(E® = + 0,253V)

Table 3.27 shows that similar reactions may be occurring in
the case of Ag(CN);.

Table 3.27
Effect of acid and base treatment on the
stoichioketry of the adsorbed Ag(CN); species

Treatment Concentration, mmol/g N/Ag
Ag in
Boilnd in 4% HCl for S5h 0,0681 0,0111 0,325

Boiled in 4% HC1 for 5h
then boiled in 0.1 M 0,0573 0,0 0,0
NaOH for 5h

After acid~boiling, the ratio of N to Ag is even lower than
that of 1 expected for AgCN, indicating thai a further
reaction occurs. A scanning electron micrograph of the
surface of this carbon is shown in Figure 3.4i. The white
grains which are evidently concentrated in the macropores
ware analysed by Energy Dispersive Spectroscopy (EDS or
EDAX) and found to be rich in silver and chloride. X-ray
diffractometry enabled the identification of this compound
as AgCl. None of the peaks characteristic of metallic
silver were observed.

The following reactions therefore are evidently occurring

on the carbon surface:

Ag(CN); (ads) + H' (aq) + AQCN (ads) + HCN(*)  (3.51)

AgCN (ads) + H' (ag) » Ag' (ads) + HCN(®) (3.52)
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Fig. 3.41 SEM micrograph of an activated carbon surface
loaded with argentocyanide and subsequently
boiled in 4% HCl for 5 h. (520X magnification)
¢
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Ag' (ads) + C1~ (agq) » AgCl(+) (3.53)

After subsequently boiling this carben in 0,1 M NaOH, the
ratio of N to Ag is reduced to zero. A scanning electron
micrograph of the carbon surface is shown in Pigure 3.42. A
silver-rich compound was once again found to be
precipitated within the macropores. Analysis by EDS
indicated that this time no chloride was associated with
the silver, and the X-ray diffractogram displayed the peaks
characteristic of metailic silver. Moreover, no peaks
characceristic of AgCl were evident.

It is thus likely that the following reactions occurred
during this process:

AgCl (ads) + e~ = Ag® (ads) + C1~ (aqg) (3.54)
(E® = 0,222v) 47

Ag* (ads) + e~ = Ag® (ads) (3.55)
(E® = 0,800V)%47

2AgCN (ads) + e~ » Ag® (ads) + Ag(CN)3 (aq) (3.586)
(E° = 0,183V)

The Ag(CN) ; formed via Equation (3.53) appeared in the 0,1
M NaOH eolution, being adsorbed more weak'y than the

Au(CN); complex and hence being more easily eluted.

Figure 3.43 shows the structure of one of the metallic

silver particles thus formed, located within a macropore.
It is noteworthy that this particle appears to be an
agglomerate of smaller particles, whereas the eguivalent
gold particles were found (see section 3.2¢c} to be

dendritic in structure.
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¢ Fig. 3.42 SEM micrograph of the activated carbon surface
in Fig. 3.41, subseguently boiled in 0,1 M HaOH
for 5 h. (520X magnification)
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Fig.

3.43

SEM wicrograph of a magnified portion of the
activated carbon surface shewn in Fig. 3.42,
showing the agglomnerated structure of a silver
particle
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(ii) Mechanism of adsorption of Ag*' onto
activated carbon

Nature of the adsorbate

From the reduction potentials for reduction reactions
(3.54) and (3.55) shown above, and comparison with
reduction potentials reported?? for typical activated
carbons of about 40,24 V, it can be predicted that agcCl
should theoretically not be reduced to the metal by
activated carbcn, loreuver, it is likely that any Ag*
present on the carbon will be reduced to the metal. These
facts are consistent with the cbservations in the previous
sec:ion.

Figures 3.41 and 3.45 show micrographs of the surface of o
carbon loaded with silver from AgNO,; solution. A
combination of EL'S and XRD analyses indicated the presence
of netallic silver, which appears white in the microyraphs,
and AgCl, which appears grey in the micrographs. The
presence of 500 ppm residual chloride on the activated
carbon was verified analytically, thus accounting for the
AgCl precipitate.

In an early study of AgNO, adsorption onto activated
carbon, Bolam and Phillips!*? postulated a dual mechanism
of AgNO, adsorption and reduction to metallic silver. It is
unlikely, however, t.at any Ag' would remain in the
oxidized form on the ~arbon surface, given the reduction
potentials mentioned above. Moreover, it is likely that the
activated charcoal used in Bclam and Phillips®' 1935 study
contained a comparatively larger amcunt of chloride than
that found in modern activated carbons. Therefore the dual
mechanism postulated from the results of the present study,
of reduction to Ag and precipitatl = of AgCl, is consistent
with the results reported in the literature.
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~44

Micrographs showing Ag metal (white) and AgCl
precipitate (grey) adsorbed from AgNO,
solutio. onto activated carbon
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Fig. 3.45 Micrographs showing fine detail of Ag metal
{(white and AgCl precipitate (grey) adsorbed
from AgNO, solution onto activated carbon.
(a) fine structure within a macropore
tb) fine structure of Ag metal filling pores
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c) The Mechanisms of Adsorption of Hg(CN), and
HgCl, onto Activated Carbon

There are several important applications of the adsorption
of mercury species onto activated carbon :

(i) adsorption of wmercury cyanide species onto
activated carbon during gold recovery by the
carbon-in-pulp process, with subsequent release
of toxic mercury vapour during carbon

reactivation!®?,

(ii) removal of merzury species from effluent
streams!5?, and

(iii) use of activated carbon - supported HgCl,
catalysts for the hydrochlorination of acetylene
from vinyl chloride monomer!3*,

Earlier work on the mechanism of adsorption of Hg(CN), onto
activated carbon®? was aimed mere at investigating the
competition between Hg(CN), and Au(CN); than the
mechanism of adsorption o. Hg(CN), onto activated carbon.
Ibrado and Fuersternau’*® recently correlated the pH
dependence of adsorption of mercury onto activated carbon
from cyanide solution with the species distribution
diagram for the system. Jayson and co-workers!$®
investigated adsovption of mercury (II) acetate onto
activated carbon cloth and reported that an unspecified
mercury compound had precipitated within the cloth. Ina
study cf HgCl, adsorption onto activated carbon,
Hutchings®S? suggests that the mechanism is similar to that
proposed for the adsorption of H“‘[Au(CN);]" ion pairs
onto activated carbon. Lopez-Gonzalez and co-workers!Sé
claim to have detected Hg,Cl, on the surface of activated
carbons loaded from HgCl, soluvtion, yet neglect to state
how this deduction was wmade.
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The present work is aimed at further elucidating the
mechanismr of adsorption of mercury onto activated carbon
from cyanide and chloride solutions, to improve tle
understanding of all the above-mentioned processes.

(i} Mechanism of adsorption of Hg(CN),; onto
activated carbon

Stoichiometry of the adsorbate

Mercury was loaded onto activated carbon from cyanide
solutions having the stoichiometries Hg(CN), and CaKg(CN) ,
respectively, and the results are shown in Table 3.28
below.

Table 3.28
Elemental analyses of carbons loaded from various
mercuric cyanide solutions

Loading stoichiometry Elemental analyses (mmol/q)
ca Hg N

Hg (CN) , 0,015 0,513 0,515

CaHg (CN) 0,014 0,284 0,215

In both cases, mercury is adsorbed in the form of Hg(CN),.
These results suggest that CaHg(CN), does not adsorb onto
carbon, and the lower extent of mercury loading at higher
cyanide concentrations is a reflection of the smaller
proportion of mercury in the hg(CN), form. This aspect
will be examined in greater detail in a later section.

Additional information can be obtained from a compariscn of

values for the standard reduction potentials (as measured
against the Standard Hydrogen Electrode), cf various
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mercury-containing species, shcvn in Table 3.29.

Table 3.29
Standard reduction potentials of mercury-containing
species
Reduction reaction E°,v Ref.
Hg(CN), + 2e” = Hg + 2CN~ -1,23 83
Hg(CR)}~ + 2e” = Hg + 4CN™ -1,60 83
Hg,Cl, + 2e” = 2Hg + 201~ +0,268 65
dg?t + 2" = Hg +0,851 65
2Hg?' + 2e” = Hg}t +0,905 65
Hgl* + 2e° = 2Hg +6,796 65

A comparison of these values with values reported®? for
standard reduction potentials of typical activated carbons
(E® ~ +0,24 V) indicates that it is not thermodynamically
feasible for activated carbon to reduce Hg(CN) 72 or
Hg(CN} 2" to the metal, and this is consistent with the

elemental analysis results.

Effect of cyanide concentration

The effect of cyanide concentration on adsorption of
mercury onto activated carbon is shown in Figure 3.46. The
drop in extraction efficiency with increasing cyanide
goncentration is much sharper than in the case of silver
cyanide, and this is a manifestation of the high stability
of the Hg(CN) {~ complex at cyanide concentrations above
about 0,01 mol/l, as is shown in Figure *.47. The relevant
equilibria are

K3

Hg(CN), + CN™ =" Hg(CN); (3.57)
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3.46 Effect of cyanide concentration on the
extraction of mercury by activated carbon.
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Fig. 3.47 Distribution of mercury species in aqueous
sclution with increasing cyanide
concentration.
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Hg(CH); + ON~ i Hg(CN) 2~ (3.58)
where®?® K, = 3,64 and X, = 2,62. The data in Figure 3.47
were calculated on an IBM microcomputer using the species
distribution program HALTAFALL!*?, The fact that
Hg (CN) §{~ has a double negative-charge results in a much

lower affinity of this species for activated carboa than
the neutral Hg(CN), species. This result is consistent
with the theory that aurocyanide adsorbs onto carbon in the
form of an ion pair of the form M"* [Au(CN) 2)n, and is also

consistent with the previously published observation??
that the latter two species compete for adsorption sites on
the carbon surface, as well as with the results of Ibrado
and Fuerstenau!*®, who showed a correlation between pH
dependence of wmercury adsorption and calculated

distribution of species.

It is noteworthy also that at the CaHg(CN), stoichicmetry
reported in Table 3.28, the species distribution .
calculations predict that approxirately half of the
mercury in the solution is in the form of Hg{CN),, which is

also consistent with the fact that the amount of mercury
loaded from CaHg(CN), solution is half that from Hg(CN),
solution.

Infrared spectrophotometric study of adsorbed
ﬂg(cm_,_ species

\3 Infrared spectra showing the v(CN) stretching freguencies
for mercuric cyanide loaded carbons are shown in Figure
3.48, and the observed values for adsorbed species are

compared with those for free species in Table 3.30

It is noteworthy that the observed r(CN) band appears at
identical frequencies for the swecies present on the
carbons loaded both from Hg(CM), solution and from
CaHg{CN}, sclution. Moreover, the position of the band
remains unchanged on samples that were air-dried at 25°c,
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or vacuun-dried at i80°C. Ultimate assignment Lf the peak
is difficult, since it lies between those for the Hg(CN),
and Hg(CN); species, and the presence of both of these

species would result in two peaks, rather than one, being
obtained. Moreover, the peak is sufficiently far away
from that of the crystalline Hg(CN), to negate any
assignment to this species.

‘fable 3.30
r(CN) stretching frequencies for mercuric cyanide
species

Species v(CN), cm™?! Ref.
Carbon contacted with 2170 This work
Hg (CN) , solution

Carbon contacted with 2170 This work
CaHg(CN),, solution

Hg(CN) , (s) 2194 This work
Hg (CN} , (aq) 2193 157
Hg(CN) 3 (aq) 2162 157
Hg(CN) ¢~ (aq) 2143 157

In the light of the stoichiometric and theoretical studies
discussed earlier, the peak is assigned to an adsorbed
Hg(CN), species. The reason for the shift to lcwer
frequency upon adsorption is unclear at this stage; this
may be indicative of a charge-transfer interaction between
the metal atom and the carbon surface, as was shown earlier
in this Chapter to occur under certain conditions for
adsorbed gold species on carbons.
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(ii) Mechanism of adsorption of HgCl, onto
activated carbon

Previous workers!'®® have suggested that Hg,Cl, may be
formed on the carbon when contacted with HgCl, solution. A
comparison of the standard redaction potentials in Table
3.29 suggests that this is feasible, since the reduction of
Hg?* to Hg}* occurs at a much higher potential than the
+0,24V of activated carbon, and moreover, if the mercury
(I) species is precipitated in the form of Hg,Cl,, it may
well be stable as this species has a similar reduction
potential (+0,268V) to activated carbon. Table 3.31
confir~s that the Hg,Cl, species is veary insoluble.

Table 3.31
Solubilities of mercury compounds

Compound solubility®®, /100ce

Cold wvater Hot water
Hg,Cl, 0,00020 (25°C) 0,001 (43°0)
HgCl, 6,9 (20°C) 48 (166 'C}
Hg (CN) , 9,3 (14°C) 33 (100°C)

Figure 3.49 shows a scanning electr:n micrograph of .n
activated carbon surface that had been contacted with HgCl,
solution. The presence of a precipitate is evident in the
light coloured specks. and electron dispersive
epectroscopic (EDS) analysis confirmed that it contained
Hg and Cl. The mechanism of adsorption of wercury from
chloride solutions can thvs e summarized:

2Hg?* + 2e7 = Hg}' (3.59)

Hgd® + 2C17 = Hg,Cl, (%) (3.60)
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Fig. 3.49 Scanning electron micrograph of the surface of
™y activated zarbon contacted with HgCl, solution
(540x magnification)
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d) The Mechanism of Adsorption of AuCl; onto
Activated Carbon

The fact that AuCl; is reduced to the metal upon contact
with activated carbo.. is a weli known phenomenonl??.121,
and this is pot sucprising whan the reduction potential for
AuCl, (+1,00V against the standard hydrogen electrode) is
compared with the average reduction potential for typical
activated carbons (+0,24V)?%. The micrographs in Figure
3.50 show that reduction occurs only along'tm warticle
edge, resultiag in a metallic coating on the surface of the
particle, in contrast to the crystals of metallic gold
formed when aurocyanide-loaded carbons are subjected to
acid~-boiling prior to contact with hydroxide, and to the
spheres of metallic gold produced on heating aurocyanide-~
loaded carbons at temperatures higher than 270°C.

In previous work®?, the extraction of AuClj was found to
display a similavr dependence on cation to the axtraction of
Au(CN) 3, and it was suggested that ion association also
plays a role in the extraction of AuCly. 1In section 3.2f
of this chapter, it was shown that the AuCly species
adsorbs intact to some extent, particularly in the presance
of an oxidant such as nitric acid. PFPigures 3.5 and 3.5:2
present '?TAau Hbéssbauer spectra that confirm these
findings. The quadrupole due to AuCl; is particularly
obvious in the spectrum of the carbon loaded from an agua
regia solution.

These results demonstrate the fact thac the adsorption of
species onto activated carbon by an ion-pair mechanise is
not restrictcd to aurocyanide, and this ) .ds credence to
the mechanism as a whole.

3.4 Summary and Conclusions

It was unequivocally shown, using = variety of techniqucs,
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Fig. 3.50 WMicrographs showing the reduction of AuClj to
Au metal on the particle edge of activated
carbon
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51 !*7au MOssbauer spectrum of AuCl; adsorbed
onto activated carbon from agueous HAuCl,
solution. (After Cashion et s1%%)
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1975u Mdssbauer spectrun of AuCl; adsorbed
onto activated carbon from aqua regia
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that under alkaline conditions typically encountered ina
CIP plant, gold is extracted as an ion pair of the type
M** [Au(CN);1,, (where M"' =ca?', Ha', etc). At low pH
values (below 3) gold is loaded onto activated carbon
predominantly as the aurocyanide acid HAu(CN), while, at
intermediate pH values, the ion pair and the acid are loaded
simultaneously. Partial decomposition of the HAu(CN), to
an AuCN~type species was shown to occur.

When loaded carbon is heated in strongly acidic solution,
aurocyanide decomposition to AuCN is more complete.
Evidence from elemental analyses, X-ray diffractometry and
Mossbauer spectroscopy is consistent with the AuCN being
present in the form of short-chain oligomers. When the
carbon is treated subsequently with hydroxide solution,
the following reaction occurs:

2AuCN + e~ » Au + Au(CN);

The standard reduction potential for this reaction is
calculated to be 0,252V (vs SHE).

No evidence was found of the formation of AuCN during
loading under conditions normally encountered in CIP
operations. This reaction would occur to some extent,
however, during a high-temperature acid-washing step prior
to elucion.

These reactions were also studied in agqueous solution in
the absence of carbon. The kinetics of AuCN precipitation
from acidi ied aurocyanide solutions were found to be first
order, with activation energy 72,5 kJ/mol. Polymeric AuCN
was found to be unstable in alkaline solutions,
particularly at elevated temperatures. Analysis of the
solution for Au(CN); and CNO~, and the investigation of

the resultant solid phase by XRD enabled the following
overall reaction mechanism to be derived:

186




(4]

3AUCN + 20H™ = 2Au® + Au(CN); + CNO™ + H,0

This novel reaction probably also occurs on the carbon
surface.

Aurocyanide adsorbed onto activated carbon from neutral
and alkaline solutions is found to remain relatively stable
at temperatures up to about 240°C, as concluded from the
results of elemental analyses, scanning electron
microscopy, X-ray diffractometry and Mdssbauer
spectroscopic measurements. At higher temperatures ths
aurocyanide is reduced to the metal, with evolution of
gaseous HCN. A portion of the aurocyanide decomposes via an
intermediate AuCN-type species. Aurocyanide loaded under
acidic conditions decomposes by this mechanism at lower
temperatures.

