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ABSTRACT 

Abotsi, G.M.K. and Osseo-Asare, K., 1987. Surface chemistry of carbonaceous gold ores, II. Effects 
of organic additives on gold adsorption from cyanide solution. Int. J. Miner. Process., 21: 225-239. 

The effects of model surface active organic compounds (dodecylamine (DDA), tricaprylylme- 
thylammonium chloride (Aliquat 336 ), sodium dodecylsulfate (SDS) and dinonylnaphthalene- 
sulfonic acid (HDNNS)) on gold adsorption by Prestea (Ghana) carbonaceous gold ore were 
investigated with the aid of adsorption and electrophoretic mobility experiments. The influence 
of SDS on the uptake of gold by the carbon extract obtained from the ore was also studied. The 
results indicate that gold uptake in aqueous cyanide solution is enhanced markedly by Aliquat 336 
and slightly by DDA or SDS, while HDNNS has a strong opposite effect. Gold loading was also 
reduced by 37% when pretreatment with hexane was used. The influence of the additives on gold 
uptake is interpreted in terms of coulombic and hydrophobic interactions between the surfactants 
and the solid surface, competition between the organic reagents and the aurocyanide complex for 
interfacial sites, as well as electrostatic and chemical interactions between the adsorbed additives 
and the aurocyanide complex. 

INTRODUCTION 

Several techniques have been employed in attempts to counteract the dele- 
terious effects of carbonaceous materials during the recovery of gold (1-5). 
There are a number of reports in the literature of the use of organic additives, 
such as kerosene and heavy machine oils, as inhibitors of gold adsorption. 
However, the experimental conditions and procedures are not adequately doc- 
umented and the exact mechanisms by which these hydrocarbon solvents in- 
hibit gold adsorption are still obscure. Most of the published data involve 
complex and poorly characterized organic solvents. For example, kerosene is a 
mixture of straight chain hydrocarbons, cyclohexanes, cyclopentanes, bicyclic 
aromatic hydrocarbons (naphthalenes) having twelve to sixteen carbon atoms 
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per molecule (6, 7). Machine oils also contain a variety of hydrocarbons with 
sixteen to thirty-five carbon atoms per molecule whose general formula ranges 
from CnH2,,_4 to CnH2 .... r~ (6, 7). 

The present work is therefore aimed at a systematic investigation of the 
effects of relatively well defined organic additives on aurocyanide uptake by 
carbonaceous gold ores. The ore used for this research was obtained from the 
Prestea goldfield of Ghana. The previous paper in this series (8) reported on 
the characterization of this ore and examined its interaction with aurocyanide 
solutions. The following surfactants were used as model additives: dodecylam- 
ine (DDA), Aliquat 336 (tricaprylylmethylammonium chloride, a quaternary 
amine), sodium dodecylsulfate (SDS) and dinonylnaphthalenesulfonic acid 
( HDNNS ). Dodecylamine and sodium dodecylsulfate are aqueous soluble sur- 
factants whose adsorption behavior at the solid/water interface has been well 
established in the literature (9-13). Aliquat 336 and HDNNS, which are in- 
soluble in water but readily soluble in organic solvents, have been studied ex- 
tensively in the solvent extraction literature (14-17). 

The organic compounds used in this research were chosen on the basis of 
their possible interactions with the carbonaceous ore and/or  the aurocyanide 
complex (Au (CN) 2 ). Sodium dodecylsulfate (SDS) and dinonylnaphthal- 
enesulfonic acid (HDNNS) were selected with two possible effects in mind. 
Firstly, it was expected that  these compounds would initially adsorb on the 
solids as anionic species thereby imparting a negative charge to the solid/a- 
queous interface. The electrostatic repulsion between the highly charged neg- 
ative solid surfaces and the Au (CN) ~ anion might then prevent the adsorption 
of the aurocyanide ion. Secondly, it was expected that  these organic additives 
would coat the surface of the ore and, by limiting the number of available sur- 
face sites, inhibit gold uptake. Aliquat 336 was chosen with the view that, being 
a cationic reagent, it might adsorb preferentially on the negatively charged 
solid surface, thereby inhibiting Au ( CN ) 2 adsorption. It was also of interest 
to compare the behavior of Aliquat 336 with that  of dodecylamine, a surfactant 
which exhibits pH-dependent ionization behavior (11-13). 

