M(CN)2 was eluted at room temperature in the absence 
of free cyanide and at a pH of 11. The eluant was replaced repeatedly until less 
than 1 % of the initial loading of the adsorbent could be recovered over an elution 
period of 96 hours. 

Infrared measurements 

Fourier Transform Infrared (FTIR) scans of the carbons were obtained with a 
Perkin-Elmer model 1710 infrared spectrophotometer. Owing to the intense 
background caused by organic groups on the carbon, sufficiently high loadings of 
gold were required in order to observe the v(CN) vibrations of the AuCN and the 
Au(CN)2. For this purpose 0.5 g of powdered carbon was contacted for 5 da\"S 
with 0.8 litre of solution containing 200 mg Au/I at a pH of 8.5. The carbon w~s 
then filtered, washed with distilled water and analysed immediately. 

RESULTS AND DISCUSSION 

Adsorbed species 

Jn the absence of free cyanide AuCN is practically insoluble (Weast. 198S). The 
Au(CN)2 could therefore be eluted with distilled water. and the difference 
between the loaded and eluted gold accounted for as AuCN. Proper mass 
balances could not be obtained using conventional desorption conditions (i.e. 
temperatures >70°C and pH> 12) without the addition of free cyanide. A yellow 
precipitate was observed. in such solutions and identified as AuCN bv FTIR 
spectrophotometry. This means that the Au(CN)2 is reduced to AuCN ·at hi eh 
temperatures in the absence of free cyanide. Thus cold wate'r had to be used -in 
further elution tests. 
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TABLE I 

Determination or the MCN/M(CN)! ratio (M =Au or Ag) 

Carbon A A ·A A 8 

M Au Au Au Ag Au 
[O,J during ad,orption 9.0 9.0 14.5 9.0 9.0 
pH during adsorption 8.5 3.5 3.5 8.5 8.5 
Time of adsorption (days) 21 2 2 21 I 
Loading (mg M/g carbon) 36.6 22.6 22.6 33.6 28.4 
Recovery by elution (%) 100 85 85 38 80 
MCN/M(CN)i" 0.0 0.18 0.18 1.63 0.33 

The results of the tests conducted at room tempernture are summarized in 
Table I. All the gold loaded onto carbon A under alkaline conditions and an 
oxygen concentration of 9 mg/I could be recovered without the addition of 
cyanide. This means that even after a loading period of 3 weeks no 
Au(CN)2 changed to AuCN. Under the same adsorption conditions 62% of the 
adsorbed silver was reduced to AgCN. The silver cyanide complex, Ag(CN)2, is 
therefore less stable than the corresponding gold complex. When the initial pH 
during adsorption was dropped to 3.5, it was impossible to recover more than 
85% of the gold adsorbed over a much shorter period of time. An increase in the 
level of dissolved oxyg·en at the lower pH did not result in a higher ratio of AuCN 
to Au(CN)2. For carbcn B however. a maximum of orily 80% of the gold 
adsorbed under alkaline conditions and an oxygen concentration of 9 mg/I could 
be eluted in this way. 

To confirm the above results. FT!R scans of the gold loaded carbons were 
obtained. The v(CN) vibrations of the two gold cyanide species have been 
published (Adams. 1967) as follows: 

Au(CN)2 in aqueous solution: 2147 cm- 1
, and 

AuCN in the solid state: 2239 cm·· 1. 

The peaks within 2 cm- 1 from these values arc marked in Figures 2 and 3 for gold 
loaded carbons A and B respectively. Only the Au(CN)2 peak is observed for 
carbon A. while both the Au(CN)2 and AuCN peaks appeared in the case of 
carbon B. 

The methods used to characterize the carbons proved to be of little value. 
Whereas carbons A and B have nearly identical zetapotential versus pH curves 
(Figure I) they differ significantly in the adsorption of metal cyanides. The iodine 
test suggested a difference of 10% in the adsorption behaviour of the two 
carbons. while their equilibrium metal cyanide loadings differed by approximately 
30% and 12% for gold and silver respectively. 

The i11f/11e11ce of oxygen 

When the adsorption of gold or silver cyanide onto activated carbon occurs in a 
closed vessel. a decrease in the oxygen concentration can be monitored, as shown 
in Figure 4. In the absence of gold or silver cyanide. it was found that only 
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FIGURE 5 Rare curves for 1he adsorption of silver cyanide on carbon A al different consrant levels 
of dissolved oxygen. C0(Ag) = 40 mg/I, Dosage of carbon= 3 g/1. 

0.45 mg 0 2/g carbon was adsorbed over a period of 2 weeks. For the experiment 
illustrated in Figure 4 nine times more oxygen was consumed in 60 hours. The 
finding that the oxygen is consumed during the adsorption process was further 
emphasized by an ·experiment where one sample of carbon was pretreated in 
water saturated with oxygen and the other in water saturated with nitrogen. Both 
of these carbons exhibited identical behaviour during the adsorption of gold or 
silver cyanide in the absence of oxygen. 

Figure 5 shows that dissolved oxygen levels lower than that in equilibrium with 
air (i.e. (02) < 9 mg/I) caused decreased adsorption of silver cyanide. In further 
work it was found that the adsorption of the neutral Hg(CN)z was. however, 
unaffected by the presence or absence of oxygen. Consequently, it was observed 
that the oxygen concentration in a closed system remained constant during the 
adsorption of Hg(CN)i. As no AuCN was formed on carbon A under alkaline 
conditions, the oxygen taken up .during the adsorption of anionic complexes could 
not have been used to change Au(CN)2 to AuCN, as suggested by Tsuchida et al. 
(1984). The neutral mercuric species seems to be adsorbed in a way which differs 
from that of the negative silver and gold complexes. 

The influence of oxygen on the equilibrium loading of gold and silver is 
demonstrated in Figures 6. 7 and 8 for carbon A, and Figures 9 and 10 for 
carbon B. Tables II and Ill show the equilibrium constants for the Freundlich 
equation (Eq. 1) fitted to the experimental data. 

Q, =KC;, (1) 

Characteristic equilibrium gold and silver isotherms could be obtained at each 
dissolved oxygen level. Therefore, it is not only the presence of oxygen that is 
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FIG URE 6 Equilibrium ad,orption or 'ilver cyanide on carbon A at different constant levels or 
diss?lvcd oxygen. 

important. but also its concentration. For both carbons there exist oxygen levels 
above which the equilibrium loadings of gold and silver show no further increase. 
F?r carbon A this point for both. gold and silver is approximately 9mg 0 2/1. 
Figure 7 shows .tlwt oxygen levels higher than 9 mg/I cause a decreased silver 
loading on carbon A. The maximum loading of gold on carbon B has already 
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FIGURE 8 Equilibrium adsorption of gold cyanide on carbon A at different constant levels of 
dissolved oxygen. 

been reached at an oxygen concentration of 4.2 mg/I. while this point appears to 
be slightly higher for silver. Furthermore, significant loadings of gold and silver 
were obtained even in the absence of oxygen. This implies that these metals are 
adsorbed in two ways: 1) where oxygen is consumed during the adsorption. and 
2) where adsorption takes place without the use of oxygen. 
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FIGURE 10 Equilibrium adsorption of gold cyanide on carbon B al diffcrcnl constant levels of 
dissolved o•ygen. 

It is possible to increase the equilibrium loading of gold and silver at 0 mg 0 2/1 
by increasing the level of dissolved oxygen. However, the adsorption process 
cannot be reversed only by lowering the oxygen concentration. The step-wise 
decrease in the oxygen concentration in Figure 11 retarded the adsorption, but 
did not cause the loaded gold to desorb. This indicates that the oxygen is not 

\. 