The controversy between different research workers
regarding the mechanism of adsorption of aurocyanide onto
activated carbon was shown to be due to differences in the
experimental conditions employed by different research
groups. The present work has shown that several different
adsorption mechanisms are pcssible under varying
conditions of ionic strength and pH, and in the presence or
absence of oxygen. No evidence for any decomposition of
Au(CN) ; to AuCN, NH} , HCO3, or CNO™ species in neutral or
alkaline solutions could be found. The effects of oxygen
and ionic strength, and the pH shift that occurs upon
adsorption, were found to be interrelated, and can be
explained in terms of a dual adsorption mechanism which
becomes wore prevalent under low ionic strength
conditions.

The important conclusions reached in the present work with
regard to the mechanism of adsorption, from neutral and

alkaline solutions, are summarized below.

Under all practical conditions (high ionic strength),
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adsorption of aurocyanide onto activated carbon occurs via
an ion-pair mechanism in which ion pairs of the type
MM (Au(CN);], are adsorbed onto the carbon surface
without chemical change. 0Oxygen has an insignificant
effect on gold adsorption under these conditions. Oxygen
effects associated with operating carbon~in-pulp plants
are more likely due to (i) catalytic oxidaticn of free
cyanide®?/1%% ghich results in more favourable conditions
for gold adsorption, and (ii) enhancement of gold
leaching!®, should this be incomplete.

Under conditions of low ionic strenqth, the adsorption of
aurocyanide onto activated carbon occurs via two
mechanisms, the relative contributions of which depend on
the presence of oxygen:

(i) adsorption of M"'[Au(CN);] ion pairs, which
occurs to a greater extent in the absence of
oxygen, and

(ii) formation of ijon-exchange sites that
coordinate aurocyanide by simple electrostatic
ion~exchange. This mechanism occurs to a
greater extent in the presence of oxygen.

The Au(CN), species was tound to adsorb onto activated
carbon by a similar mechanism to that postulated for
Bu(CN);, i.e. as an ion pair of the type M"*[Au(CN)7],-
The affinity of Au(CN); for adsorption onto carbon proved
to be greater than that for Au(CN)j;, which is also
consistent with the ion-pair mechanism.

A Mdéssbauer spectroscopiC investigation confirmed that
Au(CN) ; is the adsorbed species from both acidic and
neutral sclutions. A carbon that was loaded with Au{CN);
and subseguently acid-boiled, was found tc contain
Au(CN) ,C1;, Ar(CN); and AuCN, which are products of the
decomposition of Au(CN); by boiling hydrochloric acid.
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Silver is adsorbed onto activated carbon from potassium
cyanide solution in the form of the K'Ag(cN); ion pair.
These species undergo further chemical change to AgCN and
AgCl after boiling in hydrochloeric acid. Subsequent
treatment with hot sodium hydroxide solution results in
reduction of all silver on the carbon to the metallic state,
with some desorption of Ag(CN;;.

When silver is loaded onto activated carbon from a silver
nitrate solution, adsorption takes place via a dual
wechanism, with reduction to metalliic silver and
precipitation of AgCl both taking place on the carbon
surface.

Mercury is found to adsork onto activated carkon In the form
of Hg{CN), from cyanide solution. The Hg(CN) }‘ species

adsorbs to a negligible extent, indicating the possibility
.. @luting adsorbed mercury with cold caustic cyanide
solution. The adsorption of mercury from chloride
solution occure /la the reduction to mercury(I) species,
with subsequent precipitation of inscluble Hg,Cl, within
the carbon pores.
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CHAPTER 4 ION ASSOCIATION OF MAu(CN), SALTS IN
VARIOUS SOLVENTS

Knowledge of extent of association in MAu(CN), solutions
and the nature and structure of complex species involved is
important in understunding the influence of ion~pairing
effects on extraction processes.

Work presented in the previous chapter has yielded evidence
that the gold species adsorbed onto activated carbon from
cyanide solution is the M"*[Au(cH);], ion pair. This ion

pair has also been invoked in extraction of aurocyanide by
solvents such as l-pentanol*® and trikutyl phosphate!’?,
as well as polymeric adsorbent resins®®:137, apnd the
loading of gold onto deprotonated weak-base ion-exchange
resins at high pH.

The ion associate of Au(CN); with the tetraphenylarsoniun
cation (CyH;) ,As* dissolved in an organic solvent provides
the ligquid membrane for an aurocyanide-specific ion-
selective electrode!®®. Aanother analvtical technique
that involves aurocyanide ion pairs is ion-pair
chiromatography®®!, in which the tetrabutylammonium ion
pair is partitioned between a hydrophilic mobile phase and
a hydrophobic surrace.

This chapter presents a detailed study, using various
techniques, of the association of MAu(CN), salts invarious
solvents. The factors influencing the extraction of ion
pairs are also elucidated.
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4.1 Ion Association of MAu(CN), Salts in Various
Solvents -~ A Literature Survey

Perusal of the 1literature pertaining to stability
constants®?- 85,147 yoveals that much work has been done on
the ion association behaviour of the iron cyanides and
cobalticyanide, and almost nothing on the other complex
metal cyanide salts.

The dissociation constant of HAu(CN), has beern reported! 62
to be 4,5 x 10°3 mol/1l, which means that in agueous
solutions of low pH the go”d will be almost entirely in the
form of the associated HAu(CN), species. This is in
agreement with other workers!®?® who postulate dimerization
to [HAu(CN);], in the aqueous phase at high concentrations.

Jones’®* explained effects in Raman spectra of
concentrated agqueous LiAu(CN) , solutions in terms of an ion
association interaction between Li' and Au(CH);. Some
doubt as to this interpretation was raised by subsequent
workers, however!?®,

Ion pairs of the form MAg(CN),, MAg(CN}; and MAg, (CN) 2~
(M = Na', K') have been postulated!®’ to exist in liquid
ammonia solutions, as interpreted from Raman spectra.

The presence of ion pairs of the form MCo (CN) 2" in agueous
solutions (M = H*, Li*, Na*, K*, Rb*, cs*, NR}) has been
indicated by variations in the cobalt-59 NMR chemical
shift!®%/187  7The interpretation of the results in terms
of polarization of cyanide ligands and solvent molecules in
the presence of small cations, and a solvation effect in the
presence of large cations, is similar to that independently
postulated for aurocyanide ion-pairs?®®.

Stability constants of ferrocyanide and ferricyanide ion
pairs involving numerous cations have been determined®3-8%
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by a number of different techniques.

4.2 The Study of Ion Association - A Literature Sarvey

There are numerous techniques!®®~17% that have been used to
quantitatively study ion association, although the
suitability of a technique depends on the characteristics
of the system to be studied. Various aspects of the system
may be studied by a range of technigques. The more widely-
used ones are summarised below.

aj) Conductivity, Measurements

Several mothods!®®/17?  exist for calculation of
association constant K, and limiting conductance A, for
electrolytes from conductance/concentration data. The
technique has been used for numerous solvents and
electrolytes.

b} Ion-Selective Electrodes

This technique is still in its infancy, but is seeing an
increasing number of applications to the study of ion
association'’4., However, application of ion-selective
electrodes to nonagueous solutions is still rather
limiced!’® , due to variations in liquid-junction
potentiais and solvent attack on the membranes. Moreover,
investigations are limited to one specific ion for each
electrode. -

The method has, however, given consistent vaiues*’® for
aqueous phase association of KFe(CN)g~ and KFe(cN)é'.
where an appreciable degree of association occurs at
relatively low concentrations.
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<} Ultraviolet-Visible Spectrophotometry

in cases where there is soae measure of orbital overlap
occurring, and the spectrum of the ion pair differs from
that of the unpaired ions, valuable information regarding
environment and association of ions can be gained, both for
aqueous!’? and nonaqueous!?® solutions. However, this
additional information on the environment of the ions may
become a disadvantage when the ion pair cannot be isolated
and its spectrum analyzed.

4d) Infrared Spectrophotometry

Information has been cbtained on association and solvation
of ions by infrared spectrophotometry!?%/18¢ jowever,
this technique is limited by the very large absorpticn due
to water, and in solutions containing ever a relatively
small amount of water, the technigue may prove useless.

&) Raman Spectrophotometry

Raman spectrophotometry is normally only useful when some
measure of covalency exists between the ions. This
limitation is somewhat balanced, when the ion pair does
show Raman lines, by the fact that unlike infrared
spectrophotometry, Raman scattering is not influenced by
the presence of water wmolecules.

£) NMR Measurements

If one of the jons is paramagnetic, NMR measurements (for
example, relaxation, chemical shifts, spin-spin coupling)
can provide useful information on ion association
interactions!®!. The chemical shift of the ?3Na nucleus
has been taken to be a measure of solvating power of
solvents towards Na', by virtue of the linear relationship
petween 3 ?%Na and DN, the solvent donor number.
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g} Ion-Pair Solvent Extraction

pistribution measurements can be used!®? to generate
values for association constant and extraction equilibrium
constant as long as the assumption of zero association in
the aqueous phase is valid, and the associated species is
only assumed to be formed on mutual contact of the ions with
the organic phase. The possibility of side reactions such
as triple ion formation and dimerization must also be taken
into account., When this is the case, reasonable
agreement!®? with conductivity measurements can be
obtained.

The two methods may also be combined!®*, to provide
association constants for both phases, as well as
extraction constants which take the distribution of both
neutral and ionic species into account.

h) Ion-Exchange Studies

In the case where an ion association constant is either
known or negligible, ion~exchange studies with mixtures of
the salt of interest and a salt containing a common ion can
be used to determine association constantsz!®5, The
disadvantage is that a mixed electrolyte must be used.

Another area!®® involves the uptake of an anion such as
AuClj; by cation-exchange resin, via the formation of Lit
or H' ion pairs!i®?,

i) Other Methods

In certain cases, other methods such as polar-
ography'®®/18%  reaction kinetics!'®¥/16%  gelubility
determinations’'®?, polarime*ry'®?, x-ray scattering!®?,
ESR spectroscopy'®®, ebulliometry!®® (changes in boiling
temperature of the solvent due to ion association),
ultrasonic absorption!®®,1%1 have all beer found to be
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useful in the study of ion associaticn and sclvation. The
characteristics: of the system in gquestion should be taken
into account before any of these methods are attempted,
however.

4.3 Ion Association of MAu(CN), Sclts in Aqueous
Solution

1s discussed earlier, the only association data for an
MAuU(CN; , species found in the litcrature is that reported
by Ford-Smith, et al'€? yho deduced a value of 4,5 x 10”?
mol/l as the dissociation constant for HAu{CM), in agueous
solution. This value is possibly i. correct, as will be
discussed below.

aj Potentiometric Titration of Agueous Solutionr of
HAu (CN} ,

A fresh solution of HAu(CN), was prepared and tic. ted
against standardized NaOH solution. The titration curve
is shown in Figure 4.1. A value for pK (acid dissociarion
constant) of 1,52 * 0,02 was computed using points 2 to 7 of
the data shown in Takle 4.1. The points further on in the
titration were not usable because the acid was virtually
conpletely dissociated at that stage (a > 0,965 ; see Table
4.1) and titrant additions served mainly to adjust the pH.
1he initial points correspond to a sufficiently low degree
of disscciation to ensure that an accurate result can be
calculated.

The stoichiometric end-point ¢f the titcration enabled the
determination of total acid content of the initial solution
as 0,005087 mol/l. This can be compared with the gold
concentration of 0,00505%6 mol/1 calculatad from the mass of
KAu(CN), initially used to prepar: the solution,
corresponding to a variance of only 0,6 per cent.
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Table 4.1
Values of pK, and a (Degree of Dissociation)
for Titration Date in Figure 4.1

No. PH a PK,
2 2,410 0,8774 1,555
3 2,463 0,8966 1,525
4 2,523 0,9093 1,522
5 2,590 0,9186 1,538
6 2,657 0,9356 1,495
7 2,943 0,9623 1,536
8 3,093 90,9657 1,643
9 3,270 ©,9724 1,723
10 3,450 0,9742 7,873
1 3,660 0,9788 1,995
12 4,063 0,9835 2,288

A value for the association constant of HAu(CN), can be
calculated Zrom the titration resu.ts, i.e

Ky
H* (ag) + Au(CN); f{aq) = HAu(CN), (aq) (4.1)

Ky = 33,8 1/mol

This can be compared with the value K, = 222,2"1/mol
obtainaed by Ford-Spith et ail®?, py a similar
potentiometric titration. Their result is possibly in
error owing tc simplifications in their calculation ; for
example, they assumed that the pK, was equal to the pH of
half-neutralization, an assumption that is justified only
if the acid is very weak, or very dilute!??, Tiis is
tantamount to assuming that, when exactly half the
egquivalent amount of NaOH has been added, the

197




©

©

concentrations of HAu(CN) , and Aa(CN) ; are equal, and this
is only true if the initial solution was mainly in the
associated form. Calculation shows that this was not the
case in Ford-Smith's expevriment, and applying the same
erroneous calculation to the present data yields an
erroneous value for K, of similar magnitude. Moreover,
any calculation based solely on one data point wculd not be
expected to yield as accurate a value as one based on
several points.

A species distribution diagram for acidified aurocyanide
solutions as a function of pH is shown in Figure 4.2. The
associated HAu(CN), species clearly predominates in
solutions ~f pH < 1,5 , and essentially all of the
aurocyanide will be in the associated form in 1,0 mol/1 acid
solution. Thi: effect should be taken into account
whenever acidified aurocyanide solutions are being used.

A final point regarding these results is the possibility
that the HAu(CN) , solution degraded to some extent, forming
the insolubie AuCN polymer:

H* + Au(CN)j; = HCN + AucCN (4.2)

f
This reaction proceeds almost quantitatively at
temperatures exceeding about 60°C, as shown in Chapter 3,
but the rate and the extent of this -eaction has not been
determined under conditions pertinent to the presunt
experiment. To address this problem, a volume of 250 ml of
acidified aurocyanide-containing solution was placeéd in a
glass bottle and shaken thoroughly. Samples of the
solution were taken periodically, filtered with Whatman
542 filter paper and analysed for gold by atomic absorptinn
spectrophotometry. The results are shown in Table 4.2,
and demonstrate that the solution remained quite stable
within the time period required to perform the titration.
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Table 4.2
Stability of HAu(CN), Solutions with Time

Gould concentration in solution, mg/1

Time HAu(CN) , solution Solution of KAu(CN),
h prepared in 0,16 M HC)
by ion-exchange

2535 893

256 896

4 255 893

24 259 854

48 266 830

72 262 845
96 255 -

Yellow AuCN appeared on the plastic 1id of the bottle in the
second experiment after about 24 hours. Only a faint trace
of AuCN was seen in the first experiment. Plastic
containers and synthetic polymeric adsorbents are known®®
to catalyze reaction 4.2 to some extent, so the stability of
the solution in the all~glass container used in the
titration should be acceptable.

b) Conductimetric Study of Agueous Solutions of
KAu(CN) , and NaAu(CN), .
Equivalent conductances of the above-mentioned salts in
agueous sclution are pres.rted in Table 4.3. The datawas
analysed using the Shedlovsky extrapolation technique!?%?,

which is based on the equation

1/7A8(2) = 1/A, + (K3/A2) (cAf45(z)) (4.3)
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in which A is the measured equivalent conductance, A, is the
equivalent conductance at infinite dilution, K, is the
association constant, ¢ is the concentration, and £ is the
activity coefficient calculated using the Debye-Huckel
limiting Law equation,

- log £4 = a (ac)'/? (4.4)
In Equation 4.4, a is a constant that depends on dielectric
constant and temperature, and a is the degree of

dissociation.

The function §(z) in Eguation 4.3 has the form

5(z) = (z/2 + (1 + (z/2)H)¥")? (4.5)
where
z = A(cA) P/ A3/ (4.6)

in which A is the Onsager constant, a function c¢i the
dielectric constant, viscosity and temperature of the
solution.

The calculation was performed on an Apple IIe computer.
Convergence normally occurred after two iterations. The
calculation effectively involves the linear least squares
analysis of a plot of 1/AS(z) against cAfy8(2) (Equation
4.3).

Table 4.4 presents results for analysis of the conductance
data. The Shedlovsky technique is not the most modern
conductance equation, but can be expected!?$ to yield
values of K, and A, sufficiently close to those obtained
by other equations to suit the purposes of this Thesis.
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Table 4.3
Concentrations and corresponding equivalent
conductances for MAu(CN), salts in aqueous solution

salt 10* ¢ (mol/1) A (Scm?/mol)
KAu (CN) , 77,8737 118,88
15,225 . 117,67
23,637 117,19
32,198 116,35
49,169 115,00
61,706 114,40
71,694 113,45
79,909 112,72
88,381 112,53
97,020 112,17
NaAu(CN) , 7,5110 100,53
17,886 98,95
27,465 97,94
34,925 97,35
49,294 96,64
Table 4.4
Constants derived using equation 4.3
.
o salt K,y Aq 194 g
1/mol scm?/mol Scm?/mol® scm?/mol
. KAu (CN) , 1,40 121,49 73,50 48,0
o NaAu(CN)z 1,64 102,70 50,10 52,6
* Literature values obtained from Robinson and Stokes!??
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The values of K, for KAu(CN), and NaAu(CN), in aqueous
solution of about 1,5 indicate a modest degree of
association in aquecus solution, with the sodium salt
exhibiting a slightly higher degree of association than the
potassiumone. Figure 4.3 presents a species distribution
diagram for KAu(CN), and NaAu(CN), as a function of cation
concentration. These findings are consistent with the
previously postulated mechanisms of extraction of MAu(CN),
ion pairs by activated carbon®?, polymeric adsorbents®®
and organic solvents*®. A reasonable correlation for the
equivalent ionic conductance at infinite dilution for the
Au(CN); ion ()\;) was obtained from the KAu(CN}, and
NaAu(CN) , data. A value of 48,0 Scm’/mol can be taken for
this parameter, based on the 9-point determination of
KAu({CN),. This value can be compared with that
obtained!’® for Ag(CN);, of 66,5 Scm?/mol, and fits into
the expected trend of decreasirng ionic conductance with
decreasing ionic radius, as shown in Table 4.5

This trend is consistent with that expected for the
mobilities of large, effectively unhydrated ions in
aqueous solution, following the trend predicted by the
Stokes equation, which relates hydrated radius and
limiting specific conductance of ions:

ry = z3F?/(67xLn),) (4.7)

where z is the ionic charge, F is the Faraday constant, L is
Avogadro's number and » is the solution viscosity.