EXPERIMENTAL 

The characterization of the Prestea (Ghana) carbonaceous gold ore and its 
derivatives and the preparation of the aurocyanide solution have been pre- 
sented in the previous paper (8). The material designated as the carbon frac- 
tion was obtained by leaching out the inorganic constituents of the carbonaceous 
ore with concentrated acids. The ground carbonaceous gold ore sample used in 
this research had a specific surface area of 5.2 m 2 g-  1; the corresponding value 
for the carbon extract was 30.2 m 2 g-  1 (8). Dodecylamine (98%) and sodium 
dodecylsulfate (99%) were obtained from Aldrich Chemical Company and 
BHD Chemicals, respectively. The as-received Aliquat 336 (Henkel Corp.) 
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was purified following the method described by Sato and Watanabe (17) and 
its concentration was determined using the Volhard method (18). Commercial 
HDNNS (King Industries ) was purified using the method suggested by Da- 
nesi et al. (19) and its concentration was obtained by potentiometric titration 
with standard NaOH solution. 

A 10 -4 kmol m -3 aqueous solution of DDA was prepared following the pro.- 
cedure of Joy and Watson (11). The solution was successively diluted to 10 -s 
kmol m -3 with doubly distilled water. Similar solutions of SDS in doubly dis- 
tilled water and Aliquat 336 and HDNNS in hexane were prepared. 

Adsorption experiments 

To examine the effects of dodecylamine and sodium dodecylsulfate on gold 
uptake, appropriate volumes of the respective aqueous surfactant solutions 
were added to measured volumes of gold cyanide solution to obtain 25.0 cm 3 
samples containing DDA or SDS and 2.3.10 -3 kmol m -3 NaCN and 5.3" 10 -4 
kmol m -3 Au. Each solution (pH 10) was shaken with 1.0 g of the carbona- 
ceous gold ore for 24 h (at 24 _+ 2 ° C ) after which it was filtered, and the filtrate 
analyzed for gold using atomic absorption spectrophotometry. The experiment 
was repeated with 0.172 g of the carbon extract in SDS solution containing the 
same CN-  and Au concentrations as above. 

In the case of Aliquat 336 and HDNNS, 1.0 g of the ore sample was agitated 
with 25.0 cm a of the respective hexane solutions for 24 h after which each 
solution was distilled off using a rotary evaporator. The solids were dried (12 
h ) at room temperature (24 + 2 ° C ) and 25.0 cm 3 of the gold cyanide solution 
(2.3.10 -3 kmol m -3 NaCN and 5.3"10 -4 kmol m -3 Au) added to each of the 
surfactant-pretreated carbonaceous ore samples (1.0 g each). Each slurry was 
adjusted to pH 10, using reagent grade KOH solution. The samples were then 
equilibrated by shaking them for 24 h. After the 24 h conditioning period, the 
mixtures were filtered and each filtrate was analyzed for its gold content using 
atomic absorption spectrophotometry. Pretreatment of the ore with Aliquat 
336 or HDNNS before gold cyanide adsorption, a technique which was an ad- 
aptation of the method used by Dorfman (5), was necessary to ensure ade- 
quate contact of the ore particles with the organic phase. 