TABLE II 

Values of Kand 11 in Eq. (I) for adsorption on carbon A 

Gold Silver 
[O,I K n K n 

0.0 7.306 0338 2.190 0.530 
4.4 13.438 0.26-1 8.947 0.480 
9.0(alm.) 18.315 0.229 13 637 0 398 

14.5 18.315 0.229 7.578 0.483 

TABLE III 

Values of Kand 11 in Eq. (I) for adsorption on carbon B 

Gold Silver 
[O,J K II K II 

0.0 21.706 0.IRO 9.464 0.160 
4.2 37.963 0.110 18.083 0.290 
9.0(aim.) 37.963 0.110 ~1.132 0.280 
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FIGURE 11 The effect of lowering the mygen concentration from 9 10 Omg/I during the adsorption 
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physically adsorbed. but consumed in the adsorption reaction. Similar behaviour 
is observed in the elution process. When carbon was loaded in open containers, 
it was observed that the oxygen level had no effect on the elution of the gold. In 
Figure 12 however. the presence of oxygen had a small negative effect on 
desorption from carbon loaded in the absence of oxygen. · 

No stoichiometric relationship could be found between the amount of gold 
adsorbed and the oxygen consumed in a closed vessel. Figure 13 shows the molar 
ratios of oxygen to gold adsorbed in closed containers with different initial oxygen 
concentrations. All the curves have the same shape, but the higher the initial 
oxygen level, the more oxygen is consumed for each mole of gold adsorbed. This 
is in agreement with the suggestion that the gold is adsorbed in two separate 
ways. The driving-force for adsorption associated with the consumption of 
oxygen is increased with an increase in the initial oxygen concentration. This 
leads to a larger fraction of the gold being adsorbed via the use of oxygen, and 
therefore a higher molar ratio of oxygen consumed to the total amount of gold 
adsorbed (Figure 13). 

The adsorption reaction during which oxygen is consumed, may involve the 
oxidation of the surface functional groups where the adsorpton takes place. 
Hughes er al. (1984) illustrated this by the reaction of an anion (X-) at the 
chromene sites (designated C# - H): 

C" - H + x--+ C" - X + 2e- + 1-1• (2) 

The transformation of oxygen to 01-1- in the accompanying reduction reaction 
agrees with the finding that the adsorption process cannot be reversed by only 
lowering the oxygen concentration. During the second type of adsorption (i.e. 
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where no oxygen is required) the metal cyanide may also be adsorbed as in Eq. 
(2), but with surface functional groups such as quinone groups acting as the 
oxidant. 

Effect of oxygen on competitive adsorption 

In most studies on the simultaneous adsorption of organics onto activated cart?on 
the Ideal Adsorbed Solution (IAS) theory was used to correlate results. As 
stated by Fritz et al. (1981), the IAS theory does not hold for partially dissociated 
solutes. Therefore, the IAS theory cannot be applied to the adsorption of metal 
cyanide complexes. Consequently, the more empirical Freundlich multicom
ponent isotherm derived by Sheindorf et al. (1981) was used here. 
With this isotherm applied to the simultaneous adsorption of gold and silver 
cyanides the equilibrium adsorption .of each component is given by: 

Q,. = K8 C,8 (C,8 + a8,C, .• )"8 -
1

; 

Q,, = K,C,,(C,, + a,
8
C,

8
)"'-t, 

(3) 

(4) 

where Kand n are ttie constants in the single solute Freundlich isotherm (Eq. 1). 
Equations 3 and 4 can be written in the form: 

(5) 

f(C,,) = (K .• C,,/Q,,)t1n-nsi _ C,, =a,
8
C,

8
• (6) 

With f(C,,) andf(C,,) plotted against C,, and c,. respectively, the competition 
coefficients a8, and a,. c.an be obtained from the slopes of the curves. From the 
derivation of the above isotherm it follows that a.,= !law Sheindorf et al. 
(1981) used this criterion in the testing of their isotherm. 

The values of K and n in Tables JI and Ill have been used together with the C, 

TABLE IV 

Competitive adsorption of gold and silver on carbon A 

Experimenial data Predictions 

c,, c,, Q~s Q,, Q,, '• Q,, r, 

08 1.0 9.5 16.2 16.8 1.038 7.3 0.773 
2.7. 1.3 16.2 15.5 15.8 1.022 15.6. 0.962 
1.8 1.9 12.4 19.7 19.2 0.974 10.7 0.866 
1.6 1.2 12.9 16.1 16.6 1.033 11.4 0.881 
3.6 2.1 16.0 19.0 18.3 0.961 16.7 1.046 
4.0 3.6 15.4 22.3 21.9 0.980 15.5 1.008 
2.1 1.9 11.6 19.6 18.9 0.964 12.0 1.033 
4.1 3.7 15.2 22.3 22.0 0.987 15.7 1.030 
5.2 5.3 17.4 23.9 24.2 1.012 16.6 0.952 
8.4 7.2 20.0 24.9 25.5 1.023 21.2 1.058 
9.2 7.8 20.7 25.6 25.9 1.012 22.0 1.063 

Mean deviation from l.O<XJ: 0.025 0.073 
/ 

.i::. 
w 
(11 
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TAIJLE V 

Competitive adsorplion of gold and silver on carbon 8 

Experimental data Predictions 

[O,j C., c,, Q, .• Q, .• Q,, r, Q,, r, 

9.0 17.5 I0.6 20.0 33.8 33.3 0.985 19.7 0.986 
ns 12 6 24.5 29.3 32.0 1.092 23.7 0.967 
15.6 5.0 21.3 23.4 24.0 1.026 25.5 1.196 
4.3 1.6 18.3 19.8 2~.6 1.142 16.7 0.913 
1.6 0.3 13.9 14.0 IJ.4 0.956 16.3 1.170 
5.9 8.2 8.7 37.9 39.5 1.042 9.1 1.049 
3.7 3.7 8.0 32.4 3J.9 1.047 9.7 1.216 
9.1 17.3 6.4 48.8 45.0 0.922 8.5 1.326 

4.2 14.5 10.5 19.4 37.6 35.1 0.933 15.2 0.783 
9.3 4.4 16.8 29.6 27.8 0.939 16.5 0.980 
2.3 1.6 12.l 30.8 28.2 0:916 9.1 0.751 
0.9 0.4 HJ. I 2.1.11 20.8 0.906 8.6 0.852 
0.4 0.2 8.1 17.8 20.2 1.133 6.4 0.796 
o.2 0.1 6.8 14.6 18.7 1.280 5.3 0.775 

0.0 15.3 12.3 5.4 26.5 25.6 0.968 u 0.825 
13.3 8.4 5.6 23.2 2:!.5 0.969 5.1 0.903 
7.1 7.1 2.8 22.5 24.4 1.084 3.4 1.221 
5.2 3.4 3.4 19.6 19.3 0.984 '4.3 1.253 
3.9 2.1 3.6 17. l 16.7 0.977 4.6 1.267 
2. 7 1.2 3.6 14.8 14.2 0.957 4.8 1.327 
1.7 0.6 3.6 13.0 11.5 0.882 5.U 1.386 
0.5 0.2· 3.3 10.7 9.9 0.923 3.9 1.168 

10.9 7.3 4.7 25.5 22.3 0.874 4.7 1.006 
9.6 5.8 5.0 21.8 20.8 0.953 4.9 0.985 
6.9 2.7 5.4 17.6 15.7 U.889 5.9 1.1)98 

Mean deviation from 1.000: 0.007 0.167 

and O. values in Tables IV and V to calculate the f(C,) values plotted in Figures 
14 to 17. 'For carbon A the competition coefficients were determined as 
a, .• =0.147 and a,,= 1.131. which means that a,,= 1/a_,, is not being satisfied. 
Therefore the assumptions used by Sheindorf et al. ( l 9R 1) are not applicable to 
the competitive adsorption of silver and gold on carbon A. From the ratios of 
predicted to experimental values. r, and r., in Table IV it is nevertheless evident 
that this model is adequate for the prediction of the equilibrium loadings of gold 
and silver cyanides. 