-
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Tablae 4.5
specific ionic conductances and ionic radii
fox some anions in aqueous solution

Anion \; (Scm?/mol) r, (&) Ref
cl0;, 67,3 2,36 194
1~ 76,8 2,16 194
Br- 78,2 1,95 194
Picrate 30,4 194
Butyrate 32,6 194
Propionute 35,8 194
Acetate 40,9 194
Formate 54,5 194
Au(CN); 48,0 This work
Ag(CN) ; 66,5 196

Values for the Stokes radii were calcul. :ed (see Table 4.6)
for the Au(CN); and Ag(CN); ions, using the values for
iy in Table 4.5. It should, however, be emphasized that
Equation 4.7 is strictly only valid for symmetrical ions,
whereas these ions are 1linear. Calculations for the
"effective" ionic radii of the ions, based upon their
estimated ionic volumes, yield values also presented in
Table 4.6. (See Appendix 2 for details).

The similarities in the two ionic radii, for both salts,
confirms the lack of hydration of the Au(CN); ions in
aqueous solution, despite the various estimations
involved.
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Table 4.6
Comparison of estimated effective ionic radii
with Stokes radii for Au(CN); and Ag(CN);
in agueous solution

Anion rere (R) r, ()
Au(CN); 2,33 1,9
Ag(CN) ; 2,28 1,4
4.4 Ivn Association of MAu(CN), Salts in Organic
Solvents

To predict the effect of organic sclvents on the degree of
association, it is necessary to turn to one of the numerous
theories for ion association.
The Bjerrum theory'®? vyields an indication of the
important parameters that influence ion asscciation. The
Bjerrum equation has the form

4zl z,z cf, 3 r
K, # e . Y4 o (4.8)
A T LT ] et

where L is Avogadro's number, z, and z_ are the charges on
the ions, e, is the electronic change, ¢ the dielectric
constant of the solvent, k; is Boltzmann's constant, znd T
is the temperature. The constant b is

b = z,z_el/cak,T (4.9)

where a is the interionic distance.
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From Equation 4.8 it can be seen that an increased
association constant can be expected for (i) sclvents of
lower dielectric constant, (ii) small ionic radii, which
result in a small value for a and hence a large value for b in
the integral, and (iii) large z, and z_.

This theory gives no indication of the effects of
solvation, covalent bonding, polarization, and non-
spherical jons, all of which could be expected to play a
role in solutions of MAu(CN), salts in organic solvents.

a) Infrared Spectra of MAu(CN), salts in organic
solvents

Infrared measurements were made in the cyanide stretch
¥y (CN) region (2000 - 2300 cm” '), which was found to be
almost free of so.vent absorption for both solvents
studied.

Infrared studies of the analogous systems of lithium and
sodium thiocyanates in aprotic organic solvents, including
THF and MEK, have been the subject of several studies in the
past129/198-200 413 of which interpreted spectral changes
in terms of ion association and higher aggregation, with
the help of evidence from other techniques, such as
ultrasonic spectroscopy'’®,

Infrared spectra of LiAu(CN), solutions in THF and EK are
shown in Figures 4.4 and 4.5 respectively. The spectra for
LiAu(CN), in THF show dramatic changes occurring in :he two
obvious absorbance bands with change in total electrolyte
concentration. Four absorbance bands are apparent in the
spectrum of LiAu(CN), in MEK.

Spectral data obtained for LiAu(CN), solutions are
presented in Table 4.7, along with assignments of bands and
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proposed structures of species. The CN stretch for
Au(CR); in agueous solution has been reported?®! to occur

at 2146 cm™'. In the THF solution no such absorbance band
occurs; however, a strong band at 2152 cm~! is evident.
(This is analogous to a similar shift that occurs, from
wfree" SCN” in THF!?% at 2652 cm™? to LiNCS ion pairs!??, at
2065cm™!). Figure 4.4 shows aprominent bandat 2172 cm”
! that grows in intensity, relative to the 2052 cm”? k=nd,
with increasing electrolyte concentration. Tiis is
attributable to [LiAu(CN);], dimers, having a structure
similar ©o that shown in Table 4.7. The small shoulder at
2177 cm~! is attributable to the CN stretch of the non-
bonded CN group, although the distinction between the two
CN groups of Li...N—C~Av-C-N is not clear at this stage.

The effects discussed above are clearer on examination of
the spectra of LiAu(CN), in MEK (Figure 4.5). A band at
2145 cm™! is present in this case, and is attributable to
free Au(CN);, or solvent-separated Li‘'S,Au(cN); ion
pairs. It is not possible to distinguish between the two
by IR spectrophotometry, since orbital overlap is required
in order to observe an effect. An interesting feature is
that the intensity ot the 2145 cm”! band decreases relative
to that of the 2152 cm™! ion-Lair band as the electrolyte
concentration increases. This behaviour is expected for
an ion association equilibrium.

The fact that the 2145 cm™! band is observab™ 2 when MEK is
the solvent, and not when THF is the solvent indicates a
lesser degree of contact ion-pairing in MEK (¢ = 18,0}, as
compared with TH (¢ = 7,4). This observation is in
compliance with <che trends predicted by the Bjerrum
equation (4.8) for ion associationwith varyingdielectric
constant, as ~iscussed earlier.

The dimer band at 2172 cn”? is also relatively weaker than

the ion-pair band at 2152 cm™ !, when the MEK spectra (Figure
4.5) are compared with the THF spectra (Figure 4.4). This
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is indicative of a lesser degree of dimerization in the
solvent of lower dielectric constant, a trend once more
expected from theory.

Table 4.7
Infrared spectral data for LiAu(CN), species
in tetrahydrofurar (THF) and methyl ethyl ketone (MEK)

Species Proposed Structure v(CN)(cm"}!) Solution
Free ion or Au(CN); or 2145 LiAu(CN),
solvent- in MEK
separated Li*S, Au(CN);
ion pair
Contact Li...NEC~-Au~C=N 2152 LiAu(CH)z
ion pair 2177 in MEK

or THF
NEC-Au-CaN
: : LiAu(cN),
Contact Li Li 2172 in MEK
dimer H : or THF
N=C-Au-C=N

The fact that only one band is associated with the dimer
indicates that all four N groups have similar
environwents; hence the structure assigned in Table 4.7.
it should be pointed out that polycrystalline LiAu(cN),
exhibits the r(CN) at 2152 cm™}, with no higher frequency
bands'?® such as occur in THF and MEK solutions. The




observed effacts can therefore not be attributed to the
presence of colloidal LiAu(CN), crystals.

The spectra of NBv,Au(CN), in both THF and MEK (Figures 4.6
and 4.7 respectively) display only one major absorbance
band, at 2145 cm~!, that is attributable to v3(CN). The
small bands observable in very concentrated solutions at
2102 cm™! and 2165 cm™? in both solvents are attributable to
vi(cN) in [N'3cAucN]™ and ¢, (CN) respectively’?®.
Tetrabutylammonium salts are known!?? to be associated in
THF, and the lack of infrared bands is a manifestation of
the negligible orbjtal overlap occurring in these systens.
The bulky NBu} cation is suggested’?? to bring negligible
perturbations to the relevant anion; hence no effect is
observable.

Figures 4.8 and 4.9 show the effect c¢f adding 1-2 drops of
de-ionized water to MEK and THF solutions of comparable
concentration to those discussed earlier. No effect un
the NBu,Au(CN), solutions is observed. However, for
LiAu(CN), sclutions in both THF and MEE, all the ion-pair
and dimer bands disappear, leaving only the 2145 cm™} band
attributable to the free ion, or solvent-separated ion-
pair. The small amount of water is effectively hydrating
the ions, thereby removing the contact interaction. They
will ctill be associated, as solvent-separated ion-pairs
(water being the solvent in this case), as will be discussed
in the following section.

4.5 Distribution ot MAu(CN), Salcts between Aqueous
Solutions and Organic Sclvents

Cistribution of MAu(CN), salts into organic solvents such
as 1-pentanol®* and TBP'®%/?9? has recently been the topic
of some attention, with the mechanism involving extraction
of ion-pair species. Distribution of HAu(CN), into some
ketones and alcohols has also been studied in the past.
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Distribution of MAu(CN), into an immiscible solvent canbe
represented as follows:

K
n M* + n Au(CN); = "MAuU(CN),], (4.190)

where overscoring denotes species in the organic phase.
This model assumes there to be one species [MAu(CN),l, in
the organic phase. This assumption has no theoretical
bagsis but is a useful tool in interpreting distribution
data.

The equilibrium constant K for reaction (4.10) can be
written as follows:

_ {MAU(CN) ,], 1
[M*}" (Au(cN) 31" (-1

The logarithmic form is:

log [MAu(CN),1}, = nlog [M*] + nlog [Au(CN)3j + log K
(4.12)

In the present series of experiments, [M'] is kept constant
at 0,1M (as MCl). Thus, n log [M'] remains constant. If
c, derotes the total gold concentration in the solvent
phase at equilibrium, ~nd ¢ denotes that in the agueous
phase at equilibrium, then a plct of 1n ¢, against 1n ¢ would
yield n, the aggregation number, which is equal tc tr-~
slope. An 2xample of such a plot is shown in Fimure’s 1.
and the value of n= 0,69 obtained indicates that the simple
model of Equations 4.10 to 4.12 above does not hold in this
instance. Miller, et all!®? report a cimilar effect for
KAu(CN), extraction into TBP from an aqueous solution
containing 0,1 M NaCN/0,1 M NaOH, and they ascribe the
behaviour to "a continual change in the capacity of the
organic phase and/or the nature of the mixed solvation
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structure®.

In the light of the present study, an interpretation based
simply on dissociation of MAu(CN), species in the organic
phase is used. Conductance measurements on the solutions
used to generate the data in Figure 4.11 have confirmed this
premise. Dissociation of salts in water-saturated
organic solvents has been suggested in numerous
studies?%3, particularly in solvents of higher bulk
dielectric constant. Miller and Ciamond?®* present
similar curves for trilaurylamine. Data on HCl salts in
organic solvents (where values of n ranged from less thanl
to greater than 2) was interpreted in terms of dissociation
ranging through to aggregation. The interpretation was
confirmed by osmometric measurements. Maddock et al?0$
report the dissociation of HAuCl, in various organic
phases, as shown by distribution measurerents and
confirmed by migration experiments.

A different sitvation arises when the solvent is 1-
pentanol, as shown in Figure 4.11. Apart from the
behaviour discussed above, a break in the curve exists and
at lower concentrations, a slopeofn=1is owtained. This
is the reverse of the predicted situation, where the degree
of association would be expected to increase with
increasing concentration. Z2vyagintsev, et all®3? report
similar behaviour for dis*ribution of HAu(CN), into 1-
pentanol, which they interpret in terms of agueous phase
dimerization, torming non-extractable [HAu(CN),], species
in the aqueous phase. Dimerization is not likely td occur
inmedia of such high dielectric constant, however, and the
following interpretation seems more reasonable.

The background electrolyte, in thls caue KCl, has been
found to distribute into the 1-pentanol phase to a modest
degree. Potentiometric titrations for C1~ were performed
on aliquots of 1l-pentanol that had been contacted with
aqueous solutions with varying KCl concentrations. The

t
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chloride concentration in the l-pentanocl phase which had
been contacted with aqueous 0,1 M KC1, was found to be about
2 x 10"%* M. This corresponds approximately with the
location of the break in the 1ln ¢, - ln ¢ curve (Figure
4.10), at about 1 x 10°% M.

The behaviour at low gold concentrations is simply an ion
exchange between C1~ and Au(CH) ;. The very much higher
affinity of the latter ion for the solvent phase ensures tne
complete exchange of Au(CN); for C1”. Once this point hac
been reached, no further ion exchange can occur, and
extraction of K‘Au(CN); takes place, as discussed for the
TBP case. In TBr solution (Figure 4.10), the
concentration of chloride was found to be about 2 x 10™% M;
therefore the break in the ln ¢y - 1ln ¢ curva was
fortuitously not observed in the concentration region
studied.

A similar behaviour was observed in the HAu'CN), / 1-
pentanol system (Figure 4.12). Avalueof [C17], of 0,0034
M can be compared with the locatio. o. the break in the
curve, which occurs at c; = 0,0025 M.

The slope of n= 1 foi'nd for concertrations of 3old less than
that for C1” in the organic phase is to be exrected from the
ion-exchange mechanism discussed above, and can be derived
mathematically?96,207,

The association constant for MAu(CN), in the organiz phase
can be calcoulated trom distribution data at varying total
concentrotions of gold, from which Figures 4.10 to 4.12
were derived. Association behaviour in these water-
saturated solvents will be discussed in terms of extraccion
of MAu(CN), salts from agueous solution by various
extractants. Backoround knowledge of association
behaviour of these species in aqueous (section 4.3) and
pure crganic solutio - (section 4.4) will rrove invaluable

in interpreting the results.
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The extraction conscant for a species QX between two phases
is given!®? as:

a, (QX)
KIP (QX) = ——A - (4.13)
x (@) a, (Q*) a, (x7)
where a, and a, refer to activities of species in organic
and aqueous phases respectively. In dilute solutions of
QX containing only Q', X~ ions and QX ion pairs, the
association constant in the organic phese is given as

X
Ky (QX) = — 200 ___ (4.14)

a, (@%) a, (X7)

From Eguations 4.13 and 4.14, a rel.ationship between
distribution ratio D* and aqueous concentrations can be
deduced!®?:

D* + Dgypyp = (a, (@*) a, (x7))Y/? KI] (QX)

+ (KiX (QX)/R, (ax))'/? (4.15)
where D* is defined as

D = c,/(a, (@) &, (x))1/? (4.16)
and D,4,, is a correction term:

Deorr = (1 = 1/fg) (Kg3 (QX)/K; (QX))1/? (4.17)
InEquation4.17, f, is the mean activity coefficient in the
organic layer. The D.,,,. term was found to be small and
rather unimportant for the calculation, except in the cases
cited later.

It is obvious that Fquaticn 4.13 assumes that the aqueous
ions distribute into the organic phase in the form of the
ion pair alone. The possibility of the free ions

distributing into ti ¢ organic phase as such necessitates
the definition of an ionic extraction constant:
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KoM (@ DSl O (4-18)
a, (Q%) a, (X7)
If this is combined with Equation 4.14, we obtain Equation
4.19:

= Ip
KigY = KKy (4.19)

The total extraction constant, which includes extraction
of both ions and ion pairs, will be defined in a similar
manner to that of Iwamota, et all®4:

KI9T = x19%.k1} (4.20)
Equation 4.15 was solved using a linear least squares

program on an Apple IIe microcomputer, enabling the
calculation of Ky, KIST, K!P ana kIOW.

a) Effect of solvent
(i) Water content

Values of K,, Ki27, KI%¥ and K!} were obtained for
KAu(CN), in various solvents from distribution data
similar to that shown in Figures 4.10 to 4.12. A
correlation between these parameters and the water content
of the organic phasz expressed in terms of ¥, , the mole
fraction of water, is shown in Figures 4.13 to 4.16. The
association constant (Figure 4.13) decreases exponent-
ially as the water content of the organic phase increases.
This is consistent with the findings from the infrared
study reported in the previous section, and suggests that
species in the organic phase are preferentially hydratnd.
Abundant evidence exists!®4/203,204,208-210 regarding
preferential hydration of salts in organic solvents
originating from distribution experimants.
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Fig. 4.13 Effect of water content of solvent on K, for
"Au(CN), in water-saturated solvents

NB - Nitrobenzene

DE ~ Diethvl ether

EA -~ Ethyl acetate

0 -~ Octanol

H - Hexanol

B - Butancl

MIBK -~ Methyl isobutyl ketone
MEK - Methyi ethyl ketone
P - l-Pentanocl

€X ~ Cyclohexanone

TBP - Tributyl phosphate
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Fig. 4.14 Effect of water content of solvent on K127 for
the distribution of XKAu(CN), between various
solvents and 0,1 M KC1l solution
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Fig. 4.15 Effect of water content of solvent on X.2¥ for

the distribution of KAu(CN), between various
solvents and 0,1 M KCl solution
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4.16 Effect of water conient of solvent on Ki! for

the distribution of KAu(CN), between various
solvents and 9,1 M KCl solution
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The correlation of the extraction constants with 100 x, is
reasonable. The low values obtained for hexanoi and
octanol can possibly be ascribed to the high viscosity of
these solvents resulting in equilibrium not being reached
in twenty minutes. The distribution data obtained for
these two solvents was more scattered than for any cther
solvent studied.

The correlation of K, with 100 x, (Figure 4.13) is obviously
not as good as that for the extraction constants (Figures
4.14 to 4.16). This indicates that even though the water
content of the organic phase proves to be a factor affecting
the association constant, other factors are also
important. Some of these are discussed in the following
sections.