Electrophoretic mobility measurements 

The effects of the organic additives (DDA, Aliquat 336, SDS and HDNNS) 
on the surface charge of the carbonaceous gold ore were determined by con- 
ducting electrophoretic mobility measurements on the ore samples. In the case 
of DDA and SDS, 25.0 cm 3 aqueous solutions containing various concentra- 
tions of the surfactants and 1.0 g each of the ore were shaken for 24 h (to enable 
adsorption of the organic additives onto the solids) followed by filtration and 
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drying ( 24 + 2 ° C) of the particles fbr about 12 h. Organic solutions (25.0 cm 3, 
different concentrations, hexane as solvent) of Aliquat 336 and HDNNS were 
similarly treated ( 24 h agitation ) with 1.0 g each of the ore followed by vacuum 
distillation of the solvent and drying ( 24 +_ 2 ° C, about 12 h ) of the solids. After 
drying, 100 mg of each pretreated solid sample was dispersed in 1000 cm 3 of 
aqueous solution containing 10 :~ kmol m :~ K N Q  for ionic strength control. 
A 75.0 cm 3 portion of each slurry was taken and its pH adjusted to pH 10 with 
KOH solution. These slurries were then equilibrated by shaking them for 3 h 
after which electrophoretic mobilities were obtained as described previously 
(8). 

RESULTS 

Fig. 1 presents the effects of the various organic reagents on gold adsorption 
by the carbonaceous ore. As can be observed from these results, the organic 
additives investigated produced three distinct effects on gold uptake: the pres- 
ence of dodecylamine or sodium dodecylsulfate led to only a slight increase in 
gold uptake, Aliquat 336 enhanced gold adsorption, while HDNNS had a pro- 
nounced adverse effect on gold uptake. A striking feature of these results is 
that in the absence of the surfactants, gold uptake is decreased by about 37% 
when hexane pretreatment  is used, the gold adsorption densities being 26.7 
and 42.3 pmol m -2, respectively, with and without the hexane pretreatment. 
The effect of SDS concentration on the adsorption of gold by the carbonaceous 
ore and the carbon extract is shown in Fig. 2. In these adsorption experiments, 
both samples had the same total surface areas. Fig. 2 therefore indicates that  
the carbonaceous ore is more active as a gold adsorbent than the carbon extract 
in the presence of SDS and, by extrapolation, in its absence as well. The less 
active behavior of the carbon extract has been attributed to the modification 
of the surface functional groups by the extraction process used to isolate it 
from the carbonaceous ore (8). Fig. 2 further demonstrates the previous ob- 
servation (see Fig. 1) that  the presence of SDS enhances gold uptake from 
cyanide solution. 

Fig. 3 indicates that  the electrophoretic mobility of the Prestea carbona- 
ceous gold ore is independent of DDA concentration. On the other hand, the 
solid surface becomes less negatively charged with increase in the concentra- 
tion of Aliquat 336, while the opposite effect is observed for increasing concen- 
trations of SDS and HDNNS. At higher concentrations, HDNNS depresses 
the electrophoretic mobility more than SDS. Further, it can be seen from Fig. 
3 that  at low organic reagent concentrations (e.g. 10-7 kmol m-3)  and for pH 
values in the range 9-10, the electrophoretic mobility is approximately the 
same {i.e. about - 2 . 7  #m s 1 per V cm -1) for both the pretreated and un- 
treated ore particles. 
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Fig. 1. Effects of the model organic additives on gold adsorption by Prestea carbonaceous gold ore. 
Initial conditions: [ Au ] = 5.3.10-3 kmol m - 3, [ CN - ] = 2.3" 10-4 kmol m-3, pH = 10. 

6O 

o 50  
E 

4 0  ( 
z 
tJJ 
o 

z 
9 30 
I--. 
el 

0 

o 
< 2 O  

o 
_J 
0 

I 0  

o' [ I I 
i 0  "7 10 .6  i 0  -5 

C O N C E N T R A T I O N  OF 

I I I I I I 

0 SDS - O R E  (EQUIL. p H = 9 . 2 + O . I )  

• SDS -CARBON EXTRACT (EQUIL. pH=8.7+_0.2)  

PRESTEA CARSONACEOUS GOLD ORE - 

CARBON EXTRACT'  
I • C - -  - -  

I I I 
i 0  -4 10 .3  i 0  -2 i0  -I 

ORGANIC  A D D I T I V E ,  kmoln~ 3 

Fig. 2. Ef fec ts  o f  s o d i u m  dodecylsu l fa te  on  gold cyan ide  adsorpt ion  by  Pres tea  carbonaceous  gold 
ore and i ts  carbon extract .  Ini t ia l  condi t ions:  [ A u  ] = 5.3" 1 0 -  4 kmol  m -  3, [ C N -  ] = 2 .3 .10  - 3 kmol  
m -3,  p H  = 10. 