For carbon B the competitive adsorption of silver and gold was studied at 
oxygen levels of 0. 4.2 and 9 mg 0~/l. Figures 16 and 17 illustrate that it is 
statistically unexceptable to correlate the results for these three levels separately. 
A combined regression on all these data yielded slopes of a8, = 0.334 and 
a,.= 3.883. It is shown in Table V that reasonable predictions could be obtained 
by use of these aggregate coefficients. This implies that. although the oxygen 
concentration affects the equilibrium loadings of both metals. it appears to have 

l. 4 

l. 2 

l. 0 

::J 
Co. e 

.. 
o.s 

o. 4 

o. 2 
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SLOPE - O. 1 47 

0 

o. 0 .I<:'.'.~--<~~~~~~~--<~~~~~->-~~~~~~~~~--' 

0 2 3 4 5 6 7 8 g 10 
Cg CMG AG/LJ 

FIGURE 14 Estimation of the competition coefficient a,. for the competitive adsorption of gold and 
silver cyanides on carbon A at (O,J = 9 mg/I. 

SLOP£ - 1. 1 31 

3 4 5 6 7 8 
Cg CMG AU/LJ 

g 

I 
I 

10 

FIGURE 15 Estimation of the competition coefficient a.;, for the competitive adsorption of gold and 
silver cyanides on carbon A at [O,J = 9 mg/I. 
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FIGURE .17 . Competitive adsorplion of gold and sil\'er cyanides on carbon B al diffcrenl oxygen 
levels: csumat1on of a,,. 
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little influence on the competition between the gold and silver. With l/a,., = 3 the 
competitive adsorption of gold arid silver on carbon B approximates the. criterion 
for the validity of the isotherm used. 

CONCLUSIONS 

The fraction of gold loaded as AuCN is a function of the type of carbon as well as 
the temperature and pH during adsorption. It remains to be investigated whether 
a relationship exists between the redox potenal of the carbon and the ratio of 
AuCN/ Au(CN)2. 

Whereas activated carbon adsorbs insignificant quantities of oxygen in water. 
considerable quan1ities of oxygen are consumed during the adsorption of anionic 
metal cyanides. The gold (or silver) cyanide is adsorbed in two ways: (1) where 
oxygen is required for the oxidation of the surface functional groups used for 
adsorption, and (2) where the adsorption takes place without the use of oxygen. 
The existence of oxygen levels above which the equilibrium loadings of metal 
cyanides show no further increase cannot be explained at present. 

A Freundlich-type multicomponent isotherm yielded a reasonable description 
of the competitive equilibrium adsorption of gold and silver cyanides on both 
carbons tested. However, the assumptions of this isotherm do not appear to be 
valid for all systems. While the level of dissolved oxygen affects the equilibrium 
loadings of both metals, it has little influence on the competition coefficients. 
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NOMENCLATURE 

a competition coefficient in multicomponent isotherms 

C solution phase concentration (mg/I) 

f function defined in Eqs. (5) and (6) 

K 
n 

r 

Q 

Freundlich isotherm coefficient 

Freundlich isothe.rm exponent 

level of dissolved oxygen (mg 0 2 /I) 

ratio of predicted to experimental metal loading 

metal loading on carbon (mg metal/g carbon) 

Stellenbosch University  https://scholar.sun.ac.za



138 .P. F. VAN DER MERWE AND 1. S. 1. VANDEVENTER 

Greek symbol 

D. amount of specified component consumed (mol) 

subscripts 

e equilibrium condition 

g gold 

0 initial condition 

s silver 

superscript 

/\ predicted or calculated value 
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ABSTRACT 

Most modelling work on activated carbon systems 
has been concerned only with the adsorption 
process. If the adsorption and desorption 
processes occur at the same rate, and if the· 
isotherm of adsorption is completely reversible, 
modelling of the desorption process is quite 
simple. Unfortunately, this seldom occurs in 
practice, so that a more involved procedure of 
simulation has to be followed. In this paper the 
mechanism of elution and the difficulties 
encountered during the simulation thereof are 
discussed. 

It is demonstrated that it is possible to 
simulate both the Zadra and the AARL elution 
processes· with the same fundamental model. The 
model that has been proposed, accounts for the 
change in eluate composition, as. well as the 
change in the activity of the carbon towards the 
decomposition of CW and the adsorption of 
Au ( CN) z. These changes have been incorporated 
in a shifting equilibrium isotherm that Is 
assumed to apply at the liquid-solid interface. 

Simulations of experimental data are presented as 
proof of the validity of the model. Furthermore, 
the model is used to perform a parametric 
sensitivity test and to predict the elution 
profile during a continuous elution process. 

INTRODUCTION 

Mainly three methods of elution are employed at 
presentllJ : 

(I) 

( 2) 

(3) 

The Anglo American Research Laboratory 
(AARL) method which consists of a 
pretreatment step, in which the loaded 
carbon is soaked in' a hot cyanide solution, 
followed by elution with hot deionised 
water, 
lhe Zadra method in which a warm cyanide 
solution is recycled through an elution 
column and electrowinning cell in series, 
and 
lhe organic solvent methods in which large 
quantities of organic solvents such as 
methanol, ethanol, acetone or acetoni tri le 
are added to the eluants of the above 
mentioned procedures. 

Even though cyanide is used in all of these 
processes, it has been shownl2•3J that, in the 
absence of an acid wash, elution yields of 100% 
can be accomplished without the addition of 
cyanide. This is in contrast with adsorption 
mechanisms in which it is postulated that up to 
ha 1 f of the aurocyan i de is decomposed to AuCN 
after it has been adsorbed~-~. 

lhese claims necessitated an investigationC6l 
into the form of the adsorbed species and the 
factors involved in the transformation of one 
species Into another. In the absence of free 
cyanide, AuCN is practically insoluble. The 
Au(CN)- could therefore be eluted with 
di st 11 ~ ed water, and the d I fference between the 
remaining and eluted gold accounted for as AuCN. 
It was found that AuCN is formed on 1 y on some 
carbons. lhe % of Au(CN)~ that will be 
transformed depends on the pll and temperature of 
the solution, and most likely on the redox 
potential of the carbon.· If no AuCN is present 
on the gold loaded carbon, all the gold can be 
eluted without the addition of cyanide. If 
cyanide enhances the elution of the gold as 
Au(CN)z, this effect cannot be ascribed to the. 
solvat1on of the AuCN species. 

little work has been done on the modelling of the 
elution of gold cyanide from activated carbon. 
The only attempt to do so was the modelling of 
the Zadra elution process by Adams and Nicol l3J. 
Even though the authors cl aim that they could 
successfully simulate the Zadra process, they did 
so·after making the following assumptions : 

l. 

2. 

3. 