The effect shown in Figure 4.13 is simply a manifestation of
decreasing hydration forcing the ions to associate in crder
to fulfill the coordination requirements. The trend of
increasing extraction of species as the water content
increases (Figures 4.14 to 4.16) is also a marifestation of
thie effect. 1In general, solvents with a high water
content are more able to solvate, and therefore extract,
ions and ion pairs effectively.

A notable exception to these trends occurs when the solvent
is TBP. TBP was the only solvent for which the correction
for £;, the activity coefficient of the free ions in the
organic phase, made any real difference to the results.
However, negative values were obtained for the constants
upon application of the Debye-Hlckel equation. The

results have no physical significance, and this is probably
due to the limitations of the simple equation used.
Application of more complex activity equations to the data
would p.okably not be useful due to limitations in the
accuracy of data obtained in distribution experiments.

Alternatively, evidence?®? suggests that a 1:1 TBP.H,0
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adduct is formed, accounting fcr the high water content.
Moreover, Marcus and Kertes?®? assign TBP to a Group II
class of solvents, whereas all the oxygen~containing
hydrocarbon type solvents are assigned to Group I. In
Group II solvents the solvent itself is involved in
solvating the dissolved species, which is not the case for
Group I solvents. The anomalous behaviour of TBP may thus
be due to a different extraction rachanism, in which a mixed
TBP-H,0 solvate exists. Such a species has been
postulated”!! previously to occur in the TBP-H,0-KAu(CN),
system. Mooiman?!! found that both y(CN) and v(P=0) for
these solutions remained the same as the pure compounds.
The lack of an effect on ¥{CN) is consistent with the
fincdings in the present work whan water was added. It was
also shown earlier in this chapter that Au(CN); remains

largely unhydrated. It is therefore likely that only the
associated cation is solvated in the organic phase, and if
such a mixed solvate as KAu(CN) ,.xTBP.yH,0 exists, then the
concentration of solvating TBP would be negligible in
comparison with the concentration of non-solvating TBP,
and no effect could be expected to be cbserved on v (P=0).

(ii) Dielectric Constant

Figure 4.17 shows the effect of solvent dielectric constant
or the association censtant. The solid 1line is the
theoretical trend due to the Bierrum eguation (4.8). The
correlation is pour, but it should be pointed cut that the
solvent water content, dielectric constant and donor
nunber DN {see next section) are all interrelated and will
all have an effect cn the systen.

Table 4.8 shows constants obtained for several
isodielectric solvents. A comparison of association and
extraction constarts within each group confirms that a
simple Bierrum-type dependence on dielectric constant does
not hold for these systems.

230

et -




| | 1
G5 I-0 -5

log €

Fig. 4.17 Plot of log K, versus log ¢ for KAu(CN}, in
water-saturated solvents. (Solid line is the
theoretical Bjerrum relation (4.8) for 1:1

salts, after Bockris and Reddy®?)
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Table 4.8
Association and extraction constants for KAu(CN), in
several isodielectric solvents

Solvent € n* K, 1oAkOT posx!N X5 IDNv | s
1,04) 19,5
1-Butanol (B) 17,5 1082 13739 2976 | 8922 | 33,36 | 240 {136
Methyl ethg ketone 180 068 |2052 365 | 42,14 | 865 {174
(MEK)
Cyclohexanone (CX) 183 10,60 437 |13 878 (5634 2463 |178 | 99
1,00)
1-Pentanol (P) 13.9 [ 060 [ 1 004 331 | 5739 | 5,76 116
Methyl isobuts| ketone
(MIBK) it 10381 |14 186 525¢ 192 277
Ethyl acetate (EA) 6,02 | 0,92 20 1€5 0459 0,4771 0962|171
Tributyl phosphate
(%BP) 68 10631160 4 134 11888 | 21,90 |237

Slope oi a 1ln z,-1ln ¢ plot {Aggregation number). When

two numbers are given, the top one rveflects the ion-
exchange region.
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b Gutmann's?'?+2!? Jonor number, from refs 214,215.
™ ¢  Solubility parameter, from Weast®S.
A comparison of values obcained for n, the slope of a lnc,~
1n ¢ plot confirms the fact that lower n values correspond
to a higher degree of dissociation. 1In fact, for both
diethyl ether and nitrobenzene, two solvents of
S
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very different dielectric constant (Table 4.9), values of
n=1 we-e obtained and association constants proved to be
large, indicating that for these solvents, the ion pair is
the predominant species. It should be noted that the ion-
exchange mechanism discussed earlier does .ot account for
these results, since effectively no chloride could be
detected in the organic phases.

Table 4.9
Associztion and extraction constants for KAa(CN), in
diethyl ether and nitrobenzene

Sof 107 10¢

olvent 1R R, KT KN KT (o), (molap |DNe| e
Diethyl ether

(DE) 4,2 [091]20 103{0.121 {0,245 {0,493 [ 19,2) 74
Nitrobenzene

(NB) 34,82 10,99 | 20 40310,203 {0,315 {0,643 6 x 10¢ ! 441100

Slope of a 1n c¢,-ln c plot. (Aggregation number)
Determined by potentiometric titration witn AgNO,
solution

None detectable

Gutmann's?!?+213 donor number, from refs 214,215
Solubility parameter, from Weast$® ’

1iii) bponor number (DN}, and solubility
paraneter ()
Tables 4.8 and 4.9 show that neither solvent DN?12/213 pop 3

are the most important parameters influencing the
association and extraction constants, once again
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confirming +he importance of water contert on the
association and distribution behaviour of the system.
Empirical relationships have been established?!é betwveen
association constants nd other gparameters, such as
solubility products. It s lik:zly that this as well as
other parameters not discussed alsc have some effect on
association constants in different solvents. Lack of
available data negates any quantitative calculations along
these lines, however.

b} Effect of diluent

Benzene and cyclohexane were found to extract ro measurable
quantity of gold from a 0,003 M KAu(CN) , aqueous solution in
the presence of 0,1 M KC1, and are thus effectively inert
solvonts.

The effact of these inert diluents (1:1 mole ratios with 1-
pentancl) on the distribution of KAu(CNj, was
investigated. Figuree 4.18 and 4.19 show Inc¢,~1n cplots
for benzene and cyclohexane respectively es diluents.
Table 4.10 summarizes the re.evant properties of these
mixtures.

Aggregation numbers exceeding n = 1,0 indicaite that
aggregation beyond the ion pair is occurring, e.g.

Ky
2 K*Au(CN); = [K'Au(CN)3], (4.21)

The fact that the aggregation n:mber lies Y ween 1 and 2
indicates that a mixture of ion pairs andd’ ers is probably
present. The species are presumably all hyt rated, forming
solvent-separated ion pairs and dimers, unlike the contact
species found to exist in anhydrous solvents (Section4.4).
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Fig. 4.18

Total gold concentration in the organic phase
versus that in the aqueous phase for the
distribution of KAu (CN) , between 1~
pentanol/benzene mixtures (molar ratio 1:1)
and 0,1 M KCl solution
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Tahle 4.10
8 and rel

Aggregation t properties of

solvent mixtures

Solvent mixture nt €® 100x,° wt % w! p(g/ml)
(1:1 molar ratio)

Pentanol/benzene 1,317 9,5 5,4 1,17 0,841
Pentanol/cyclo- 1,325 5,8 4,0 0,82 0,794
hexane

Pentanol 0,60 13,9 28,3 7,5 0,814
Benzene ~¢ 2,28 0,31 0,072 0,879
Cyclohexane - 2,03 0,48 0,072 0,779

saturated mixture

Densities of the

Weight % water in organic phase

water~saturated

slope of ln c¢,~in c plot (Aggregation number)
Mixtures - this work
x, refers to the mole fraction of water in the water-

mixtures are

reported, and compares well with theoretical values
for the pure mixtures (See Appendix 1)

Interpretation of these results in terms of triple ion

formation, i.e.

Ky

X* + K*Au(cN); = K*'Au(cN);K*

K¢

Ru(CN); + K'Au(CN); =

cannot be discounted.

Au(CN) ;K*au(cN);

{4.22)

(4.23)

However, the existence of triple
ions has recently been questioned?}7:%?!%  pecause the
condurtivity eilects which led initially to triple ions
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being postulated can in several instances be explained in
terms of the effects of concentration on permittivity.
Moreover, the presence of any ionic species in media of such
low dielectric constant and water content is dubious.

Table 4.10 shows that the dielectric constant of the
solution is about half that of pure l-pentanol; howaver,
the water content has been reduced by a factor of about six.
Water content is once again the most important factor which
influences the ion-pair formation and aggregation in the
KAu(CN) , system.

The presence of species such as dimers in mixtures of
solvents and diluents also serves to explain certain
anomalcus behaviour reported previously. Inanattempt to
assign a solvation number to the extracted species,
Mooiman?}? repcrts an upward curvature to a plot of log D
against log {TBP) for the distribution of KAu(CN), between
an agquecus solution and a TBP solution with o-xylene as
diluant (e¢=2,568). Under these conditions, dimerization
would be expected to occur to some extent, and this probably
explains Mooiman's?!% anomalous result. Thus, analysis
based on an assumption that the only species in the organic
phase is the ion pair may be invalid under conditions of low
jonic strength.

c) Effect of Cation

The effect of cation on the distribution and association
parameters for KAu{CM), in five different solvents are
shown in Figures 4.20 to 4.23.

The effect of cationic radius on the total extraction
constant, KIJT, is similar for several different
solvents, as shown in Figure 4.20. The total extraction
constant goes through a minimum at K*, with K]OT
increasing towards both lower cationic radius (Li*, H*), as
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Fig. 4.21 Effect of catioric radius on K!J¥ for the
distribution of MAu(CN), between various
solvents and 0,1 M MCl solution
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Fig. 4.22 Effect of cationic radius on K!! for the
distribution of MAU(CN), between various
solvents and 0,1 M MCl solution
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well as higher cationic radius (Cs*, NEt}) . (It should be
pointed out that the use of the crystallographic radius on
the abscissa has no practical implication, and merely
represents a convenient scale for comparison. No
cognizance has been taken in Figure 4.20 of hydrated or
solvated radii, these being somewhat difficult to
quantify). A similar tyend has been established in
previous work?® on the distribution of aurocyanide ion-
pairs into 1l-pentanocl.

The fact that a similar trend is evicdent in solvents of such
varying dielectric constant and water content suggests a
similar mechanism for extraction of KAu(CN}, by each of
these solvents.

The trend to greater KIJT as one ascends the series K*,
Lit, H* is probably a manifestation of the structure of the
hydrated species in each case. Diamond??® discusses a
related effect observed in the extraction of HInCl, into
organic solvents. Water molecules are much smaller than
sclvent molecules and hence more water molecules can pack
around a cation to form a primary hydration sheil. This
fact, coupled with the greater solvation energy of ion-
water interactions as compared to ion-organic solvent
interactions, means that to extract into the solvent
without great loss in solvation energy, the cation must
retain its primary hydration shell, and undergo further
solvation of this hydrated species in the organic phase.
Table 4.11 gives some values for enthalpies of hydration
and ionic radii for the pertinent ions.

The situation is different for larger cations, suvch as Cs*
and NEt}, which have smaller hydration enthalpies and

virtually no primary hydration shell. Such ions displace
a considerable volume of the hydrogen-bonded water
structure in the aqueous phase, and are hydrophobic, being
squeezed out into the organic phase. This hydrophobic
effect is also avidenced by the aqueous solubilities of

FLX]




aurocyanide salts, listed in Table 4.12.

Table 4.11
Tonic radii and absclute hydration enthalpies of
some ions
Ion Ionic radius, f sHyyq, kI/mol?
(Pauling)
H* 0,30* -1091
Li* 0,60 - 519
k! 1,33 - 322
cs*t 1,69 - 264
NEt} 4,00°

4 A1l data from Cotton and Wilkinson???!, unless
otherwise stated
b  Estimated in previous work*®

¢ From Marcus???

Table 4.12
Solubility of aurocyanide salts in agqueocus solution

salt Sclubility at 25°C Ref.
mol/1
-
LiAu{CN), 7 130
NaAu(CN), 0,16 130
KAu (CN) , 0,87 130
NBu Au(CN), 0,003 45
¢ It is significant that the order of decreasing

extractability in Figure 4.20, i.e.

TBP > l-pentanol > MIBK > ethyl acertate
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is also the order of decreasing water content of the

salarated solvents.

The effect of cation on K19¥ is shown in Figure 4.21, and
from the similarity to the effect on K[%', it is clear
that the ionic component contributes considerably to the
total extraction trend shown in Figure 4.20.

The data for nitrobenzene in some cases yielded slightly
negative values, indicating complete dissociation in the
organic phase. (See Appendix 3). Moreover, in these
cases the aggregation number, n, proved to be very ciose to
0,5 which is the theoretical value obtained when
dissociation is complete. This is a manifestation of the
high dielectric constant of nitrobenzene (e = 34,”7), and
the inverse dependence of K, on ¢ (Equation 4.8).
Therefore, K197 and Kl lata for nitrobenzene do not
appear in Figures 4.20 and 4.22. The data for K.3¥,
however, has physical significance, and appears in Figure
4.21. A similar trend to the other solvents is evident,
except in the case of NEt}, which displays a markedly
kigher extraction into nitrobenzene. Nitrobenzene is
relatively non-coordinating, being a poor donor solvent,
and trerefore has a low water content, thus providing a
medium nore compatible for the non-hydrated
tetraethylamonium cation than a solvent with a higher water
content. Moreover, large hydrophobic cations such as
NEt} behave as “structure makers" in agqueous solution???,
€0 a 0,1 M NEt,Cl background in the aqueous phase would
result in a loss of entropy ard increase in enthalpy of
water, resulting in an enhhanced "“squeezing out" of the
hydrophobic NEt{Au(CN} ; ion pair from the aqueous phase.

The effect of cationic radius on both K!} and K, does not
show as clearcut a trend as the effect on K:2¥ and x137.

The effect on K.! is qualitatively similar, displayinga
minimum. However, the difference in solvation of the
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various ion pairs must be considerable and cculd account
fer the shifting minimum.

InFigure 4.23 a general trend to lower K, is observed as the .
cationic radius increases, and this is in agreement with ?
data for ascociation of tetraalxylarmonium halides in

various solvents?!? and is consistent with the thecretical
depeadence of K, «n a, the interionic distance in the
Bjerrum equation (4.8). The anomalous behaviour of the
NEti{Au(CN}; don pair in 1-pertanc! is probubly a
manifestation of the hydrogen-borded structure of the
alcohol, making it water-like and therefore subiect o the E
same thermodynanmic considerations as discussed above for

the aqueous phasc.

The effect of solvent woter content on the values of
e‘ttracﬁrm and association constants obtzined for the H*,
Lit, cs* and NEt; systems with Au(CY); are showr in

Figures 4.24 to 4.27 respectively. 7The kehaviour ochserved 1 e
for the extraction of HAu(CN), and LiAu(CN), (Figures 4.24
and 4.25 respectively) is asimilar to that for the
extraction of KAu(CN), , with solvent water content being
the most important solvent parameter influencing the
extraction and association constants, as discussed in
section 4.5 a). For the larger, less hydrateda Cs' and
NEt] cations, (Figures 4.26 and 4.27 respectively), a
similar trend does not exist, and other specific solvent
properties, such as dielectric constant and hydrogen-
bonding ability play a role, as discussed above.

S e e

The distribution and association of MAu(CN), has proven to
be complex; however the most important fuctcors influencing
the observed behaviour have beer isolated and discussed
above.
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Effect of water content of solvent on the
distribution and association constants for
HAu (CN) , between various solvents and 0,1 MHC1

solution
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Effect of water content of solvent on the
distribution and association constants for
LiAu(CN), between various solvents and 0,1 M

LiCl solution

248

[§]




O

Fig. 4.26 ZXffect of water content of solvent on the

. distribution and association constants for
] CsAu(CM) , between various solvents and 0,1 M
o CsCl solution
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I'ig. 4.27 Effect of water con:ent of solvent on the
distribution and association constants for
HEt,Au(CN), between various solvents and 0,1 M
NEt,C1 solution
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4.6 Extractimrn of Aurocyanide Ion Pairs by
Poly (oxyethylene) Extractants

Extraction of ions by extractants containing the poly-
{oxyethylene) functional group is a well known phenomenon.
Poly(oxyethylene; extractants may take the form of non-
ionic surfactants dissolved in a water-immiscible
solvent?24,228 or polyether-based polyurethane
foams!$1/226  qhe pheromenon has also been applied to the
use of poly(oxyethylene} derivatives as neutral carriers
in ion-selective electrodes???,

Several mechanisms have been postulated!S! for extraction
of ions by polyether-based polyurethane foams, and one
which has been proposed!®! to be the most likely candidate
is the so-called "cation-chelation mechanism®, in which
the cation is coordinated by oxygen atoms within a helical
structure formed by the poly(oxyethylene) chain, and the
co~extracted anion lies outside the helix. Yanagida et
al??% guggest that the helical conformation is
energetically favourable for a non-icnic surfactant
2issolved in an organic solvent, and propose a sinilar
extraction mechanism for the liquid phase situaticn.

Some evidence for this type of complexation occcurring in
the crystalline state is given by Saenger et al??®, who
present the crystal structure of the Rbl complex of 18-
hexaoxaeicosane. In this complex, the polyether chain
wraps smoothly around the Rb' ion in a helical fashion.
However, Siddiqui and Wright??® suggest that molecular
structures of long-chain poly(oxyethylene)~alkali salt
complexes are uncertain. The unconplexed poly-
(oxyethy  2) chain in the crystalline state??® forms a
helical structure containing seven units in two turns.