230 

E Q U I L I B R I U M  DH 

0 2 4 6 8 I0 12 
F - r  . . . . . . .  1 r " r , ] 

E E 
I 7 0 WITHOUT PRETREATMENT i 

-- i 9 [ /', A L I Q U A T  556 - 
• DDA pH : 9.4 ~, a s o s  
• HDNNS 

~ o I 

g ~ 

,_- _, ~ 

-J I 

o o 

u_ - 2 -  -~ 

F- 
,,1 
E 
0 
-t- 
o. 
0 - 3 ~  
{E 

w 

-J PRESTEA CARBONACEOUS GOLD bJ 

-4L _ _ ~ _  • ~ _ ~t ~ _  A .... L J  
-7 -6  -5  -4 -5  -2 - I  

I 0  IO I0  I 0  IO IO I 0  

C O N C E N T R A T I O N  OF O R G A N I C  A D D I T I V E ,  k m o l  m -5 

Fig. 3. Electrophoretic mobility of Prestea carbonaceous gold ore as a function of pH or surfactant 
concentration. 

D I S C U S S I O N  

Adsorption of organic compounds at the solid~oil and solid~water interfaces 

The adsorption of a surfactant onto a solid is controlled by the free energy 
change ( 20, 21 ) : 

AVads = AVcoul + AVspec ( 1 ) 

The electrostatic term, AGcou], has been defined previously (8) and is due to 
the interaction between the charge of the adsorbate and the electrical double 
layer potential. The specific adsorption energy term, AGspec, consists of several 
contributing terms (20, 21 ) : 

AGspee = AGHM -f- zJGcH2 + AGn + AG~olv + AG~he,= ( 2 ) 

where AGHM accounts for the interactions between the adsorbed hydrocarbon 
chains, AGcH~ is a contribution arising from the hydrophobie interaction of the 
hydrocarbon chains with the solid surface and AGH is due to hydrogen bonding 
between the surface sites and the functional groups on the organic compounds. 
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ORGANIC ADDITIVE STRUCTURE MOLECULAR WEIGHT 

DDA CH3 (CH2)tINHz 185.4 

SDS CH3 ( CHz)llOS03 No 288.4 

ALIQUAT 536 N | CI 442 (AVG.) 

/ \CH~ | 
R = C e OR C~o 

C 9 H I 9 ~  
HDNNS 460.1 

C9HI9 S03H 

Fig. 4. Structures of the organic compounds used in this study. 

The solvation (AG,o]v) and chemical (ztGchem) terms retain their previous 
meanings (8). 

The interaction of the organic compounds studied in this research with the 
surfaces of the carbonaceous ore and the carbon extract may be better under- 
stood from a knowledge of their chemical structures (as depicted in Fig. 4) 
and their solution chemistry. The molecular weights range from 185.4 g gmol - 1 
for dodecylamine to 460.1 g gmol- 1 for HDNNS. It must be recalled that DDA 
and SDS are both aqueous soluble whereas Aliquat 336 and HDNNS are 
aqueous insoluble surfactants. Several reports have shown that SDS is ad- 
sorbed by a variety of solids such as hematite (9) and activated carbon (10), 
and that sodium laurate ( 22 ) and sodium dodecylsulfonate (23) are adsorbed 
by quartz and alumina, respectively. The adsorption of alkylbenzenesulfonates 
on activated carbon has also been reported (24). Similarly, DDA is known to 
adsorb on oxides such as hematite and quartz (11-13), and HDNNS is ad- 
sorbed by Fe ( III) and Ni (III) oxides ( 26 ). 