A single average mass transfer coefficient 
was used to descrfbe the intraparticle 
diffusion, 
lhe equilibrium between the gold on the 
carbon and that in solution was described 
by a single 1 inear isotherm (i.e. 
Q r. ~ A C G) , and 
l~~ eluf1on conditions was assumed to 
remain constant during the course of the 
process. 

The assumption of a linear isotherm will be 
applicable only under conditions of low solution 
phase concentrations as was the case for the 
continuous stirred tank reactor in which they 
have performed their tests. Adams and Nicol l3l 
included an extension of their model to describe ' . 

I _I 
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elution inacoiiiiiiil~iiiit-provlded no experimeni:.ai 
evidence for the applicability thereof. 

As far as the modelling of the AARL elution' 
process is concerned, no attempts have been 
published yet. The main reasons for this are 
probably the following : 

I. 

2. 

3. 

The lack of understanding the need for the 
pretreatment process, 
The change in the chemical composition of 
the eluate during the elution, and 
The apparent complexity of the opposing 
effe~ts of high ionic strength and high 
cyanide concel)_t_!:_ations. 

This paper describes the development of a 
fundamental model that can be used for the 
simulation of both the AARL as well as the Zadra 
~rocess. Although it has not yet been proven, it 
is assumed that it will also be applicable to 
elution with organic solvents. Apart from its 
prediction and simulation functions, the model 
can be used in combination with existing models 
for CIP or CIL to optimize plant designs. It can 
also be used for the training of operators in 
order to develop their feeling for the dynamics 
of the process as well as the sensitivity thereof 
to changes in elution conditions. A computer 
program was developed for the numerical solution 
of the simulation model. This program can be 
used on an IBM compatible XT type personal 
computer with an 8087 math coprocessor and takes 
less than 4 min. to simulate an 8 hour long 
elution run. It is obvious that this simulation 
Will be significantly faster if a high frequency 
AT machine is used; 

EXPERIMENTAL . 

All the experimental data were collected by using_ 
eluted carbon from the Beatrix mine In South 
Africa. This carbon was acid washed and rinsed 
with deionised water to remove as much impurities 
as possible. The carbon was tested for the 
formation of AuCN as describedl6l previously. It 
was found that no AuCN was formed on the carbon 
during adsorption from alkal~ne solutions at room 
temperature. A BET surface area of 792 m2 .g- 1 

and an apparent density of 838.8 kg.m-3 were 
measured for the carbon. The pore volume of the 
carbon was determined as 9xJ0: 4 m3 .kq·I by 
measuring the. weight loss upon oven drying of a 
sample of carbon saturated with water. lhe 
average particle size was l.42 mm and provided a 
void fraction of 0.292 in a packed column. 

Most of the elut Ion runs were conducted In a 
glass column with a temperature controlled water 
jacket. A stainless steel column with a hot oil 
jacket was used to test the models on a larger 
scale. lhe dimensions of the columns are 
summarized in Table I. lhe glass column 
contained 9.4 g and the stainless steel column 
3500 g of the above mentioned. dry carbon. 

In order to slmpl lfy the investigation, It was 
decided to use only the potassium salts of 
aurocyanlde, cyanide and hydroxide. Jn more 
complex systems other cations, or combinations 
thereof, can be treated similarly to K'. 
Distilled water was used in all the experiments. 
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Batch experiments were conducted in 1000 ml 
stirred reactors and the equil lbrium. conditions 
measured after a period of 3 weeks. 

Table I Dimensions of columns. 

Column Glass Steel 

lleight (m] 0 .143 0.749 
h/d ratio 11. 57 7.49 
Flow area [m2 ] I. 2x 10-4 7.854x10·3 

Bed volume [cm3 ] 17 .16 5883 

ELUTION SUB-PROCESSES 

After the pretreatment step in the MRL process, 
the gold is normally eluted with a high qual lty 
softened water to minimize the ionic strength of 
the el uant and thereby promot Ing the desorption 
of the gold. The elution step contains three 
important sub-processes that occur 
simultaneously. The most obvious of these is the 
desorption of the gold, followed by the diffusion 
thereof out of the carbon into the interparticle 
solution. The other two sub-processes involve 
the removal of the pretreatment reagents from the 
carbon bed. These two processes are defined as, 
firstly, the diffusion of cations from the pores 
of the carbon, and, secondly, the decomposition 
and diffusion of- the cyanide from the carbon 
pores. 

Figure I shows a typical elution profile obtained 
at 70'C in the glass column described previously. 
The concentrations" of the gold, cyanide and 
potassium have been normal I zed for comparat Ive 
reasons. Note the sharp decline in the cyanide 
and potassium concentrations within the first two 
bed volumes. lhe tailing effect ls because of 
the reagents being trapped in the pores of the 
carbon. lhe peak in the gold profile appears 
only once the bulk of the pretreatment reagents 
have been removed. The pfl remains high for the 
whole duration of the run, even though the pll of 
the water supply has not been adjusted. 

>-

1.0 
I 

11 .-.._ pH 
11'_.-·(·--·~"" ...... _ ............. 1 ..... . 
I I '..._ 

' I -

o .5 -'\/ ·. "'-,, nu 
' '-,-l 

CN 

;'\_i I 
0.0 

-

0 9 18 
Bed VoluMes 

Figur·e 1 Nor·Malized AflllL elution 
nr·of"iles. C<Au) = 1'10.Y Mg/l, 
C(I() = 3500.Y Mg/}, pH= 14.Y, 
C<CN) = 1500.Y Mg/I 
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MATHEMATICAL MODELS 

In the modell i.ng of the elution process, the 
temperature and pH are assumed as constant for a 
particular run. This leaves the concentrations 
of aurocyanide, cyanide and potassium as 
variables. ·As the potassium and cyanide 
concentrations affect the gold isotherm, 1t is 
important to know their concentrations at any 
time and height in the elution column. 
Therefore, the displacement of the pretreatment 
reagents had to be modelled together with the 
modelling of the elution of the gold. For 
modelling purposes, the carbon particles were 
assumed to be spherical. 

Potassium 

The elution of the cations was modelled with a 
mechanism that accounts for accumulation in two 
types of pores, which present different 
resistances to diffusion (viz. macropores and 
micropores). The micropores had to be included 
to provide the long tail of potassium that was 
observed in the experimental work. To simplify 
the model, the resistance to film transport was 
assumed to be negligible. The amount of 
potassium co-adsorbed with the Au(CN); or CW 
was assumed to be sma 11 compared to the 
accumulation in the pore liquid and omitted. lhe 
mathematical model for the displacement of the 
potassium consists of the following equations 

Mass balance over the macropores : 

acmK omK a ~ 2 acmK] kbK 
at 

= -:z - r - - -(C - C ) 
r a r ar aK mK bK 

Mass balance over the micropores 

acbK 
(1 - aK) -- "' kbK(CmK-CbK) 

at 

Mass balance over the interparticle solution 

(I) 

(2) 

a~ a~ 6 a~1 
aE at Vail - daKaVppDmK(l - £)Br (3). 

c · . r=R 

Equations· (l) and (2) were transformed to 
ordinary differential equations by the use of 
average concentrations ~n the pores and solved by 
a 4th order Runge-Kutta routine. Equation (3) 
was discretized by a backwards-difference method 
and solved simultaneously with equations (I) and 
(2). 