Raman spectroscopic studies?®! have indicated that the

helical structure is maintained to some extent for the
uncomplexed clain in aqueous solution. The conformation in
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organic solutions remains unknown.

Solvent extraction of Na‘AuCl; ion pairs by

poly(oxyethylene) derivatives of organic carbonates has
been reportec by Rollat et al?®?. They concluded from
infrared spectrophotometric studies that complexation
occurs through strong ligand-sodium interactions. Solvent
extraction of M”Au(cm; ion pairs by poly(oxyethylene)

derivatives has not yet been examined; however, their
extraction into solvents such as 1-pentanol‘® and
tributylphosphete!®’ has been reported. Extraction of
aurocyanide by polyether-based polyurethane foam has been
briefly examined by Braun and Farag??3.

The present section examines the mechanism of solvent
extraction of aurocyanide ion pairs by poly(oxyethylene)
derivatives, using liquid-liquid distribution techniques
and molecular mechanics calculations. Particular
attention is given to the role of coiling of the polyether o
chain in solvents of differing dielectric constant, and to
what extent possible pre-organization of the chain
influences extraction efficiency.

a) Solvent Extraction of M*Au(CN); Ion Pairs
by Triton X-100
(i) Effect of counter-cation and solvent

Extraction efficiencies for various combinations of
counter-cations and solvents are shown in Table 4.13.
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Table 4.13
Efficiuncies of extraction of M'Au(CN); ion pairs
(M* = Li*, K*, cs*) by Triton X-100 dissolved in
various solvents

Extraction efficiency, %
Solvent ¢ Lit K* cs*t
Pure N 0.1M Pure 0.1M Pure R 0.1M
solvent™| Triton | solvent™ Triton | solvent™ Triton
X-100 X-~100 X-100
Benzene 2,28 0.0 0,0 2.4 5,8 2,4 9,6
1-Pentanol | 13.90 84,9 89,8 66,8 92,3 76,3 92,4
Nitro- 34,82 0,0 77.4 16,8 99,8 19.4 992.8
benzene

*

i.e. no Triton X-100 added

While there remains only a small degree of extraction into
benzene upon addition of the polyether, the effect of
Triton X-100 addition to nitrobenzene is an increase in
extraction efficiency to 99,8% when potassium or caesium
are present, This effect is explicable from the results of
the melecular mechanics calculations, and will be
discussed in detail later.

(ii) Effect of the solubility of water in
the solvent phase

The case of l-pentanocl isg clearly an anomaly, as a
comparison between the extracticns into the three pure
solvents shows. Only l-pentanol displays any marked
extraction of gold in the absence of the polyether. The
trend towards a minimum at potassium has been described
previously*®, and explained in terms of polarization and
hydrophobic effects. Table 4.14 shows solubilities of
water in both pure and polyether-containing solvents.
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Table 4.14
Solubilities of water in the various solvent phases

Solvent Pure solvent® 0,1 M Triton X-100
wt % Wb 100 X,°¢ Wt % Wb 100 Xu*°
Benzene 0,072 0,31 0,35 1,50
1~Pentanol 7.5 28,3 8,62 31,59
Nitrobenzene 0,25 1,71 0,41 2,74

% pata for the solubilities of water in the pure solvents
are from Marcus and Kertes!®®.

5 Percentage (by mass) of water in the water-saturated
solvent phase.

¢  Mole fraction of wat: in the solvent phase.

The fact that the solubility of water in l1-pentanol is more
than an order of magnitude higher than that in both benzene
and nitrobenzene explains the anomaly. The extensively
hydrogen-bonded, hydrated network present in this case
provides an environment similar to that present ir the
agqueous phase, probably in the form of microdomains which
are solvated by the hydrophilic ends of 1-pentanocl
molecules. It is also noteworthy that the extra amount of
water which can dissolve in the solvent when 0,1 M Triton X-
100 is added, is negligible, corresponding to about one
water mclecule for each polyether chain, eleven oxygens in
length. This suggests that the polyether is effectively not
hydrated in the solvent phase, for all three solvents
studied.

One other peint of interest which is evident in Table 4.13
is the similarity in extraction efficiencies between
potassium and caesium when the polyether is present. The

trend is

it < k' ~ cs*
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for all three solvents. Once again, this effect is
explicable 1in the light of the molecular mechanics
calculations and will be discussed in detail in that

section.

(iii) Effect of cation concentration

Extraction of M*Au(CN) ; by the polyether can be thought of
as occurring by one of two distinct processes!®!, viz.

{1) solvation of M’Au(CN); ion pairs, similar to that
occurring in thair extraction by pure solvents
such as 1l-pentanol®®, or TBP'3%:

M* (aq) + Au(CN); (ag) + xP = M'AU(CN);.xP (4.24)

(Overscoring denotes species in the solvent phase:
the polyether is represented as P). The driviry
force is solvation of the entire ion pair.

(2) cation chelation of M* by the polyether!®?, with
cencomitant ion exchange of the anion:

M* (ag) + P = B.MY (4.25)

M o+ Au(CN); = P.M*.Au(CN); (4.26)
The driving force is complexation of the cation
with one polyether molecule

The results shown in Figure 4.28 shed some light on this
aspect. The effect of increasing the concantration of KCl
as a background electroly%e should result in increasing
axtraction efficiencies if reactions (4.24) or {4.25) are
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important, and decreasing extraction efficiencies if the
ion-exchange reaction (4.26) 1is important, due to
competition with chloride ion at high concentrations:

s sarrrcad - T -
P.MY.Au(CN}; + €17 = P.M*.Cl~ + Au(CN); (a.27)

This type of competition has been reported'% in the ion
exchange of C1~ for Au(CN); on a typical anion-exchange
resin.

Figure 4.28 shows that for Aligquat 443, which is the strong-
base anion exchanger, methyltrioctylammonium chloride,
extraction efficiency consistently decreases with
increasing KCl1 concentration. For pure Ii-pentanol an
increasing extraction efficiency is observed, with a
decrease evident only in the presence of 4M KCl. The ion-
exchange reaction (4.27) is thus not a dominant one in this
case.

In the presence of the polyether, the introduction of a
small exctess (0,1 M KCl) of K* ior; results in a marked
increase in extraction efficiency, which is consistent
with formation of complexed cationic sites (reaction
4.25). At higher K' concentrations, the extraction
efficiency curve closely follows that for Aliquat 443,
suggesting that the ion-exchange competition reaction
(4.27) is coming into play at higher ionic strengths.

These results strongly suggest that the second possible
mechanism mentioned above more adequately describes the
system, i.e. cation chelation of 4' by the polyether, with
concomitant ion exchange of the anion. This is borne out by
the molecular mechanics calculations in the following
section.
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b) Molecular Mechanics Calculations of the
Complexat:ion of Alkali Metal Cations by
Palyethers

(i} Uncomplexed polyether

Strain energies for various conformations of the
uncomplexed polyether are shown in Table 4.15.

Table 4.15

Strain energies of conformations of uncomplexed
poly(oxyethylene) in media of low dielectric constant
(e=r;;), high dielectric constant (e=4r;;) and
infinite dielectric constant

C~-C-0-C~C~0 conformation Strain enerjy, kcal.mol™?
€=L €=4r, j =
t-t-t~t-t-t (linear) 87,9 16,6 -7,4
g-t-g-g~t-t (tight helical) 92,2 15,0 -21,7
g-t-t-g-t-t (open helical) 117,8 24,1 -9,1

It is not surprising that the linear conformatinn has the
lowest strain in the solvent of lowest dielectric constant,
since the trans 0~C-C-0 unit has a lower strain energy than
gauchke or cis- rotamers. It is in the trans condition that
the 0..0 nonbonded and electrostatic interactions are
lowest. It is surprising, however, that the tight helical
conformation has the lowest energy in solvents of high
dielectric constant, whereas the uncomplexed polyether has
the open helical conformation in the crystalline state®??,
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which is expected to be a low polarity environment. 18Ceé
crystallizes in the conformation that it adop*s in solvents
of low pclarity®® in an attempt to mininize intramolecular
dipole~dipcle interactions'’'®, and it is expected that the
acyclic polyethers would do the same. The reason is
probably that in the crystalline state the intermolecular
dipole-dipole interactions are minimized. The refined
tight heiical polyether is seen to have unwound slightly
(Figure 4.29), although the ratios of g, g and t angles are
still the same as in the metal complexes.

(ii) Polyether corplexes with alkali metals

Since the process of complexation irnvolves not only
attachment of metal to pclyether, but also dehydration of
the ions (reaction (4.24) above) and solvation of the
anion, the hydration enthalpies of the metals?®* were
subtracted fr.m the calculated internal energies of the
complexes, t .epresent the relative complexation energies
of the metals in the same environment. To compare the
complexation of metals in environments of differing
polarities, it is necessary %o subtract ths relative
energies of the ligands in each solvent. The hydration
enthalpy of the large Au(CN); anion was assumed to be
negligible, on the basis of the calculations in section
4.3, and was thus not included in the calculations.
Solvation enthalpies of Au(CN); in benzene and in
nitrobenzene were calculated by the method of Aoraham and
Liszi?%8,235,236  in yhich the solvation enthalpy is
considered to be comprised of an electrostrtic and a
neutral contribution,

aH§ = aH] + aH} (4.28)
The electrostatic free energy component is calculated viaa

modified Born equation?®® in which the distance-dependent
dielectric constant is corrected for by assuming ¢; = 2,0
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4.29 Minimum-energy structures of CH, (CH,0CH,),,CH,
and its Cs' complex. Dark atoms represent oxygen,
light atoms represent carbon, and siaded atoms
represent metals.
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for the primary solvation shell:

(4.29)

where ¢ is the bulk dielectric constant, a is the ionic
radius, 2 is the jonic charge, and the thickness of the
local layer is (b-a) = r, the solvent radius.

The neutral free energy contribution was calculated using
the equation

aGy = pa + q, (4.30)

where the values of p and q are??®
-3,2503 and 9,8205 for benzene, and
-3,2165 and 10,1899 for nitrobcnzene.

The ionic radius of Au(CN); was estimated earlier in this
Chaptcr to be 2,11 R, on the basis of theoretical
calculations and conductivity measurements.

The electrostatic entropic contribution is calculated??®
using the equation

(4.34)

where the variati.~ of local dielectric constant with
temperature, Se¢,/3T is set equal to -0,00160 for ail
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solvents??®, values??® fer the variation of bulk
dielectric constant with temperature, 3¢/3T are -0,00199
for benzene and -0,180 for nitrobenzene.

The neutral entropic contribution, -a8), |was
calculated?®® using the eguation

- a8p = 6,963 + 1,2 {4.32)

The results of the calculations are shown in the tabies
below:

Table 4.16
Strain energies of metal complexes of
poly(uxyethylene) in benzene (low polarity medium;

€ = xy;)
Metal Ion: Lit Kt cst 5]
Complex energy (kcal.mol™!) 25,7 43,4 53,7
Ligand energy: 87,9 87,9 87,9
Enthalpy of complexation ~-62,2 -44,5 -34,2
Anionic solvatinr energy -52,4 -52,4 -52,4
Cationic hydration energy: -133,5 ~86,1 -75,2
Enthalpy of extraction 18,9 -10,8 -11,4
»’ % Extraction 0,0 2,4 9,6
;
. Complex E relative to Li': 6,0 -29,7 -36,3
o % % E relative to Li‘: 0,0 2,4 9,6
!
e
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Table 4.17
Strain energies of metal complexes of
poly (oxyethylene) in nitrobtenzere (high polarity
medium; € = 4r;;)

Metal Ion: Lit x* cst
Complex energy (kcal.mol~!) -£1,2 ~27,8 -20,9
Ligand enexrgy: 15,0 15,0 15,0
Enthalpy of complexation -67,2 -42,8 -35,9
Anionic solvation energy ~61,6 -61,6 -51,6
cationic hydration energy -133,5 -86,1 -75,2
Enthalpy of extration 5,7 ~18,3 -22,3
% Extraction 77,4 99,8 $9,8
complex E relative to Li‘: 0,0 ~24,0 -28,3
$ E relative to Li* 0,0 22,4 22,4

In »oth polar and nonpolar media, the Cs* complex has a
slightly lower energy than that of the K' complex, both of
which have lower energies than that of the Li' complex.

Figure 4.29 shows the lowest energy structures of both the
free polyether and its Cs' complex in low- and high-
d_«l=2tric environments, as determined from molecular
mechanics calculations. The complexed and uncomplexed
polyether in high-dielectric environment are similar in
structure, whereas in low-dielectric environment, the
polyether nas to urndergo striking modifications to complex
the Cs* ion. This phenomenon of similarity of ligand
conformation before and after complexation has been
referred to by Cram?37 as "pre-organization®. The better
pre-organized the ligand, the more favourable the
complexation thermodynamics, and this is reflected in the
unfavourable (positive) energies of complexation in the
low-dielectriz solvent (Table 4.16), as compared with the
favourable (negative) energies of complexation in the
high-dielectric solvent (Table 4.17). Even in the high-
dielectric solvent, energies of complexatioﬁ of the
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cations are less negative than the hydration energies,
indicating that the cations would prefer %o remain
hydrated.

Figure 4.30 shows minimum energy conformations of the Li’,
K* and Cs* complexes of the polyether in high-dielectric
environment. A gualitative impression can be gained of
the relative strain induced by the coordinated metal by the
amount of distortion the ligand experiences upon
complexation. The uncomplexed 1ligand is most pre-
organized with raspect to the Cs* complex. The K* complex
shows some distortion of the pclyether, and the Li* complex
is the most distorted, which is a reflection of the fact
that ligand had ¢o invest a large amount cf energy in order
to complex this metal ion. This energy investment would
detract from the complexation energy, and reduce the
proportion of ligated metal in solution.

These results are in accordance with the solvent extraction
data, in which the extraction of the [Cs (Triton X~-100))*
complex into ben.2ne is greater than that of the K* complex,
and the extraction of the Li' complex into benzene is
negligible. The percentage extraction of the K* and cs*
complexes into nitrobenzene is identical at effectively
maximum extraction, whereas the extraction of the Li‘
complex into nitrobenzene is only about 80 per cent.

The results of the molecular mechanics complexation energy
calculations do not explain the absolute difference in
extraction between solvents of differing polarity - there
is very little difference in complexation ¢nergies of each
metal icn in the soivent of high polarity, as compared with
one of low polarity, (sece Tables 4.16 and 4.17), wheresas
thera is a substantial difference in extraction
efticiencies,

The effect is explained by the comparatively large
difference between the calculated solvation energies of

2
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Fig.

4.30

Stereo views of the minimum energy structures
of the (a) Li*, (bj K* and (c¢) Cs' complexes of
CHy-(CH,~0-CH,;),,-CH, in a high~dielectric
environment. Dark atomg represent oxygen,
light atoms represent carbon and shaded atoms
represent metals.
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Au{CNj; ir nitrobenzene and benzene. It is evident that
the preferential extraction of the ion pair into high-
polarity solvents results more from the preferential
solvation of the aurocyanide anion by high-polarity
solvents than from the lower complex energy. This
conclusion is borne out by the similar dependence of the
extraction of NEt}Au(CN); ion pairs on the dielectric
constant of the solvent, as was shown earlier. The effect
is readily attributable to preferential secondary
solvation??9,

These effects would result in an increase in stability of
the complexes in the high polarity organic solvent reaiative
to the stability in the low pelarity sclvent, by the same
amount for each metal. The great jump in extraction of the
Li* complex is thus explained, and the small difference in
extraction of the K' and Cs' complexes is explained by
noting that the extraction of these metal complexes is
already at a maxiaum, i.e. it cannot increase beyond 100 per
cent.

4.7 Summary and Conclusions

Aqueous solutions of KAu(CN), and NaAu(CN), are found to
display a modest dearee of association (K, ~ 1), and aquecus
HAU(CN) , shows a higher degree of association (K, ~ 30).
Evidence fr n infrared spectroph¢ ometric data suggests
the presence of contact ion pairs znd dimers in anhjy-rous
THF and MEK solutions. Addition of a small amount of water
effectively hydrates these specles, forming solvent-
separated ion pairs and free jons.

Distribution experiments confirm the presence of
associated and free speciezs in water-saturated solvents.
Correlations with organic phase water content are found to
exist for association constant K, as well as extraction
constant K, for distribution of aurocyanide into various




solvents from H*, Li' and K* solutions. For larger, less
hydrated cations such as Cs' and NEt}, however, other
solvent properties such as dielectric constant and
hydrogen~bonding ability begia to play a role.

Aurocyanide ion pairs are also extracted efficiently into
organic phases by long-chain polyethers. The polyether is
shown to coordinate to the alkali metal cation via ether
oxygen atoms, wrapping around the ion in a helical
configuration. High extractionefficiencies are obtained
with high-dielectric solvents, which tend to stabilize the
helical polyether-cation complex. Preferential second-
ary solvatiion of the aurocyanide anion by high-dielectric
solvents is also an important fac.or that influences the
extraction efficiency.

T™his  fundamental study has several more practical
ramifications:

(i) The presence of ion pairs in aquaous solutions of
high ionic strength or low pH will affect the
properties of any system relying on aqueous phase
ionic concentrations. The presence of HAu(CN),
in solutions of low pH, for example, probably
contributes to the Jecrease in loading capacity
of aurocyanide onto jon-exchange resins
observed??* in acidic solutions.