In their study of the adsorption of SDS on hematite, Shergold and Mellgren 
(9) observed that the zeta-potential of hematite becomes more negative as the 
concentration of SDS is raised and that SDS is specifically adsorbed, with the 
ztGHM and AGchem terms dominating. On the contrary, the adsorption of sodium 
dodecylsulfonate on alumina (23) is controlled by the coulombic energy term, 
ztGcou], arising from the attraction between the positively charged alumina sur- 
face and the negatively charged sulfonate polar groups. Thus whereas SDS 
adsorbs on hematite at pH values above the isoelectric point (iep), sodium 
dodecylsulfonate adsorption on alumina occurs only below the corresponding 
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iep. It is clear, therefore, that specific effects are operating in the SDS-hematite 
system while they are absenl in the case of the sodium dodecylsulfon- 
ate-alumina system. The hydrolytic behavior of DDA has a strong influence 
on its interfacial activity (11-13,25). Joy and Watson (11} observed that at 
low pH values, DDA is protonated to form dodecylammonium ions, 
CH3 ( CH2 ) 11NH:~, whose adsorption on hematite between pH 5.8 (iep) and 
pH 7.0 is principally due to the AGc,,o~ contribution, while the adsorption of 
neutral DDA molecules on negatively charged hematite particles at high pH 
values is controlled by the hydrogen bonding, AGH, term. Fuerstenau (13) has 
also shown by zeta-potential measurements that  the adsorption of dodecylam- 
monium acetate at the quartz/solution interface is strongly dependent on pit .  
The zeta-potential steadily decreased from zero (at pH 3.7 ) to about - 1 2 0  
mV at pH 9, became positive between pH 9 and pH 10 and then reversed to 
negative values above pH 11. According to Fuerstenau (13), adsorption of do- 
decylammonium cations occurs below pH 10, and the presence of large quan- 
tities of these cations in the Stern layer enables hemi-micelle formation between 
pH 9 and pH 10, thereby imparting a positive charge to the quartz surface. The 
reversal of the zeta-potential to negative values above pH 11 is attributable 
(13 ) to the predominance of neutral dodecylamine molecules in this p H range. 
Other investigators (12) have reported that  maximum flotation of quartz with 
dodecylamine occurs around pH 10 and that  at this pH, maximum amounts of 
both cationic aminium dimer and amine-aminium complexes are formed. 

From the foregoing discussions, it is clear that  (a) adsorption of positively 
charged organic compounds on negatively charged solids or vice versa is dom- 
inated by the AGco~ contribution arising from the oppositely charged species, 
and (b) the AGspe~ term is more important  when the adsorbate is uncharged or 
when the solid and the organic adsorbent have similar charges. 

As previously reported (8), the carbonaceous gold ore used in this research 
contains a variety of inorganic minerals such as quartz and aluminosilicates 
(52.6% SiO2, 14.6% A1203, 6% FezQ) and about 5% total carbon. The major 
carbonaceous fraction is the carbon extract (3.9%) followedby the hydrocar- 
bon extract (0.27%). The carbon extract contains 59.4% C and 10.6% A1203, 
while the hydrocarbon extract analyzes 66.9% C, 10.5% H, 1.7% O and 18.2% 
S. The infrared spectrum of the hydrocarbon extract showed the presence of 
CHa, CHz, CH and C = O  groups (8). Thus the surfaces of the carbonaceous 
gold ore and the carbon extract consist of a composite of organic and inorganic 
materials. Therefore on the basis of the adsorption results reported in the lit- 
erature for activated carbon and various oxides (9-13, 20-26) it would be ex- 
pected that  the surfactants used in this work (i.e., SDS, HDNNS, DDA and 
Aliquat 336 ) would adsorb on carbonaceous gold ores. The electrophoretic mo- 
bility and the gold uptake results (Figs. 1-3) confirm this. 
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Effect of hexane 