Cyanide 

Under normal, alkaline gold elution conditions, 
cyanide is decomposed via several reactions. Of 
these, the followinq reactions are considered lo 
be the most lmporta~t 

(a) Hydrolysis 
cw + 31120 

( b) Oxidation 
CW + %02 + 2H20 

lhe oxidation reaction is catalyzed by the 
presence of activated carbon. Measurement Pl of 
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· ihi decomposition ~ate ot cyanide revealed tl~~l· 
order kinetics for both the hydrolysis and 
oxidation reactions. 

lhe physical adsorption of cyanide on activated 
carbon at room temper.ature was foundPl to be 
relatively insignificant compared to the 
decomposition thereof. Furthermore, it can be 
assumed that the adsorption of cyanide, like 
Au(CN)-, will decrease with an increase in 
temperhure and that it will become negligible 
under typical elution conditions. 

It was found that the reaction rate was 
independent of particle size, but strongly 
dependent on mixing speed. This means that 
resistance to film transfer is dominant and that 
a uniform concentration of cyanide can be assumed 
throughout the carbon particles. 

A model consisting of equations (4) and (5) 
adequately d~scribes the removal of cyanide from 
the carbon bed. Although the rate of cyanide 
decomposition in the pores of the carbon will 
differ from that in the interparticle solution, 
an average rate constant (kH) is used to minimize 
the number of parameters. 

Pore mass balance : , 

acpN 6k 
= _r_N (C - C ) ar d V p N pN 

c p 

Mass balance over the 

ac 
aE _N 

at 

- kNCpN (4) 

interparticle solution 

(5) 

These equations were discretized with a 
backwards-difference method and could be combined 
in a single equation. 

Gold 

It has been shown[BJ that the adsorption of 
/\u(CN)- is fully reversible if no AuCN is 
present on the gold loaded carbon. It can 
therefore be assumed that the intraparticle 
transport mechanism for the Au(CNJ; will be 
similar for adsorption and desorption. While a 
mechanism of surface diffusion is favouredl9J for 
the adsorption of gold onto activated carbon, 
llall et a1.l 10J reported pore diffusion to be 
dominant under conditions of high pore fluid 
concentration, and conversely for surface 
diffusion. /Is high solution phase concentrations 
are reached during elution, pore diffusion is 
expected to make a si911ificant contribution to 
the intraparticle transport of the gold. 
Nevertheless, a comparison of simulations with 
models for pore diffusion, surface diffusion, and 
a combination thereof revealed that the same 
results could be obtained with any of these 
models. It was decided to model .the elution with 
a mechanism of surface diffusion for the 
following reasons : 

I. lhe model for a surface diffusion mechanism 
is mathematically easier to solve, and 
therefore consumes less computing time, 

2. lhe surface diffusion model involves fewer 
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---parameters than the fUndamental ly-ii1ore 
appropriate combination model, and 

3. Adsorption breakthrough curves (I I] 
calculated with either a pore. or surrace 
diffusion model for an unfavourable 
isotherm (;. e. poor adsorption) showed 
little difference. 

The following main assumptions have been made in 
the development of the model 

I. Accumulation of metal cyanide in the pore 
liquid is negligible, 

2. The pores of the carbon can be cl assifled 
as macropores and micropores which are 
ho~ogeneously distributed throughout the 
particle, 

3. The surface of the carbon Is separated from 
the bulk liquid by a liquid film 
surrounding the particle, 

4. Local equil lbri um exists at the carbon 
surface, and 

5. No accumulation of metal cyanide occurs at 
the external particle surface. 

The model Is similar to Van Deventer's mode1l9J 
for adsorption and· consists of equat Ions (6) to 
( l 0) . 

Macropore mass balance : 

aQmG = DmG ~ [r2 aQmGJ -~ -;:r- ( QmG - QbG) 
8t r 8r -~ a6 

Micropore mass balance 

aQbG 
(1 - aG) at c kbG (QmG - QbG) 

Mass balance at external particJe surface 

Mass balance over interparticle solution : 

. ac
6 

ac
6 

6 
aETt+ Vail +crk16a(I - E)(C6 - c.6 ) = o 

c . 

Local equilibrium at particle surface : 

Q = A C " sG sG 

(6) 

(7) 

(8) 

(9) 

( 10) 

Equations (6) and (7) were transformed to 
ordinary differential equations by the us.e of 
average metal loadings in the pores. lhe value 
of C,

6 
Is guessed at each step and the 

calculation of equations (1) and (2) repealed 
with a 4th order Runqe-Kutta method until 
condition (8) is satisfied. By approximating the 
loading gradient at the external particle surface 
by a quadratic driving forcel 10J, equation (8) was 
written as a normal algebraic equation. Equation 
(9) was discretized. and solved together with the 
other equations. · 

L_ __________ ,_, _____ ...... . 
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EQUILIBRIUM STUDIES 

It Is assumed I.hat local equl l lbrlum exists at 
the sol id-liquid lnlerrace. lhe aurocyanlde 
equilibrium is. a function of the chemical and 
physical conditions prevailing at the carbon 
surface at that moment. The most significant 
influences on the elution of gold have been 
listedl3.l 2l, in order of decreasing Importance, 
as follows : temperature, cyanide and hydroxide 
concentrations, and the ionic strength of the 
eluant. 

As the composition of the surrounding liquid 
constantly changes during an Al\RL elution, it 
will be impossible to model the process with a 
single constant equilibrium condition. This 
makes It necessary to know the equilibrium at all 
possible combinations of temperature, pH, cyanide 
concentration and ionic strength. 

At any one combination of these factors the 
equilibrium can be described by a Freundlich 
isotherm, 

Q = A C " eG oG 
(II) 

The problem is that, if the conditions are 
changed, the value of A as well as n change. In 
an attempt to minimize the number of variables,' 
the v.alues of A and n determined for more than 10 
different carbons under. different adsorpt Ion 
conditions have been plotted in Figure 2. From 
this plot 1t is clear that n decreases linearly 
with an increase In A. It was found that the 
isotherm for ~he carbon used in this study can be 
written as : 

Q = A c -0.002688.A•0.2902 
eG eG 

(12) 

0.4 

c: 

o.o 
0 20 40 60 

A 

F igur·e 2 Fr·eund I ich isother·M 
nar·ar~et·er-s for· the equilibr·iuM 
aclsor·nt ion of gold on var·ious 
car·bons. 

I 

With only the one unknown constant A in the 
isotherm expression, it was now possible to 
describe. the equilibrium at any given set of 
conditions with only one value of QeG and c,

6
• It 

was further postulated that A can be written as a 
function of temperature, pl!, cyanide 
concentration (CN) and potassium concentration 
(CK) as follows : 

( 13) 
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. 
oecause Ci i Hereiitcatioii~evenwi iii-·i.iie·-;;;;n;;; 
charge, have different effects on the adsorption 
and desorption of Au(CN)~. it was decided to 
treat each cation separately and ·not to include 
the 1onic strength as such. Each of the 
functions f

1 
to f 4 was determined by changing the 

variable of that specific function while keeping 
the other variables constant. By following this 
procedure, eq. (13) adopted the following form : 

A " A
0
exp(b/T)exp(b2.pll) (CH+l)b3(CK+l)b4 (14) 

By fitting equation· (14) to equilibrium 
ad.sorption data determined at dt fferent 
combinations of pll, CJL and CK In the temperature 
range 18"C to Go-~. the parameters were 
determined as : 

A
0 

a O.lJ, b1 = 2044, b
2

" -0.2014, 
b3 a -0.0888, and b4 a 0.041. 

Even though the values of the parameters have to 
be changed under certain conditions, the 
relationships remain the same. If other cations 
are to be added to the system, the equation for A 
can be extended by adding more functions or by 
grouping the different cations together. 