(ii) The mechanism of extraction of aurocyaride by
activated carbon has been established in the
previous Chapter to involve the adsorption of
M"*rAu(CN)3;)}, don pairs under practical
conditions. The work presented in the present
Chapter provides a fundamental confirmation of
tris hypothesis, the presence of MAu(CN), ion
prirs in both aguecus and organic solutions
haviny now been established. It is suggestea
that the interior of a micropore in activatea
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(iii)

(iv)

carpon functions in a similar merner to a polar
solvent, and acts by solvating the adsorbed ion
pair. This confirmation alsoc extends to other
systems in which MAu{CN), icn association has
been postulated to play a role, for example in the
extraction of aurocyanide by polymeric adsorbent
resins®%/132  ag well as by new weak-base ion
exchange resins under high pH conditions®34. At
this stage, it is pertinent to comment sn the
nature of the MA:(CN), ion pair species adsorbed
on the surface of activated carbon. The specific
effect of cation on the adsorption of aurocyanide
by carbon can now be confirmed as being due to the
ionic association effects and solvation effects
discussed in this Chapter.

Existing applications of aurocyanide ion pairs
include icn-selective electrodes for Au(CN);
and ion-pair chromatography for Au{CN);. The
results presented int s Chapter suggest that an
enhanced selectivity .ur aurocyanide could be
achieved by the correct chcice of solvernt and
cation.

The specificity of the ior association reactions
for Au(CN) ; may lead to improved extractants for

aurocyanide. For exanmple, a recent contrai-
bution!3? describes the ion-pair extraction of
KAu(CN), by a resin containing phosphonat=2 ester
groups. Polyether-based extractants such as
were studied here may also have application for
the selective extraction of gold.

R
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CHAPTER 5 THE MECHANISM OF ELUTION OF AUROCYANIDE
FROM ACTIVATED CARBON

5.1 Introduction

Adsorptive properties of activated carboun for aurocyanide
have been recognized since the last century®. Inthe first
serious study of the phcnomenon’, attempts were made to
elute the adsorbed gold from the activated carbon, but it
was not until 1952 that a viable elution process was
demonstrated? It was this development that enabled the
carbon-in-pulp process to become an economically viable
alternative to Merrill-Crowe zinc precipitation, and
resulted in the commercialization of the CIP process.

aj Processes for the Elution of Aurocyanide from
Activated Carbon

Elution of gold and other metals that are adsorbed ontec
activated carbon is achieved in practice by one of four main
procedures, as follows:

(i) The Zadra Process

This involves® the circulation of a hot caustic cyanide
solution through an elution column and several
electrowinning cells in series. The solution ncrmally
contains about 0,5% NaCN and 1,0 to 2,0% NaOH.
Temperatures of 85°C to 95°C may be employed, and about 50
hours are usually required for ar acceptable elution at
these temperatures. An alternative is the use, in some
plants, of pressurized vessels or steam heat exchangers teo

achieve higher column temperatures and hence wore
2fficient elution.
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(ii) 7The Anglo Anmerican Research Laboratory
(AARL) Process

This involves??® the pre-treatment of carbon by a hot
caustic cyanide solution, typically containing 2 to 3% NaCN
and 2% NaCH. This step may be performed under pressure and
lasts for around thirty wminutes. It is followed by an
eight hour eluticr with hot deionized water.

(iii) oOrganic Solvent Processes

These?3%+ 240 are variations ot the Zadra or AARL procedures
in which the eluant contains large amounts of organic
solvents such as methanol, ethanol or acetonitrile.
Elution is typically completed within an eight hour period.

(iv} Continuous Elution Processes

Inview of the continuous nature of the adsorption circuit,
several methods are being developed for continuous elution
of gold from activated carbon. Two methods are being
developed?38/24} that utilize the AARL procedure, whilst
another method?¢?/243 ytilizes a pressurized continuous
elution, which enablas 20 to 22 tonnes of carboa per day to
be cluted.

E) The “hemistry and Mechanisnm of Elution of
Aurccyanide from Activated Carbon

The mechanism of adsorption of aurocyanide onto activated
carbon was discusscd in detail in Chapter 3, inwhich it was
shown that under typical plant conditions, aurocyanide is
adsorbed as a chemically unchanged ion pair of the form
M"* [Au(CN),"],, by the following ieaction:

M™* (aq) + n au(CN); (aq) = M""[Au(CN);], (ads) (5.1)

)




In the absence of additional factors, such as acid~boiling
of the lo:zded carbon, the adsorption process described by
Equation (5.1) is thermodynamically reversible. Thus,
chemical and physical factors that irhibit adsorptionwill
enhance eiution, and vice versa. These factors fcrm the
basis of the elution procedures described above, which are
curreritly used on most full-scale CIP plants. The main
factors that influence the elution rate are:

(i) temperature
(ii) ionic strength
{iii} cyanide and hyuroxide concentrations, and
(iv) organic solvents.

The effect of these parameters on elution rate, and their
relation to elution methods, will be discussed later in
thig chapter. -

The elution mechanism itself has not been studied in any
detail. Muir et al??® proffer a mechanism based on their
adsorption mechanism, which consists of ion exchange
followed by decomposition to AuCN. This mechanism does
not adequately describe the system, however, as was shown
in Chapter 3. An elution theory that is consistent with
all the observations, as well as the theory developed thus
far, will be presented in the following section.
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5.2 Novel Studies on the Mechanism of Elution of
Aurocyanide from Activated Carbon

Te gain insight into the mechanism of elution, several
synthetic polymeric adsorbents were selected as models for
activated carbon. Iocading experiments were carried out
using three polymeric adsorbents, $-761, $-862 and XAD~8,
and the extraction of sodium and aurocyanide ions was
monitored in sodium chloride and sodium hydroxide
solutions. The results are presented in Tsble 5.1, and
show that, with §-761, substantially less gold and more
sodium are extracted with sedium hydroxide than with sodium
chloride solution, whereas with £~-862 and XAD-8, gold is
extracted more strongl; from sodium hydroxide than from
sodium chloride solution.

These three resins have been characterized previously®?
and, while 8~761 consists of a phenylformaldehydc matrix,
both S~-862 and XAD-8 consist, essentially, of polystyrene
matrices. It seems likely, therefore, that the trends
ohserved for 5-761 in Table 5.1 can be ascribed to the
presence of phenol-type groups in this resin.

The pK, of S-761%** is 8,5, and the effect ~f sodium
hydroxide can therefore be represented as

O~Na*
A
o~
+ NaOH > I} + H,0 (5.2)
N

The lower affinity of the resin for aurocyanide in sodium
hydroxide solution can thus be attributed to the creation
of a higher effective dielectiic constant within the resin
pores, as well as a hydrophilic, negatively charged
surface, with a resultant decrease in affinity for neutral
species, as well as anions.
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Table 5.1
Extraction of aurocyanide and sodium ions from agueous
sclutions by polymeric adsorbents

Conditions

Adsorbent rass 1,0g (dry)

solution volume 50 ml

initial gold in solutiorn 0,508 mmol/l

time 20 h
Solution 5-761 S-862 XAD-8
a b a b a b
Nil 0,078 0,074 4,52
0,1 M NaCl 0,74 4,48 0,09 3,61 0,91 4,13

0,1 M NaOH 0,22 439,0 0,17 9,13 1,.9 12,1

*  Gold cencentration on the adscrbent (10°? mmo)/qg)
b Sodium concentration on the adsorbent (10°? mmol/qg)

In an experiment with activated carbon, the c.rbon was
contacted with 0,1M sodium hydroxide solution for
different periosds of time, and the carbon was analysed for
sodium while the soluticn was analysed for hydroxide. The
results, which are presented in Table 5.2, indicate that a
1:1 relationship exists between the extraction of Na* and
OH~ by carben under these conaitions. This result,
coupled to the earlier observation that sodium hydroxide is
ar effectiv~ etuant for aurocyanide on carbon (Tablz 3.4},
suggests that a mechanism similar to that shown in Equation
{(5.2) is operative at the carbon surface under elucion
conditions.
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Table 5.2
Extraction of sodium and hydroxide ions from sodium
hydroxide solution by activated carbon at 25°C

conditions

Carbon mass 25,0q

solution volume 250 ml

initial NaOH concentration 0,2M

Loading on carbon, mmul/g

Time
{Na*], observed [OH"}, calculated®
5 min n,256 0,252
24 h 0,332 0,360
43 h 0,396 0,392

In this instance, [OH"], does not necessarily refer to
specifically adsorbed OH™ ion, but refers to the decrease
in hydroxide concentration in solution as a result of
reaction with activated carbon.

Evidence in support of this mechanism is provided by the
results of zeta-potential studies’®/245,2%6 ynich show
that the negative potentials of activated carbons increase
with increasing pH. It canbe argued that this could be due
to the =pecific adsorption of 4~ ions onto the carbon
surface, with Na* ions located in the outer Helmholtz
layer. However, if this were the case, the effect would be
greatest for the large, weakly hydrated perchlorate anion
and, as pointed out earlier, this anion has been shown®? to
be ineffective as an eluant for gold.

It is noteworthy also that phenolic groups on the surfaces
of carbons have been found?€/?47? to be about 2 meq/g. This
provides sufficient sites for the loading of sodium
hydroxide on G210 activated carbon (0,4 meq/g, Table 5.2)
via reaction (5.2).
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The pK, of phenol®® is 9,89. Therefore, it might be argued
that phenolic groups on the carbon surface would be
partially ionized at the normal operating pH of the CIP
plant (pH 10,0 to 10,5), and that this would lead to poor
gold adrorption. Howaver, it has been suggested?*, on the
basis of an investigation by internal-refiection infrared
spectrophotometry (IRS), that phenclic and carboxylic
groups are prokably both present on the suriace of
activated carbon, and it is well known that the pK, values
of phenol groups are very sensitive to their chemical
environment. For example, the pK, of the phenolic group in
the following spec’us has been reported?*® to he 13,4:

coo”

OH

Finally, it is interesting to speculate on the reason for
the enhariced elution of gold from caroon in the presence of
free cyanide in solution. Tsuchida and co-workers?’?-7%
explain this on the basis of competitive ion exchange of
CN~ for Au(CN);, and suggest that the further enhancement

that occurs in the presence of polar organic solvents can be
attributed to an increase in the activity of the CN™ ion in
polar solvents relative towater. However, on the basis of
the mechanism sugcested in the present work, the ion-
exchange mechanism is believed to be relatively
unimportant under high ionic strength conditions, and it is
suggested that cyanide is involved in a specific cheaical
reaction at the carbon surface. For example, the
equilibrium constant for the formation of cyanchydrin from

ketones,
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I K |
R~C~-R+CN" 5 R ~-C -~ R, {5.3)

!

CH
has been found?®® to be large, particularly :.or

cyclohexanone (K -~ 11 ¢00). Alternatively, the cy-:
ion is iisted?%? as one of the sicongest nuclecphiles, ai?
the acid-base reacticn at the B-carbon,

! f

~C=-C~-+CN" 5 =~ C=2C - + HCN, (5.4)

o |

H [¢] [

could well cccur on the carbon surface. It is possible
that either or both of these reactions take place with
carbonyl groups on the carbon surface under elution
conditions, thereby increasing the negative charye density
on the surface, and resuiting in faster elution kinetics
for cvanide than hydroxide. Figure 5.1 shows that the
uptake c¢f sodium ions by carbon increases when cyanide is
added to a sodium hvdroxide solution (at the same total
concentration of sodium ions in both cases), whiclL is in
support of the above argument. The loss of cyanide ions
from the solution exceeded the sodium-ion uptake, but this
is attributable®’ to a certain amount of oxidation to
cyanate, catalyzed by activated carbon. Nitrogen
analysis of the carbon samples showed that the nitrogen
concentration on the carbon also increased in the course of
this experiment. The nitrogen concentration after 30
hours (after correction for the nitrogen present on the
carbon at the start of the experiment) was 0,19 mmol/g. This
is in approximate agreenent with the enhanced sodium uptake
of 0,18 mmol/g when cyanide is added (see Figure 5.1). This
amount is well within the concentration of 2,81 mmol/g
cited?*? for carbonyl groups present on the surface of a
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Fig. 5.1 Excraction of sodium ions by activated carbon
at 25°C in the presence of cyanide or
hydroxide ions
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5.3 The Kinetics of Elution of Aurocyanide from
Activated Carbon

Elution is a slow process that, depending on the method
employed, requires from 8 to 48 hours for completion, even
at elevated temperatures. This is due to slowdiffusionof
aurocyanide ion within the micropores of the relatively
large particles of activated carbon. The kinetics of
elution have received very little attention other than the
publication of elution profiles under various conditions.
It is therefore desirable to derive a kinetic model that can
successfully describe the elution over a variety of
conditions. Nicol and co-workers’®’ have recently
derived such a model for the adsorption of aurocyanide onto
activated carbon, and found it to apply to plant data as
well as laboratory-scale data. The simplicity of the
model is conducive tc its application to the reverse
operation, viz., elution.

It was shown in Chapter 3 that adsorption of gold from
cyanide solutions by activated carbon does not involve any
slow chemical reactions, so the slow steps in the process
are associated with mass transport in the solution and
solid phases. It can therefore be expected that the rate
of elution could be governed by similar considerations and,
as applied to elution, the nodel can he pictured as shown

below:
Carbor, Interface Solution
X, k
L c! é s! ——ty s

where C is the concentration of gold on the carbon at time t,
and ¢! is the concentration of gold on the carbon at the
interface with the solution. Similarly, the S terms
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represent gold in the solution. The equilibrium constant
K is defined as

XK = slyct , (5.5)

where the values of S! ana ¢! may be approximated by the bulk
values 8 and C. The equilibrium constant K can thus be
measured by batch equilibration tests under elutio:
conditions, and is represented by the slope of the curve in
Figure 5.2.

Thus, carbon is considered to be a homogeneous phase
through which aurocyanide is transported by diffusionwith
a mass transport coefficient k. to an interface where
eguilibration with aurocyanide in solution is assumed to be
rapid. Diffusion of gold from the interface into the bulk
of the solution occurs with a mass transport coefficient
Ko

For adsorption, the rate quation

a© k(KS ~ C) (5.6)
— - .
dt

is that used by Nicol, Fleming and Cromberge251 . The term

k is the intrinsic rate constant for the process. For
elution, this can be written

ac k{(cC KSs 5.7
at } (5.7)
and can be incorporated into the mass-balance equation for

any particular elution system.
In the present study, the reactor is regarded as a small

continuous stirred tez.ak reactor (CSTR) into which fresh
eluate 2nters, and the concentration of gold in the eluate
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leaving the reactor is analysed as a function of time. 1In
terms of the mass-balance for the systen,

das

— .8
at (3-8

ac
-M, ESV‘.S + M, .

where M, is the mass of carbon in the elution column, M, is
the mass of solution in the elution column, and V, .s the
flowrate of eluant solution through the column. The
experipental arrangement is such that M,, the mass of
eluant in the reactor, is small, so that

dc

Yo %

<L v,.8

and the equation can be simplified to

4  v,.8 (5.9)
dt M, :

Substitution of the rate equation (5.7) in this expression
and rearrangement yields

S = kM, C/¥, + kKM,) (5.10)
and differentiation with respect to time, substitution

into equation (5.4), and integration of the resulting
equation yields

In S = In(kM.C /(V, + kKKM.)) - k't , (5.11)
where
k' = K.V,/(V, + kKM ) {5.12)

Equation (5.11) predicts a linear relationship between the
logarithm of the concentration of gold in the eluant and
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time. Results of a typical laboratory elution under these
conditions are shown in Figure 5.3. It canbe seen that the
simple first-order model above describes the experimental
Cata well, down to residual concentrations of gold on the
carbon of less than 10 g/t (after 50 hours). The slope of
the line yields an estimate of the constant k' from which
the rate constant k can be obtained after measurement of the
equilibrium constant K by bat<h equilibration tests under
th!e same conditions, as described earlier. Additional
verification of the model can be obtained via the
rearrangement of Equation (5.12):

/K" = K(M./V) + /K (5.13)

A plot of 1/k’ against M /V, yields a linear relationship,
as predicted by Equation (5.13). The value of K= 63 %3
obtained is compar:ble with that of 55 %3 measured from
batch tests (Figure 5.4).

It should be noted that the experimental conditions above
are similar to those used for the Z2adra method. The AARL
technique can be partially simulated by pre-treatment of
the carbon with a caustic cyanide solution. draining of the
solu*~ion, and elution with deionized water. The results
of such an experiment are shown in Figure 5.5, from which it
is apparent that the kinetics do not follow the predicted
linear dependence. This is not unexpected since, although
draining removes a large proportion cof the pretleatment
solution, there is still an amount of occluded caustic
cyanide present, that is only completely removed after
several bed-volumes of water have passed through the
syster.

The ionic strength of the eluant is therefore continuously
decreasing, and *his will result in the greater-than-
predict2d rate observed during the later stages of elution,
as will be shown in the following section. This phencmenon
makes simulation of the AARL technique very difficult, and
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it is not surprising that there are no published reports of
attempts to do so.

The « ove-mentjcincd work examined a single-pass elution of
a flvidized carbon bed with fresh eluant solution
containing no gold (i.e., $;, =0). In practice, however,
the Zadra process vtilizes a carbon column as opposed to a
fluidized bed, and moreover, recirculation of eluate
through electrowinning cells results in a variable amount
of gold being present in the eluant feed.

a) Effect of a Finite, Constant Concentraticn of
Gold in the Eluant Feed

As a first approximation to the practicai situation, the
effect of a constaiit concentration of gold in the eluant

feed (§;, = constant) was examined.