As was noted above, gold uptake is depressed by 37% when, during the pre- 
t reatment  operation, hexane is used as the solvent instead of water. Hexane 
must have been adsorbed onto the ore, the free energy change for the adsorp- 
tion being mainly due to the zlGcs2 term, since the hydrocarbon molecules 
(hexane, CH3 (CH2) 4CH3) will be adsorbed onto the solid as a result of hy- 
drophobic interaction between the molecule and the organic groups on the 
solid surface. Being hydrophobic, the adsorbed hexane molecules will prevent 
the approach of the hydrophilic Au(CN)~  anion onto the solid surface. In 
addition, there is no mechanism by which the Au(CN)~  complex can hydro- 
gen bond with the adsorbed hexane species. 

Effects of dodecylamine and Aliquat 336 

Figure 1 indicates that  gold adsorption increases rapidly as the Aliquat 336 
concentration is raised whereas only a slight increase is observed in the case 
of DDA. The different effects of the two amines could be due to two factors: 
(a) the nature (whether neutral or charged) of the adsorbed organic surfac- 
tant, and (b) the amount  of surfactant adsorbed. 

At pH values below about 10.5, DDA exists as positively charged aminium 
ions, aminium dimers and amine-aminium complexes as well as neutral undis- 
sociated molecules (11-13). Thus the interaction of this surfactant with the 
carbonaceous gold ore particles would be expected to involve several mecha- 
nisms such as hydrophobic interactions with the organic groups on the ore 
surface, hydrogen bonding between the nitrogens of the amine and the ami- 
nium complexes and electronegative atoms (such as inorganic and organic 
oxygen atoms) on the ore surface and attractive coulombic interactions be- 
tween the positively charged species (i.e. the aminium ions, the aminium di- 
mers and the amine-aminium complexes) and the negatively charged ore 
surface. Thus after the pretreatment  steps the ore surface can be visualized as 
containing adsorbed neutral DDA molecules as well as positively charged de- 
rivatives of DDA. As in the case of DDA, the adsorption of Aliquat 336 by the 
ore particles will involve both specific and coulombic energy terms. A major 
difference however arises from the fact that  whereas the extent of ionization 
of DDA is pH-dependent,  Aliquat 336 is cationic over the entire pH range. The 
ore surface will become less negatively charged due to the electrostatic attrac- 
tion between the positively charged quaternary ammonium ion of Aliquat 336 
and the negative ore surface. According to the electrophoretic mobility results 
(Fig. 3), Aliquat 336 adsorption results in a less negatively charged surface. 
On the other hand, DDA has very little effect on the surface charge density of 
the ore particles. It should be noted that  while the adsorption experiments were 
conducted with DDA-containing aurocyanide solutions, the electrophoretic 
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mobility experiments used DDA-free aurocyanide solutions and carbonaceous 
ore particles containing pre-adsorbed DDA. It may be argued that the insig- 
nificant effect of DDA on the electrophoretic mobility of the ore particles is 
attributable to the desorption of the amine species into the originally DDA- 
free solution. However, similar electrophoretic mobility trends were obtained 
when DDA-containing aurocyanide solutions were used with a different batch 
of carbonaceous ore (27). Thus it is believed that the different effects of DDA 
and Aliquat 336 on the electrophoretic mobility reflect, in part, the greater 
cationic nature of the quaternary amine. The electrophoretic mobility results 
also suggest that there is a greater adsorption of Aliquat 336 in comparison 
with DDA. According to Traube's rule (28), the extent of adsorption of an 
organic compound on a solid is directly related to the chain length (or size) of 
the organic adsorbate. Comparison of the sizes of DDA ( mol. wt. = 185.4 ) and 
Aliquat 336 (average mol. wt . -442)  shows that the latter compound is far 
larger than DDA and Aliquat 336 should therefore adsorb onto the ore to a 
greater extent than the primary amine (DDA) and its derivatives. 