PRETREATMENT 

In an AARL elution, the cyanide that ts carried 
over from the pretreatment to the elution step 
seems to be of little importance, as tt ts washed 
out of the bed within the first 2 bed volumes of 
eluant that passes through the column. J'f, 
however, the carbon was pretreated with a 
solution with the same pll and potassium 
concentration as in a normal pretreatment, but 
omitting the cyanide, the elution process was 
inhibited. It has to be stressed that this was 
not because of the presence of an 1rreversib1 y 
adsorbed gold species as no acid wash had been 
performed, and it is known that all the gold 
adsorbed onto this specific carbon was in the 
Au(CN)~ form. 

An experiment (see Figure 3) was then devised to 
Invest tgate the effect of the cyanide 
pretreatment. In the pretreatment step the gold 
loaded·carbon was soaked in I bed volume of a 20 
g KCN/l solution for 40 h at room temperature, 
followed by I hr at IOO'C to decompose any 
remaining free cyanide. The elution step 
consisted of two stages : During the first stage 
an eluant containing 2000 mg K'/l was pumped 
through the carbon bed. The high cation 
concentration suppressed the elution of the gold 
and provided 4 bed volumes of eluant to 
completely rinse the carbon of any cyanide that 
was carried over from the· pretreatment stage. 
For the second stage of the elution the potassium 
rich eluant was replaced with distilled waler. 
lhe gold peak appeared almost immediately. 

From this experiment the following conclusions 
could be drawn : 

I. The cyanide in the elution step is of 
secondary importance to that in the 
pretreatment. 

2. With only Au(CN)~ on the carbon, the 
cyanide could not have been used to a 1 ler 

·· the gold ~pecles. 
3. Cyanide displaces very l lttle gold via a 

mechanism of con~etltive adsorption, 
because that would have led to more gold 
being desorbed in the pretreatment stage. 

4. The horizontal position of the gold peak ls 
a function of 'the kinetics of the removal 
of the cations carried over from the 
pretreatment stage. 

As it was found that the cyanide ion does not 
displace or alter the adsorbed aurocyanlde, it ts 
speculated that the cyanide that ts decomposed.on 
the surface of the carbon during the pretreatment 
stage changes the functional groups on the 
surface ln such a way that the surface becomes 
less receptive to adsorption._ 

> 

.1.0 

o.s 

o.o 

a o + + 
DO 

.... ,. 
0 

• •• 
• 

• 
a 

Do 
a a o o 

5 10 
Bed UoluMes 

+ Au 
a I< 

• 
+ 

0 a I 

15 

F igur-e 3 The pr-o longed effect of 
cyanide pretr-eatMent on elution. 
C<Au> = 220.Y Mg/l, 
C<K> = 2500.Y Mg/l 

SIMULATIONS OF EXPERIMENTAL DATA 

Potassium 

444 

Figure 4 shows the displacement of a potassium 
solution with distilled water from a bed ofl 
carbon that has been soaked in a KCl solution. 
This experiment was conducted in the stainless' 
s tee 1 co 1 umn described in the Experimenta 1 
sect ion. The portion of Figure 4 containing 
values lower than 300 mg K'/l are enlarged in 
Figure 5. · It can be s_een that the model 
accurately describes the experimental profile 
right down to the lowest values that have been 
measured. lhe conditions and parameters used in 
the simulations are summarized in lable JI. 

lhe intrapart icle parameters were determined as 
follows : 

10 2 1 o 8 kbK - 3x10- 5 s- 1 U = Ix IO· m . s- , a. = . , -
mK r.. 

It was found that the 
used in simulations 
collected from both the 
wel 1 as the more than 
column. 

Cyanide 

same parameters could be 
of experimental data 

stainless steel column as 
300 times smaller glass 

lhe simulation in Figure 6 can be taken as 
representative of the accuracy of the predictions 
with the simple model described above. In this 
case carbon particles with a pore concentratio~ 
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·2000 

,.., 1500 
.... 

Table II Conditions and parameters for simulations 

Figure no. 4,5 6,8 9 10 7 ''12 Std 

Column SS G G SS ·G SS 
V [bed vol ./h] 1.68 3.0 3.0 3. 11 3 .17 3.0 
T ['CJ 20 70 70 80 70 80 
pH 10.6 10.2 10.8 9.5 10.8 
QIG [mg/g] 0 4.85 4.80 2.78 4.76 3.0 
mmb 0.5 0.5 l. 0 0.5 0.7 
QG 0.5 0.6 0.9 0.9 0.8 
A 0.37 0 .10 0 .12 6.5 0 .15 
bo 0.0 0.0 0.0 -0. 18 0.0 
b3 0.2 0.40 0.25 0.0 0.2 b( 0.0 0.0 0.0 0.07 0.0 5 
CIK [mg/l] 1932 7380 4245 5000 260 5000 
en: [mg/l] 0 0 0 0 260 0 
C1N (mg/l] 0 4593 1128 1070 0 1000 
CFN [mg/l J 0 0 0 0 190 0 
Pretreatment I 2 3 4 0 

Pretreatment procedures : 
0. None. · 
I. Soaked carbon for 48 h at 20'C in 2 bed volumes of a 4 g KCl/l 

solution. 
2. Soaked carbon for 30 min. at 20'C in 20 ml of a 20 g KCN/l solution. 
3. Soaked carbon for 30 min. at IOO'C in 10 ml of a 20 g KCN/l solution. 
4. Soaked carbon for 15 h at 20'C in J bed volume of a 20 g KCN/l 

solution, switched on heaters and soaked for further 1.5 h while 
raising temperature of column. 

+ Data 
Hodel ,.., 

1500 

+ + Data 
Hodel 

" • 1000 I I>\ 1000 t .... 
~ 500 

0 
0 3 

Bed voluttes 

Figure 4 Sittulation of' the 
displacettent of potassiutt froH 
a bed pf carbon. 

300 

,.., 
200 

" lll 
t 

100 
~ 

0 
0 

• 

3 

+ Data 
Hodel 

Bed volu11es 

6 

6 

Figure 5 Enlarge11ent of lower 
portion of Figure 4 

'--------· "-----·-··-------~- ------- .. 

:z: 
CJ 

+ 

500 

+ 

0 
0 2 4 

Bed vo lu1~es 

Figu1·e 6 S ittulat ion of' 1·e1~oval 

of cyar1ide during an AAllL elution 

160 

,.., 
/./ 

" / lll 

/ t ..... 

:z: 
CJ 

80 

/ 
I 

I 
I • Data 

+//. 
t1odel 

0 
0 9 18 

Bed volu11es 

Figure 7 Sittulation of' deco11-
position of cyanide during a 
Zaclr-a elution 
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of-- 459j mg CN"/l were dropped-into the glas's 
column containing distilled water at 70'C. lhe 
cyanide was then washed out with distilled water 
at the same temperature. lhls experiment is 
equivalent to the decomposition and displacement 
of cyanide in an AARL elution process where the 
pretreatment step has been conducted in a 
separate vessel. lhe following parameters have 
been used in this simulation : 

Jn an ideal Zadra operation, a constant 
concentration of cyanide is maintained in the 
eluant. The eluate concentration during a Zadra 
elution at 70'C with a constant feed 
concentration. of 190 mg CW/l is plotted in 
Figure 7. It can be seen that the fract Ion of 
cyanide that is decomposed decreases with ti me. 
This can be ascribed to the deactivation of the 
carbon as related to the decomposition of 
cyanide. The amount of cyanide previously 
decomposed on a sample of carbon will be referred 
to here as the "cyanide- age" (gill of the carbon, 
with the dimensions of mg CN /g carbon. By 
measuring the rate constant of cyanide 
decomposition in the presence of carbons with 
different cyanide-ages, the following 
relationship was found to describe the change in 
the rate constant 

k k c off 
N ( QN + l) b6 

(15) 

For the simulation in Figure 7 the values for k1N 
and Eff were as above. The other parameters 
were : 

koN m Sxl09 s- 1 
•. and. b6 c 3.5. 