These experiments comprised a single~pass elutica similar
te that described earlier, with the exception that several

constant guid concentrations in the eluant feed (§;,) were

considered here. The results are shown in Figure 5.6,

which indicates a decrease in elution rate,

This effect is explicable in that an increase in the

aurccyanide concentration of the eluant feed will >ush the
elution equilibrium in Equation {5.14) to the left:

NaAu(CNj, (ads) » Na' (aq) + Au(CN); (aq) (5.14)

This would result in tl* . hserved decrease in elution rate.

At concentrations of gold in the eluate of 15 mg/l or nore,
adsorption was found to occur initially (Figure 5.7),
despite the fact that the carbon had bean brought to the
elution temperature in the presence of cyanide and
hydroxide before any contact with feed solution was made.
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The results shown in Figure 5.7 suggest that it takes some
time for the reagents to diffuse through the carbon pores
pefore these reactions between cyanide, hydroxide and the
surface functional groups (Eguations 5.2 and 5.3) have
occurred to a sufficient extent for elution to take place.

Taking a value of 55 for the egquilibrium constant K for the
system, equilibrium conditions (ani hence no elution), for
a carbon loaded to 1245 g/t gold should theoretically occur
when §;, = 22,6 mg/l. Given the fact that the system was
not at equilibrium, the results in Figure 5.7 show that
this number is approximately correct.

The elution model can be written as Equation (5.15) below:

dc

-3 = K(CESyu) (5.15)
where 8,,, is the concentration of gnld in the solution
exiting from the carbon bed at time t. Application of the
mass balance for a single-pass flow-through and solving the
mathematics results in Equations (5.16) and (5.17), which
describe the concentrations of gold in soclution and on the
carbon at any time t:

In € =1n ¢, ~ k't (5.16)
Vg + kKM, I
in 84,¢ = IR ¢, - 0 | —— o - k't (5.17)
kM(

where V, is the flowrate, M, is the mass of carbon, and

289




b

k Vv,
K = — (5.18)
v, + KEM,

is the first-/.der rate constant. These equations do not
take into account the possibility of any gold being present
in the eluant feed. It is now possible to simulate the true
situation in which eluate is recirculated through an
electrowinning cell back to the carbon column, and to
incorporate a constant gold concentration in the eluant
feed, S;,, into the mass balance for the system. This
results in the following relationships:

in (C-KS;,) = 1n (C,~KS;,) - k't (5.19)
V, + kKM,
In (§-§;,) = 1n (Cy=KS;,) = In | —mm—m | = k't
¥
(5.20)

(These reduce to Equations (5.16) and (5.17) when§;, = 0.}

A plot of either 1ln (C-KS;,) or 1n (S,,:~S;,) against time
should yield a straight line of slope k'. Table 5.3
compares the measured values for k' and the intercept
obtained from these graphical plots, with calculated
values. The calculated values for k' and the intercept
were obtained from Equations (5.19) and (5.20) and the
experimentally determined values of K = 55 and k = 2 h™!.

At higher S;,, the elution rate becomes too slow to be
accurately measurable, §,,, being close to S;,,

Values for the calculated intercepts of the plots correlate
well with the observed ones. The k',,,. values, however,
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are somewhat higher than the observed values. (When no
geld was present in the feed, a good correlation was
obtained.) This result could be due to the fact that the
system had not come to equilibrium prior to contact with the
eluant.

Table 5.2
Comparison between cobserved and calculated values for
k' and the intercept for Equations (5.19) and (5.20)

Conditions:
carbon mass (M.) 1,359
temperature 95°C
initial gold on carbon (C,) 1245 g/t
[NaCN] o0,2M
[NaOH] 0,2M
flowrate (V) 39 ml/h

Intercept from Intercept from
Sin K'ops k'.a1c Pplot of equa~ plot of equa-~

(mg/1) tion (5.19) tion (5.20)
obs calc obs calc

3,30 0,287 0,376 6,98 6,97 2,50 2,74
6,41 0,261 0,377 6,89 6,80 2,37 2,56
b) Effect of a Variable Gold Concentration in the

Eluant Feed

The inteqration of an electrowinning cell of constant
single-pass extraction efficiency (i.e., S;, =S, (3-E))
into a «circuit with a carbon bed was simulated
experimentally by dilution of the eluant feed as described
in the experimental section. The other conditions were
the came as those for a constant gold concentration in the




feed.

Table 5.4 shows that as the single-pass extraction
efficiency is decreased, the amount of gold le’t on the
carbon after elution increases.

Table 5.4
Gold concentrations on the carbon after 16 hours
elution for simulated electrolytic extractions
of differing single~pass efficiency

E C {ug/9)
0,83 19
0,71 31
0,57 64
0,19 321

Theoretically, one can apply a treatment similar to that of
the constant &, , case. By assuming 8,;, tobe constant over
a period st between sample (i - 1) and sample i (and
effectively integrating), one obtains similar equations to
(5.19) and (5.20) i.e.,

In (C;=K8;_y, n) = 1n (C;.,~KS;_ 4, ;,) = k'at  (5.21)

In (S{,o0ut™Sj.y,in) = 1n (C;_~KS;. 4, n)

(Ve + kH)
- 1nt -—-———~—! -k'at  {5.22)

From the mass balance,

Si,0ut =  Si,ian (1 -E) (5.23)
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vhere 8, ,,¢ and S; |, refer to the solution concentrations
cut of and into the carbon bed respectively, at time t.

An Apple IXe microcomputer was used to calculate gold
concentrations for Zadra-type elutions as predicted by the
above equations, using values of k and K equal to 2 h™! and
5%, respectively. Calculations commenced at t=0 and a
value of the increment at = 0,1 h was used. This value was
considered to be adequately small for the assumption of a
constant §;, over the period at to be valid. The
calculated carbon and solution concentrations at time t
became the input values for time (t + at), and in this
manner, elution profiles fur both carbon and solution
concentrations could be obtained.

Figure 5.8 shows carbon (a) and solution (b) concentration
profiles for elution of aurocyanide from a 5 ml bed of
carbon, with a single-pass extraction efficiency of 0,42.
Profiles calculated according to the above analvsis
provide a reasonable fit to the sbserved data points, with
the discrepancy probably being due to the small scale on
which the experiment was carried out.

c) Elution of Aurocyanide from Carbon in a
Packed Column

Equations for the mathematical modelling of the elution of
aurocyanide from carbon in a packed bad column have been
derived by Nicol?®?, put never tested. Comparison between
the predictions of the model and experimentally observed
results from the present work, is made in this section.

Application of this model to experimental data is shown in
Figure 5.9. A 25ml column containing carbon and deionized
water was heated to 85°C before effectively starting the
elution by pumping the caustic cyanide eluant solution
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through at 2,3 BV/h. The observed solution concentrations
differ from the calcalated ones in that the latter assume
that equilibrium between loaded carbon and eluate is
attained instantaneously, whereas it was shown earlier
that a pericd of time is required for eluate to diffuse into
the carbon pores. This effect can ke eliminated by
equilibration of the column with eluant solution at 95°C
for twe hours prior to elutioa at 95°%C, as shown in Figure
5.10. This procedure ensured that elution would commence
with carbon in equilibrium with eluate solution - i.e.
containing a concentration of gold dictated by the
equilibrium condition:

Seuy = KC (5.24)

The equilibration time of two hours was considereil to be
ample, from a knowledge of the eguilibhrium constant for the
system, K = 55, and from the sclution analyses. One can
derive the follswing equations for gold on the carbon and in
solution based on the mass balance and the equilibrium
condition:

KR, C,
Coq = —— (5.25)
1+ KR,
R, C,
Seq,out = — (5.26)
1+ KR,

where R, = M,/M, is the ratio of carbon mass to solution
mass in the column.

Pigure 5.10 shows that the model (solid line) predicts the
experimental points quite well for the elution of a 25 ml
carben column under the conditions shown.

-
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Figure 5.11 compares experimental and predicted curves for
gold on carbon and in solution as a function of time, for
elution of a 5 ml carbon column by an eluant flowing through
the column at several different flowrates. At very high
flowrates (Figures. 5.1la and 5.11b), factors such &s
channelling of eluant through the column almost certainly
account for the poorer elutions than predicted - the model
fits the data better at more normal flowrates. (Figures
5.11c and 5.11d). The extremely small scale on which the
experiment wvas performed is probably an additional source
of error, as a better fit was cobtained for a 25ml column
(Figure 5.10j.

5.4 Factors Influencing the Elution of Gold from
Activated Carbon

The most important factors that influence the elition were
mentioned earlier. Since the rate of elution is the
crucial aspect, the effect of these factors will be
discussed in terms of the rate constant k' in Equation
{(5.11) above.

aj Effect of Temperature

This is probably the most important variable. An increase
in temperature results in a significant decrease in the
adsorptive power of carbon®?. The exothermic nature of
the loading of gold is typical of most heterogeneous
adsorptive processes. Thus, all operating elution
procedures are carried out at elevated temperatures.

The effect of temperature orn the rate constant k' is shown
as an Arrhenijus plot in Pigure 5.12. The non-linear nature
of the plot is not unexpected because, according to
Equation {5.12), k' is the non-linear function of both k and
K, each of which is temperature dependent. The data at
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high temperatures are reasonably linear, from which an
apparent activation energy of 58 kJ/mol can be calculated;
this value can be used for estimation of the effect of
temperature on elution kinetics. )

) Effect of Ionic Strength

The presence of dissclved solids in the adsorption medium
generally results in an increase in the loadin ipacity of
carbon’? and this effect has been found to depend on the
type of cation, and concentration of cation®?.

As discussed earlier, these effects have been interpreted
in terms of the adsorption of ion pairs of the type
M"*[Au(CN);],. Hence, desorption is favoured by
conditions of low ionic strength and the absence of ions
like Ca?* and Mc?*, which enhance gold adsorption. This
forms the basis of the AARL elution procedure in which the
pretreatment with hot caustic cyanide converts the calciun
jon pair into the less-strongly adsorbed Na‘Au(CNj;,
which is then eluted under the conditions of low ionic
strength produced by tine use of deionized water.

An increase in ionic strength results in a decrease in
elution rate, as shown in Figure 5.13.

c) Effect of Cyanide and Hydroxide Concentrations

The capacity of carbon for gold adsorption decreases with
increasing cyanide, and toc a lesser extent, hydroxide
concentrations!?, and this forms the basis for the Zadra
elution procedure, in which caustic cyanide at high pH is
used to displace the adsorption equilibrium.

The results presented in Chapte~ 3 showed that complete
elution can be achieved in the absence of cyanide using
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sodium hydroxide az the eluant, and some mines are using
cyanide-free eluants in practice.

ite effects of eluant composition on rate of elution are
complex, with the opposing influences of cyanide and
hydroxide concentrations on the one hand and ionic strength
cn the other. The results in Figure 5.14 were therefore
obtained with eluants containing only cyanide or
hydroxide, confirming that cyanide is more effective an
eluant than hydroxide, and that there is an optimum
concentration close to 0,2 mol/l (or 1% NacCN). The
decrease in rate at higher concentrations is due to the
increasing ionic strength, as demonstrated by the results
shown in Figure 5.13. It is noteworthy also that a mixture
of cyanide and caustic is more effective than sither alone.
The elimination of variations owing to the ionic strength
shows (Figure 5.15) thac the rate of elution increases with
increasing concentration of either cyanide or hydroxide,
at constant ionic strength.

d) Effect of Organic Solvents

Saveral studies have been made in which various organic
solvents have been added to the aqueous solution to promote
more efficient desorption of gold. Thus, even at low
temperatures, gold can be descrbed in the presence of high
concentrations of certain solvents, as shown by the results
in Table 5.5.

Several mechanisms have been proposed for the action of
these crganic solvents in suppressing adsorption of gold.
That proposed by Muir et al?®? ig interesting in that it
assumes that competition by the cyanide ion for adsorption
sites is the major factor involved. They postulate tha’
the main effect of organic soivents is to substantially
increase the activity of small anions like CN~ (increases
of up to 10% have been measured) whereas large complex

[
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anions like Au(CN); are relatively unaffected. This

proposal assumes that the adsorption of aurocyanide onto
activated carbon is due to simple ion exchange onto
positively-charged surface sites. However, the evidence
provided in this Thesis shows that ion exchange does not
play a major part in the adsorption under typical plant
coeditions. It is suggested that the action of organic
solvents on the elution is better explained by the
prefarantial adsorption of the organics on the surface of
carbon, displacing the adsorbed M"*[Au(CN);], species.

This is consistent with the observed?®’ displacement of
adsorbed mineral acids from carbons by organics.

Table 5.5
Elut. n of gold by organic solvents at 25°C
(after Nicol et al?5t)

Solvent NaCN Gold loading % Eluted in

40% (V/V) (g/1) (kg/t) 1h 24h
Ethanol 10 5,5 5 12
Ar 2tone 10 5,5 25 70
Acetonitrile 10 5,5 25 75
Acetonitrile 50 5,5 50 95
5.5 Other Aspects of the Elution Process

Certain other aspects of elution have not recei -ed
attention. Some of these aspects play a profound role in
the practical application of the elution procedures
mentioned ahove.
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aj Effect of Acic washing Prior to Elution

Many plants utilize an acid-washing step of scme kind prior
to elutiocn of gold from the carbon. The main advantage of
+his procedure is removai of precipitated calcium
carbonate from the carbon pores, which increases the
intraparticle diffusion coefficient. It is reported?s?
that a cold acid-wash (typically 1 bed-volume of 3% v/v
hydrochloric acid, although a wide variation of conditions
are in use} will remove calcium from the carbon. A hot
(90°C) acid-wash has been found??® to remove zinc, nickel,
iron and silica, in addition to calciunm.

One aspect of acid-washing that has for the first time come
to light in the present work {(Chapter 3), concerns the
effect of acid on the adsorbed gold species. Cold acid-
washing results in the limited formation of insoluble
AuCN, while the reaction occurs to a much greater extent
when hot acid-washing is employed:

H* + Au(CN); + AuCN + HCN (5.27)

AuCN thus formed on the carbon was found in Chapter 3 to
decompose in alkaline solution, forming gold metal (see
Figure 3.2) and aurocyanide:

2BUCN + e~ = Au’® + Au(CN); (5.28)
(E* = 0,252 V)

Table 5.6 shows that acid-boiling the loaded carbon for six
hours does not influence the elution kinetics
significantly waen the eluant contains 0,24 NaCN. The
aurocyanide species is evidently reformed rapidly when
0,2M NaCM is present.

In contrast, when the eluant contains 0,2M NaOH and no
cyanide, the elution rate from acid-hoiled carbon is only
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half that for untreated carbon. Itwas pointed out in
Chapter 3 tha*t under these cunditions, half of the gold has
been reduced (via reaction (5.28)) to the metallic form,
which does not form a strong ¢omplex with the hydroxide ion,
and thus cannot be eluted by 0,2M NaOfl solution.

Table 5.6
Effect of acid treatment on the eluticn rate

Elution conditions: carbon mass 26,79
temperature 95°C
initial gold on carbon (Cy) 2245 g/t

Acid trzatment Eluant kKt (h™1)
None 0,24 NaOH 0,0937
0,1M HCl1 wash, 2th 0,1026
0,1M HCl boil, 1h 0,0503
None 0,2M NaOH/0,2M NaCN  0,1663
0,1M HCl wash, 24h 0,1746
1,1M HC1l boil, €h 0,1846

Several CIF plants around the world, particularly in
Canada, have desigred elution plants in which gold is
stripped from tie carbon with hydroxide, with no cyanide
added to the eluant. The above results indicate that care
will have to be taken on these plants not to produce AuCN
during acid-washing, if this "cyanide free" elution
process is to be successful.

b) Effect of Cyanide Decomposition on
Gold Elution Efficiency

It is well known??8/254 that cyanide decomposes during a
<ypical Zadra elution, to the extent that little cyanide
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remains in the eluate on completion of elution. It has
been shown®?/25% that thz hydrolysis of cyanide to carbon
dioxide and ammonia, via an ammonium formate intermediate,
is the reaction responsible for the rapid cyanidn loss
under elution conditions:

ON® + 3H,0 + NHy + €O, + H, + OH~ (5.29)

A high rate of cyanide loss also occurs®®® in the
electrowinning cei, due to anodic oxidation:

CN™ + 20H™ = CNO™ + H,0 + 2e~
1/20, + 2e” + H,0 = 20H”

cN- t* 1720, = CNO~ (5.30)

Activated carbon itself is known®?/15% to catalyze
reaction (5.30). but neither this reaction, nor the
hydrolysis reaction

CN™ + H,0 + HCN + OH" (5.31)

which occecurs at low (less than 9) pH values, are important
under elution conditions®?.

The data in Figure 5.16 show the result of a batch
experiment in whiszh carbon loaded with gold was contacted
with an aquecus caustic cyanide solution at 95°C for 200
hours. During this period the concentration of cyanide in
solution decreased from an initial value of 5240 mg/l
(0,2M) to 3 mg/l, mainly as a result of the hydrelytic
decomposition reaction. It canbe seen in Figure 5.16 that
the loss of cyanide from solution has a marked effect on the
concentration of gold in solution, which initially
increases, to reach a maximum value after about 24 hours,
and then gradually decreases over the remainder of the
period. Readsorption of gold occurs as a rasult of cyanide
loss from solution, and is a reflection of the different
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equilibrium constant for elution with hydroxide compared
with cyanide. It should be nnted that, because this was a
batch elution experiment, the actual elution efficiencies
represented in Figure 5.16 are very low.

c} Effect of Remove. of Cyanide from
Eluant Solution

Figure 5.16 shows that even when the cyanide concentration
has bean reduced to a negligible value, some gold remains in
solution. t was shown in Chapter 3 that complete elution
can be achieved using a sodium hydroxzide eluant with no
cyanide present. Several full-3cale plants are currently
using a cyanide-free caustic eluant. The slower kinetics of
elution with hydroxide as against cyanide is a disadvantage
of this approach; however, Figu.~ 5.14 shows that only a
sasall {(C. 0,01M) concentration of cyanide is required in
order to improve the elution kinetics tc around the level
expected for a high-cyanide eluant., Figure 5 17 shows
that this is also true in the presence of 0,2M NaCOH, i.e.
conditions approximating those used in practice for Zadra
elutions.