Thus as a result of the favorable electrostatic interaction, adsorption of the 
anionic aurocyanide complex would be enhanced by the presence of the pre- 
adsorbed cationic Aliquat 336. In this way, this quaternary ammonium surfac- 
tant acts as an activator (20) for gold cyanide adsorption. On the other hand, 
the presumed smaller interfacial concentration of DDA species coupled with 
the smaller fraction of cationic DDA species compared with Aliquat 336, ap- 
parently results in a lower tendency for the aurocyanide ion to adsorb onto the 
DDA-pretreated ore. 

Effects of SDS and HDNNS 

Unlike DDA which forms cationic and neutral species in solution and Ali- 
quat 336 which is entirely cationic, both SDS and HDNNS are anionic. In 
aqueous environments, these surfactants will dissociate according to: 

RS03 Na = RS03 + Na + (3a) 

RSO~ H = RSO:~ + H + ( 3b ) 

Since the carbonaceous ore is negatively charged, there will be electrostatic 
repulsion between the anionic polar groups of the surfactant molecules and the 
solid surface. Consequently, SDS and HDNNS will encounter an unfavorable 
electrostatic energy situation in the presence of the negatively charged solid 
surfaces and positive adsorption will therefore depend heavily on specific 
interactions. 

Both SDS and HDNNS will be adsorbed through hydrophobic interactions 
among their respective non-polar radicals and between the non-polar groups 
and the organic groups on the solid surfaces. Comparison of the SDS and 
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Typical composition of a waste paper-mill solution (29) 
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Material Percent 

Lignin (as lignosulfate) 50-65 
Sugars 15-22 
Sugar sulfonic acids 5- 8 
Calcium (as CaO) 7-10 
Sulfur (as S02) 8-12 
Volatile organic acids 3 

HDNNS structures (Fig. 4) shows that  the latter compound is the larger of 
the two. It should also be noted that  HDNNS has two benzene rings ( SDS has 
none ) and that  the effect of each benzene ring on enhancing the adsorption of 
a surfactant is roughly equal to three times the effect of one CH2 group in the 
alkyl chain (20). HDNNS should therefore adsorb onto the ore particles to a 
greater extent than SDS, a prediction which is confirmed by the electropho- 
retic mobility results (Fig. 3): for example, the ore particles are much more 
negatively charged at 10-2 kmol m-3 surfactant concentration in the presence 
of HDNNS, than in the case of SDS. The smaller negative charge on the SDS- 
treated ore could also be due in part to desorption of some of the adsorbed 
aqueous soluble SDS molecules from the surface of the SDS-pretreated ore 
particles when they were dispersed in water for the electrophoretic mobility 
measurements. However, as was found in the case of DDA, use of SDS-con- 
taining aurocyanide solution gave a similar trend in electrophoretic mobility 
behavior, i.e., the presence of SDS in the aurocyanide solution had little effect 
on the surface charge of the particles (27). The forces responsible for the re- 
duced gold adsorption in the presence of HDNNS must be the coulombic re- 
pulsion between the Au(CN)~  anion and the strongly negatively-charged 
surface of the HDNNS-treated solid. 