It has to be stressed that the values presented 
here are combinations of values for different 
reactions and that they have been determined by 
fitting the model to the experimental data. 

Gold 

During the simulation of gold elution, the 
cyanide and potassium concentrations are first 
calculated at each incremental height and 
timestep in order to· establish the gold 
equilibrium at that specific condition. As the 
temperat-Yre and pll remains constant during the 
elution, equation (14) has been used in the 
form : 

A c A ( C + l ) bJ ( C + 1 J b4 
o H · K 

(16) 

In equation (16) the valu~ of A is determined by 
the pretreatment of the loade& carbon and the 
temperature and pll of the elution. lhe 
conditions and parameters used in the simulations 
are summarized in Table II. lhe following 
transport co~fficients have been used in all the 
simul~tions of gold elutions : 

krG Sx10·5 m.s· 1 , DmG c lxl0- 11 m'.s·I, and 
kbG lx10· 5 s· 1 • 
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Figure B shows the simulation of an AARL elution 
at 70'C after a pretreatment step in which the 
carbon has been soaked for 30 min. in a 20 g 
KCN/l solution at room temperature. The value of 
m 

1 
(the initial ratio of loading in the micro 

pires to that in the macro pores) is less than 
1.0 because equil lbrium has not been attained in 
the foregoing adsorption. lhe conditions for the 
elution in Figure 9 are the same as those in 
Figure B, except for the pretreatment step ~hat 
has been conducted at IOO'C. By comparing the a

6 
values of these two runs, it seems that the 
pretreatment conditions have an influence on the 
micro-macro behaviour of the carbon. 

From the definition of an ideal plug flow reactor 
it follows that the gold elution profile will be 
independent of the dimensions of the column, 
provided that the same flow rate (in bed 
volumes/hr) is used and that the flow in the 
column does not deviate from plug flow. lhls Is 
illustrated in Figure 10 in which the 
experimental data have been collected from an 
elution run in the stainless steel column, 
whereas the parametl!rs used for the simulated 
profile have been determined under the same 
conditions in the small glass column. Because 
the gold loaded carbon used in this run had been 
stored in distilled water for a period of 6 
months before the elution, it was assumed that 
lhe gold was distributed homogeneously throughout 
the carbon, so that a value of m b c 1.0 had to 
be used in the simulation. m 

J.40 

.1 ,., 
+ ,. I + Cl 70 J: 

CJ 1• 

+ 
0 

0 9 

+ Data 
Hodel 

Bed vol ur~es 

r-igure 8 : S iMulat.ion of gold 
profile during an AAnL elution 

200 

J.00 

0 
u 9 

13ecl voluMes 

r- i 9u n:- 9 S i r1u lat ion of go I cl 
pr·of i le clur i119 an ()f111L elution 

1.8 
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Figure .10 Predition of ARnL 
elution on larger scale with 
naraMeters froM ettperiMent in 
glass coluMn. 
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Figu~e .1.1 : SiMulation of gold 
profile during Zadra elution in 
a CSTR. EquilibriUM asSUMed to 
be constant. 

The same model can al so be used for the 
simulation of a Zadra elution. The run In Figure 
II has been performed with a constant equilibrium 
isotherm. By using only one height increment In 
the simulation, the profile represe~ts that of an 
elution in a CSTR. From Figure 7 it is clear 
however that the cyanide concentration in the 
interparticle solution changes drastically during 
a Zadra elution In a column. As the gold 
equilibrium is affected by the solution phase 
cyanide concentration as wel 1 as the cyanide-age 
of the carbon, it is impossible to simulate the 
process with a single equilibrium isotherm. lhe 
experimental data from a Zadra elution in a 
column is plotted in Figure 12. For the 
simulation of the data, the potassium 
concentration was taken as constant and the 
effects of the cyanide-age and free cyanide 
concentration provided· for as follows : 

A = A 
0 

(CH+l )b3 

(b5.QH+J) 

HODEL PREDICTIONS 

( 17) 

The parameters used for the simulations in this 
section can be found in Table 11 where it has 
been designated as "Std" .. Those values that have 
been changed, are supplied in the respective 
figure captions. 

Figure 13 illustrates the sensitivity of gold: 
elution to temperature. The effect ofj 
,t:_n1_r_:_r_!t~:.:.~~l~~sorpti~-~~~~:.~rn_s ___ w~s 

I 
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" t;l 
i: 

(J 

_tl 
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B 

Bed vo lur'leS 

Figu1-e .12 : S ir'>ulat ion of the 
gold profile during a Zadra 
elution in a coluMn 
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20 

Figu1-e .13 Pr-edict ion of effect 
of teMpe1·atu1~e on RAnL elution 

included ln the equatirin for A (Eq.14) as 

A= 0.095 exp(2044/T) (CK+l)o.2. (18) 

Although it has not been quantified yet, it seems 
that the effect of the potassium concentration 
(b

4
) increases with temperature. This impl les 

that the difference In the horizontal positions 
of the peaks in Figure 13 will be less in 
practice. Furthermore, the value of b

1 
= 2044 

has been c!P.termined over the temperature range 
20"C to 60"C and can result in large errors if 
extrapolated to such high temperatur~s as 130"C. 

lhe initial gold loading on the carbon has a 
small effect on the form of the elution profile, 
but results in drastic changes in the peak height 
(Figure 14). After elution with 20 bed volumes 
of water, the curves in Figure 14 represented 
elution efficiencies of 61%, 74% and 77% for 
initial loadings of 1.5, 3.0 and 4.0 mg Au/g 
respectively. lllis will have a large effect on 
the cost of elutionl 12l. 

Jn order to simulate the effecl of water quality 
on l\Alll elution, the elution profiles in figure 
15 have been determined with 0, 300 and 1000 mg 
K'/l in lhe eluant. lhe calculated elution 
efficiencies after · 20 bed volumes of eluant 
decreased with increasing potassium concentration 
as follows : 74%, 61% and 54%. fls mentioned 
earlier, the effect of potassium seems to vary 
wi lh temperature and may result in larger or 
smaller differences in the simulations of Figure 
15. 
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20 

Menne[IJJ presented elution profiles obtained fro~ 
laboratory scale columns with h/d ratios ranging 
from 1.5:1 to 12:1. No apparent effect could be 
observed. Variations due to different h/d ratios 
on large columns were attributed mainly to 
deviations from plug flow. Deviations from plug 
flow were investigated in Figure 16 by decreasing 
the number of incremental height sections in the 
simulation. The relatively small effect implies 
that the degree of back mixing can be considered 
as of minor importance and that larger variations 
are probably caused by channelling or bypassing 
of port ions of the carbon bed. Such occurrences 
can be simulated by sub-dividing the column into 
two or more parallel columns with different film 
transfer coefficients. 
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The computer program al so accommodates the 
simulation of a continuous elution column as 
developed by Nedpac Engineering, Austral ialt 4J. 
In such an operation the carbon and eluant moves 
in counterflow thro~gh the column. The 
pretreatment reagents are circulated through the 
top sect ion of the column. {Is lhe eluted carbon 
is extracted from the bottom of the column, 
carbon from the pretreatment stage moves down 
into the elution stage. The step changes in the 
simulated elution profile in Figure 17 inditate 
the transfer of carbon. In this simulation the 
bottom 10% of the carbon bed was removed during 
each transfer. To prevent the discharge of 
carbon with high gold loadings, a start-up period 
of 5 hours was allowed before the first transfer 
of carbon. The eluted carbon values have been 
plotted in Figure 18. The larger than normal 
step change at 12. 5 h -represents the extraction 
of the last 10% of the carbon from the start-up 
period. It follows from these two figures that 
the total volume of such a column will be of 
great importance. For a constant feed of loaded 
carbon, the retention time of the carbon will be 
determined by the capacity of the column. The 
choice of the optimum retention time will involve 
a compromise between the lowest possible gold 
loading on the eluted carbon and the highest 
possible gold concentration in the eluate. 
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CONCLUSIONS 

It is· possible to model both the Zadra and the 
AARL elution process wl th the same fundamental 
model. Because of the complexity of the system, 
it Is Impossible to model the elution of the gold 
without due consideration 'of the sub-processes 
involved. It was found that the shape of the 
gold elution profile for an A/\RL process is a 
function of mainly the removal of the cations 
transfer:red from the pretreatment stage. While 
the cyanide pretreatment plays a major role In 
the height of the elution peak and the efficiency 
of elution, the small amount of cyanide present 
during the initial stage of the elution is of 
little Importance. 

In a Zadra elution, the cyanide in the eluant is 
decomposed by the carbon that acts as a 
deactivating catalyst. If the composition of the 
eluant is kept constant, the gold elution profile 
was found to be a function of the amount of 
cyanide that has been decomposed on the carbon, 
as well as the concentration of free cyanide in 
the elution. 

Although this paper presents the first 
generalized attempt to model the complex elution 
process, many que~tions remain unanswered. 
Further research on elution at the University of 
Stellenbosch will hopefully shed more light on 
these problems and the complex behaviour of 
activated carbon. 
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NOMENCLATURE 

n 
Q 

R 
r 
t 
T 
v 
v 
yP 

Flow area of column fm2] 
Parameter in Freundlich Isotherm expression 
Parameters in isotherm expression 
Deactivation parameter 
Solution phase concentration [mg/l] 
Column diameter [m] 
Diffusion coefficient [m2/s] 
Particle diameter [m] 
Activation energy [kJ/mol] 
Bed height [m] 
Rate coefficient for transport between 
macropores and micropores [l/s] 
Film transfer coefficient [m/s] 
Reaction rate constant [l/s] 
Frequency factor in Arrhenius' law [l/s] 
Ratio of metal loading in micropores to 
metal loading in macropores 
Exponent In Freund] ich isotherm 
Concentration of adsorbent on carbon 
surface [mg/g] 
Outside particle radius [m] 
Radial variable [m] 
Time variable [s] 
Temperature [KJ 
Volumetric flow rate [m3/s] 
Pore volume of carbon [m3/kg] 
Dimensionless concentration 

L __________ -------- -- -- -
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Greek symbols 

a Fraction of pores available as macropores 
E Void fraction In bed of carbon 
p Apparent density of carbon [kg/m3

] 

Subscripts 

b Mlcropores 
e Equilibrium 
F Feed 
G Gold 
i Initial value 
K Potassium 
m Macropores 
N Cyanide 
p Pores 

Carbon surface 
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LIST OF SYMBOLS 

Flow area of column [m2] 

Parameter in Freundlich isotherm expression 
Specific external area of carbon [m2.m-3] 

Constant in generalized isotherm, Equation 3.1 
.Constant in generalized isotherm, Equation 3.1 
Constant in generalized isotherm, Equation 3.1 
Liquid phase concentration [g.m-3] 

Parameter describing effect of cyanide age on gold equilibrium 
Parameters as defined in Equations 3.21 and 4.7 
Squared macropore concentration [g2.m-6] 

Column diameter [m] 
Molecular diffusivity [m2.s-1] 

Particle d.iameter [m] 
Dispersion coefficient 
Effective pore diffusion coefficient in macropores [m2.s-1] 

Effective surface diffusion coefficient in macropores [m2.s-1] 

Activation energy [J/mol] 
Parameter describing effect of free cN- on gold equilibrium 
Bed height [m] 
Height increment number 
Distribution coefficient= QjCe 

Equilibrium constant 
Constants defined in Equations 5.10, 5.13, 5.14 
Rate coefficient for transport between macropores and micropores 
[ s-1] 

kN Reaction rate constant for decomposition of cyanide [s-1] 

k
0
N Frequency factor in Arrhenius' law [ s-1] 

k
5 

Film transfer coefficient [m.s- 1] 

ml. 2 Constants defined for the equilibrium model in Chapter 6 
M1_9 Co~stants defined for the general model in Chapter 6 
me Mass of carbon [kg] 
mmb Ratio of metal loading in micropores to metal loading in 

macropores 
n Exponent in Freundlich isotherm expression 
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ii Mass flux [g.m-2.s-1] 

N Total number of height increments = h/~h 

Nd Number of height sections discharged in counter-current elution 
Nt Frequency of carbon transfers during counter-current 

elution [hr-1] 

P Gauge pressure [kPa] 
p Parameter describing effect of K+ on gold equilibrium 
ph Parameter describing effect of pH on gold equilibrium 
Q Concentration of adsorbent on carbon surface [g.kg-1] 

q Reactivating factor in generalized isotherm 
qm Squared macropore loading [g2 .kg-2] 

R Outside particle radius [m] 
r Radial variable [m] 
R

0 
Ideal gas constant = 8.314 [J.mo1-1.K-1] 

s Saturation volume of retained liquor per unit volume of bed 
voids external to the particles 

S0_5 Constants defined for the cyanide model in Chapter 4 
T Temperature [K] 
t Time variable [s] 
u Linear velocity [m.s-1] 

v Vol ume of l i q u i d [ m3 ] 

V Volumetric flow rate [m3 .s-1] 

V8 Number of bed volumes 
Vcross. Flow rate to and from deadwater regions in nonideal flow model 

for elution of potassium 
VP Pore volume of carbon [m3 .kg-1] 

X Cross flow ratio in nonideal flow model for elution of potassium 
Y Normalized concentration 

GREEK SYMBOLS 

a Fraction of pore surface available as ,macropores 
~ Fraction of pore volume availabl~ as macropores 
f Void fraction in bed of carbon 
fc Porosity of carbon particle 
p Apparent density of carbon [kg.m-3] 
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€ Zeta potential [mV] 
6 Tortuosity factor 
~ Fraction or correction factor 
~N Ratio of cyanide concentration in pore liquid to cyanide 

concentration in interparticle solution at end of pretreatment 
A Increment 
r Combined diffusion coefficient [m2.s-1] 

SUBSCRIPTS 

ave Average value 
b Micropqres 
Ca Calcium 
cat Cation 
d Interparticle solution 
e Equilibrium 
f Final value 
F Feed 
fill Fill procedure for drained beds 
G Gold 

Initial value 
K Potassium 
m Macropores 
max Maximum 
N _Cyanide 
Na Sodium 
p Pores-
pred Predicted value 
s Carbon surf ace 
v Silver 
x Oxygen 
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