The effect of HDNNS on gold uptake is similar to that  observed for waste 
paper-mill liquors, which also decrease gold adsorption as was observed by 
Leaver and Woolf (4). Table I presents a typical composition of a waste paper- 
mill solution (29). As can be observed from this table, such liquors contain 
high amounts of organosulfates and organosulfonic acids. There are also dif- 
ferent types of sugars, the simplest being glucose (C6H1206) (30). More com- 
plex sugars, such as lignin, can be derived from the polymerization of glucose; 
polymers of glucose have the general structure (C6HloO~), where n = 1000 or 
more (30). Thus a waste paper-making solution can be visualized as contain- 
ing high molecular weight organo-sulfates and organo-sulfonic acids, which 
should have high adsorption densities on carbonaceous gold ores, with the con- 
sequent high magnitudes of negative charge densities on the ores. 
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Since SDS adsorbs to a lesser extent than HDNNS (see Fig. 3) one would 
not expect this aqueous-soluble surfactant to decrease gold adsorption sub- 
stantially. The apparent increase in gold uptake in the presence of SDS (see 
Fig. 1) is, however, unexpected. This behavior suggests possible interaction 
between the aurocyanide complex and SDS. As explained previously (8), au- 
rocyanide adsorption onto a negatively charged solid surface is a result of spe- 
cific chemical interactions between this anionic complex and oxygen containing 
functional groups on the surface. The possibility of the gold cyanide complex 
being converted to neutral, less soluble compounds of the type 
M ~+ [Au(CN)~ ],, where M = N a  ÷, K ÷, H + or Ca ~+ and subsequently ad- 
sorbed, or the neutral compounds being reduced to gold cluster complexes, 
Au(CN) ~) (where 0.2 ~<x<0.33) after adsorption, has been discussed (8, 
31 ). Zaitseva et al. (32) have also proposed that  Au ( CN ) g forms complexes 
of the type Na2Au ( CN ) 2RX in the presence of humic acids where X is COO- 
or CO-.  In the present investigation a specific chemical interaction between 
Au ( CN ) ~- and the functional groups of the adsorbed organic additives cannot 
be ruled out and may explain the gold adsorption behavior in the case of SDS, 
since Na + ions (from dissociation of adsorbed SDS) will be available for the 
formation of compounds of the form Na2Au(CN)2RX, where X, in this case, 
is - OSO:7. Such neutral compounds would be adsorbed onto the carbonaceous 
gold ore and the carbon extract, in accordance with the proposals of McDougall 
et al. ( 31 ) and Zaitzeva et al. ( 32 ). For gold cyanide adsorption in the presence 
of HDNNS, H ÷ ions would not be available for the formation of 
H2 [ Au ( CN ) ~- ] n since any H ÷ dissociated from HDNNS would be neutralized 
by the alkaline medium (equilibrium pH for the ore-HDNNS-Au (CN) ~ sys- 
tem was 9.8). In addition, steric hindrance due to the bulky naphthalene rings 
might discourage the formation of H2Au ( CN ) 2RSO..~ complexes. 

CONCLUSIONS 

From the current study of the effects of four model organic additives on gold 
adsorption from aurocyanide solutions, a number of conclusions can be drawn. 

(1) Aliquat 336 and dodecylamine enhanced gold adsorption onto the Pres- 
tea carbonaceous gold ore. Aliquat 336, which is completely cationic and ad- 
sorbs via both electrostatic and hydrophobic interactions, produced the greater 
effect, presumably by acting as an activator linking the negatively charged 
aurocyanide complex to the negatively charged solid surface. For gold adsorp- 
tion in the presence of Aliquat 336 the free energy of adsorption is probably 
dominated by the ~Gcoul term since electrophoretic mobility studies show that  
the ore particles become less negatively charged in the presence of this surfac- 
tant. Enhanced gold uptake by the DDA-pretreated material was less dramatic 
apparently because of the lower degree of ionization and the lower extent of 
adsorption of this surfactant, compared with Aliquat 336. 



237 

(2) The presence of HDNNS caused a marked increase in the negative charge 
of the carbonaceous solid/water interface; the effect of SDS was less pro- 
nounced, indicating that HDNNS is the more strongly adsorbed of the two 
anionic surfactants. Since the solid surface is originally negatively charged 
(8), the adsorption of the anionic sulfonate reagents suggests the presence of 
specific (hydrophobic and chemical) interactions between the surfactants and 
the ore surface. HDNNS depressed gold loading onto the carbonaceous ore as 
a result of the repulsion between the adsorbed - SO~ groups on the ore and 
the Au (CN) ~ anion. The slight increase in gold uptake in the presence of SDS 
is probably a result of the formation and subsequent adsorption of the neutral 
compound Na2Au ( CN ) 2RSO3. 

( 3 ) Gold adsorption is reduced by about 37% when, during the pretreatment 
operation, hexane is used as the solvent instead of water. The hydrophobic 
character of the hexane-treated solid hinders the approach of the charged 
Au (CN) ~ onto the solid surface. 
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