The presence of an acid-washing step in the circuit prior‘ to
elution could well complicate the situation, since any gold
that is present on the carbor. in the metallic form (via
reactions (5.27) and (5.28)) is not eluted b; hydroxide
(see Chapter 3), and a high-cyanide eluant would prokrably
be necessary in such cases.

d) Selective Elution of Copper and Mercury

Copper dissolves in cyanide solution as the copper(I)
complex and, depending on the ratio of cyanide to copper and
the pH, the following complexes predominate in solution:
Cu(CN);, Cu(CN) 3", and Cu(CN)3”. The relevant species
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distribution diagrams, as calculated by the HALTAFALL!4?
program on an IBM PC II personal computer, are shcwn in
Figures %.18 and 5.19, for fixed pH values of 10 and 7,
respeccsvely. (The copper concentration is fixed at
0,0001571 M, i.e., 10 mg Cu/l.} The Cv(CN); species and

CuCN precipitate predominate at low cyanide concentrations
and low pH values, whereas Cu(CN)}~ is the predomir ¢t

species at high cyanide concentrations. It has buen
shown®® that the Cu(CN); species is loaded very strongly

onto activated carbon, yet that Cu(CN)3~ is hardly loaded

at all. The looding behaviour of copper in a plant
situation can therefore be influenced by varying the
concentration of free cyanide. For significant reduction
of the copper loading, however, high ievels of free cyanide
(higher than 500 p.p.m.) have to be maintained, and this may
not always be ec. 'mitc .y viable. An alternative
approach therefore is this -~ the copper can be allowed to
build up on the carbon in the CIP extraction stages and the
loaded carbcn can then be treated with cyanide at low
temperatures. This converts the Cu(CN); species to the

less strongly adsorbed Cu(CN) 5§~ species, which is eluted.

The results of laboratory tests on loaded carbons av 2 shown
in Table 5.7. It is apparent that copper can be
selectively eluted by this procedure, and that vroblems
with electrowinning or cementation, or both, c2r Le avoided
in cases wnere excessive loading or copper occurs.

The presence of mercury on loaded carbons from certain
rlants in the U.S.A. poses an environmental prublem, since
the mercury vaporizes in the regeneration furnace!3?, The
results presented in Figures 3.46 and 3.47 suggesi that
the conversion of mercury from the strongly adscrbed
Hg(CN;  species to the weakly adsorbed Hg(CN) i~
could circumvent this problem in a similar way to that
described above for the Cu(CN); ™ species.

species

3

O




-

: ol ;
e s i wy

Fraction of Cu species

Cu {N) §'

cuten 3

0000 0002 0004 006 0008 0010

Tntal cyanide concerdration, mol/

Fig. 5.18 Distribution of copper species at pH 16 with
variation in cyanide concentration

T P

O



Loes

Fraction of Cu species

Wricex B
2-
1 tuion
1 _

04 / \
Cufchl,

00 I T T T Cu(CN)i;~

0000 0002 0004 0006 0008 0010

Total cyanide concentration, oA

Fig. 5.19 Distribution of copper species at pH 7 with
variation in cyanide concentration

O



Table 5.7
Elution of gold, silver and copner with sodium cyanide
at 20°C (after Fleminjy and Nicol®®)

Metal on % metal eluted in 20 BV

Carbon loaded carbon
sample Metal p.p.m. NaCN 1g/1 NaCN 10g/1

A Au 1490 4] 0o

A Ag 4400 1,5 6,1

A Cu 6400 88 100

B Au 1460 0 0

B Ag 3740 2,9 6,2

B cu 24800 78 100
5.6 Conclusions

E-idence has Leen presented which suggests that the
mechanism of elution involves icnization of phenoiic~type
groups on the surface of activated carbon in strongly
alkaline sclution. This causes the carbon surface to be
negatively charged, hydrophilic, and incompatible with
adsorption of the aurocyanide ion pair. The catalytic
effect cf cyanide in the elution process is ascribed to a
similar mechanism, in which the cyanide ion reacts with
surface carbonyl groups, resulting in the formation ot
additional negatively charged O~ sites on the surface.

A kinetic model was developed for eluticn of aurocyanide
from activated carbon, and was shown to successfully
describe the kinetics of elution for several
configurations, including the recirculation of depleted
eluate, and flow through a carbon column.

Several chemical influences on the Zadra elution, were also
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examined. Hot acid-washing the carbor prior to elution
was shown to slow dcwn the elution kinetics (when no cyanide
is present), due to the formaticn of metallic gold on the
carbon. The extent of acid-washing is a compromise
between maximum calcium removal and ..nimum formation of
metallic gold. Decomposition of cyanide during elution
was shown to be extensive; however, this has a significant
deleterious effect on the elution only after long time
periods not normally experienced in plant operations.
This rapid loss of cyanide, together with the fact tha:
complete elution can be achieved with no cyanide present in
the eluant, suggests that cyanide concentrations an order
of magnitude lower (¢. 0,05% NaCN, i.e. 0,01M) than those
presently used (¢. 0,5% NaCN, i.e. 0,1M), would be
economically advantageous. The presence of this small
amount of cyanide is sufficient to enhance the elution
kinetics markedly, as well as being necessary to leach
small amounts of insoluble AuCN formed during the acid-
washing step. If hot acid-w~shing is employed, however,
it would probably be necessary to use the mc e concentrated
{0,1M) cyanide eluant to leach the larger amounts of AucCN
formed.

The elution step is an important one in the CIP process as a
whole, and it is only recently that an understanding of it
is being gained on a fundawental level. A knowledge of how
the important factors influence the elution, viz.
temperature, ionic strength, cyanide and hydroxide
concentrations, organic additives and gold in the eluant
feed, is essential to the effective utilization of the
principles.

Application of kinetic models to plant data could also
assist in the actual operation, as could a knowledge of
other factors that influence elution, such as cyanide
decomposition, the effect of acid-washing, and the
selective elution of copper and mercury.
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There are without doubt, many improvements that can be made
tc the relatively lengthy, energy-inefficient methods
currently used for elution of gold from activated carbon,
and the need for a fast, low temperature elution rrocedure
has never been greater. .

318




[ &

g

CHAPTER 6 THE INFLUENCE OF ACTIVATED CARBON
SURFACE CHEMISTRY AND STRUCTURE ON
THE ADSORPTION OF AUROCYANIDE

Adsorption of aurocyanide onto activated carbon has been
the subject of much study and speculation in recent years,
particularly with regard to the mechanism of
adsorptiont?.62:77.78,92,111  qhe emphasis has been on
the elucidation of t'.e nature of the aurocyanide adsorbate,
rather than the r-~le ot the activated carbon itself.

The surface chemistry of activated carbon renains the topic
of much debate, and most studies of the adsorption of
aurocyanide onto activated carbon make mention of the
oxygen-containing functional groups present on activated
carbon surfaces. The influence of carbon pore structure on
aspects of the process has also been brought to light from
tine to time. However, it is urncertain which properties of
the carbon are of primary importance for the effective
adsorption of aurucyanide.

This Chapter aims at elucidating the main phyesiczl and
chemical characteristics of the carbon that are
influential on the adsorption and elution processes.

6.1 Influznce of Activation Coriitions and Starting
Material on Surface Chemistry, Structure and Gold
Adsorption Activity of Accivated Carbon

The activation process should perhaps more accurately be
regarded as the net result ~f a set of complex physical and
chemical processes that occur simultaneously as the raw
matecial is heated to the required activation teuperature,
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in the presence of the gases that make up the activation
atmosphere. In the only previous attempt®? to isolate
activation parameters of importance to gold adsorption, it
was established that activation temparature had the
greatest infiluence on the affinity & carbon for
aurocyanide.

In the present study, carbons wer: produced from the
pyrolysis, under various conditions, of 5-761 polymeric
adsorbent, which is essentially a phenol-formaldehyde
matrix. A set of four commercial activated carbons made
from different starting macerials were also investigated.
The influence of activation conditions on various chemical
and physical properties of the carbonsg was investigated.

a, Gold Adsorption Activity

A marked increas- in aurocyanide capacity in the 650 to
850°C region is » Jarent, as shown in Figure 6.1. The
capacity is increased by a factor of ten from 650 to 850°C.
Gross and Scott? report a similar effect of activation
temperature for carbon made by the pyrolysis in air of pine
wood, with a large increase in the capacity for gold in the
750°C region. It should be noted that the higher
temperature products (> 850°C) were fouand to have gold
activities comparable with those of the commercial carbons
studied. Gold activities are reported as percentzge
extraction after twenty hours. This set of results alsc
appears in earlier work®?, in which the carbons were not
charac.erized as rigorously as in the present work.

Table 6.1 shows that similar gold adsorption activities
result from activations under atmospheres of nitrogen,
steam, carbon dioxide and air, and for activation times of
both one hour and four hours. Moreover, gold adsorption
activities of the carbons made from coconut shells, peat
and coal were similar, vith the wood carbon (Norit C) being
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the only one which was found to be markedly inferior. This
is the only carbon which vas activated at low temperatures,

in a phosphoric acid process?S7:

Table 6.1
Gold adsorption activities of synthetic and
commeyrcial activated carbons

Gold adsorption after 24 h, %

Carbon
No additives 0,033M CacCl, 0,1M HC1

850/H,0 19,8 28,5 84,2
850/C0, 18,3 21,2 78,1
850/N, 19,1 21, . 77,0
850/1h 19,0 24,2 80,8
G210 16,4 32,7 79,4
ku._15 22,7 33,4 80,1
AURC 20,4 31,6 74,9
Norit C 7.8 22,0 23,0
b} Activated Carbon Structure

The effects of pyrolysis temperature on skeletal
densities, micropore volumes and surface areas of the
carbons produced, are shown i Figures 6.2, 6.3 and 6.4
respectively. The marked increase in skaletal density at
750°C is concistent with the graphitization process which
occurs in this region®®, since the density of pure graphite
(2,25 g/cm®)¢® is approximated in the high temperature

region. Skeletal densities of the carbons produced under
Gifferent atmospheres and from different starting
materials are all similar, as shown in Table 6.2. The
exception is again Norit C, the low temperature carbon,
which has a much lower skclc tal density.
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Table 6.2
Structural properties of synthetic and
commercial activated carbons

Skeletal pore volume, cm’/g Surface
Carbon density H area
g/cm? l:icro-; meso- | macro- | Total ml/g
pore pore pore
y<2om | 2<De< 30nm| Dp>300m

850/H,0 | 2,0433 0,3311 | 0,1803 | 0,0252 | 0,4794 722
85¢/C0, 1,9443 G,2530{ 0,2017 0,0247 | 0,5366 480
850/“2 22,0165 Q,2694 10,1999 0,0246 | 0,4939 490
855/1h 2,0080 0,2647 | 0,5499 90,0084 ! 0,B230 660
3210 2,086 0,3916 10,1250 0,1343 | 0,6509 1000
RO3%13 2,18« 90,3711 § 0,0338 0,3189 | 00,7238 1160
AURC 2,166 0,3691 | 0,1258 0,2562 | 0,7511 1169
‘ Norit ¢ 1,600 0,1926 | 0,641y C,9289 | 1,7634 1200

The micropore volume (Figure 6.3) displays & similar sharp
increase over the 650°C to 850°C range, which is consistent
with the suggestion?®® that the micropores are in effect
gaps between graphitic microcrystallites and between
graphitic planes within microcrystallites. Once again the
only carbon with a low micropore volume is Norit C, as shown
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in Table 6.2. It is ncteworthy that the pore structure of
the pyrolyzed polymecic adsorbent remains very similar
th=oughout, being mesoporic, as shown in Figure 5.4, and
that despite the variance in the mesopore and macropore
velames of the fou: comaercial carbons, their micropore
volumes are similar (see fable 6.2). Comparison cf the
nicropore volumes and skeletal densities of the four
carbons made under varinus activation conditions shows
that the graphitization process is aided by the presence of
water vapour, and depressed by the presence o1 Z0,, which is
consistent with the previously postulated schemes?®? for
the reaction of CO, with carbon:

fast
CO, + C  ——> CO + (CO) (6.1)
slow
(co) —>  CO (6.2)
€O + (CO) » CO, + C (6.3)

(where (CO) represents intermediate surface functiocnal
groups), and the reaction of H,0 with carbkon:

H,0 + C s> H, + (CV) (6.4)
(co) s o (6.5)
H,0 + (CO) =+ H, + (CO,! (6.6)
{Co,) > Co, (6.7)
H, + (CO) = H,0 (6.8)

Reaction with steam results in removal of more carbon as CO
and CO, than the reacstion with CO,.

Another observatior is that the surface area, per se, is notc
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the most important parameter for high gold adsorption

activities.

The effect of pyrolysis temperature on surface area is
shown in Figure 6.5. Unlike the gold accivity curve in
Figure 6.1, no sharp increase at about 750°C is observed,
the curve being much shallower. The surface areas of the
four commercial carbons are all very similar, which is
consistent with the similarities in their other
properties. The variance in surface areas of the four
carbons produced under different activation atmospheres is
at odds with their similar gold adsorption activities,
again discounting surface arca as the wmost important
property for gold adsorption. It is not surprisirg that
activation under a nitrogen blanket resulted in the
generation of a relatively low surface area carbon, due to
the reactions

c+ 0, s CO, (6.9)
C+co,s CO (6.10)

being pushed tc the left han< side by the lower oxvgen
partial pressure. An increase in the CO, partial pressure
evidenzly has a similar effect. Activation at 850°C in air
for oae hour results in a somewhat lower surface area than
for the four-houi activation. Moreover, carbons activated
at 850°C in the presence of nitrogen or carbon dioxide coth
have lower surface areas than the carbon activated at 650°C
in the presence of air, yet aisplay markedly highar gold
adsorption activities. It is therefore the activation
tempera.are, rather than the activation atmosphere, that
is important in producing a good activated carbon for gold.

As a result of the microporosity of activated carbons, the
term "surface area" has little physical meaning, and it is
preterable?®® to refer to pore volume. Recent
measurements?3%:25% of the heat of adsorption at low
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surface coverage of various hydrocarbons on microporous
carbons and non-porous carbon blacks show that adsorption
energy in micropores is enhanced by a factor of about 2 as
ympared with adsorption on a flat surface. This
enhancement factor is consistent with that predicted by
adsorption potential theory for slit-shaped pores?58/259,
whereby the interaction energy between the adsorbate
molecule and the solid surface is enhanced as a consegquence
of overlap of adsorption field from neighbouring walls.

These ideas are consistent with the fact that Freundlich
plots of gold adsorption data on carbon are usually non-
linear®? - at low equilibrium values of aqueous gold
concentrations, the adsorption site energies are much
greater than expected from an exponential variation model
such as the Freurdlich eguation. High energy surface sites,
such as micropores of the correct size, should be the first
to be taken up by adsorbate molecules. Measurements of the
enthalpies of adsorption of aurocyanide onto activated
carbon at different loadings shows that nigyher energy
interactions (-75,0 kJ/mol) are invelved at low leadings
{20 mg Au/g) than at higher loadings (54 mg Au/g), where the
enthalpy of adsorption was determined®? to be ~35,0 kJ/mol.

A further measure of the degree orf graphitization of an
s.tivated carbon is conductivity, and this parameter
follows a trend similar to that of skeletal density as
activation temperature is increased, as shown in Figure
6.6. The high temperature commercial carbons all have high
conductivities, whereas the low temperature Norit C carbon
has a very low conductivity, as shown in Table 6.3. The
carbons produced under different activation atmospheres
all display similar conductivities. These trends are
consistent with the onset of graphitization at around
750°C, as discussed earlier. Th~ relation between
electronic conductivity and chemical reactivity in
oraphites has been discussed previously?%?,
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Table 6.3
Conductivities of synthetic and commercial
activated carbons

¢ -bon tr, S/cm
850/H,0 0,20
850/C0, 0,42
850/N, 0,39
850/1h 0,18
G210 3,8
RO3515 8,0
AURC 5,4
Norit C <7 x 10°°®

The graphitization process can be studied further by
examination of the X-ray diffractograms of the various
uctivated carbons. X~-ray diffractograms of S~761 polymeric
adsorbent pyrolysed at different temperatures were
measured previously??, but not analysed. Peak intensities
do not provide a gquantitative comparison due to
discrepancies resulting from differenzes in sample
packing. However, peak positions and widths can be used to
determine the microcystallite diameters (L,) and heights
(L), assuming that the microcrystallites are
approximately cylindrical in shape. The method used was
that described by Biscoe and Warren?®!. aAn X-ray
diffractogram of a typical activated carbon (Le Carbone
G210) appeai's in Figure 6.7. The L, term is derived fron the
(002) peak width at half the maximum intensity (B,,,,
expressed in radians):
1,0 )

L = ——————, (6.11)
Bppy COSO
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where 8 is the incident angle corresponding to the peak
maximum, and ) is the wavelencth of the radiatiun employed,
in this case Cu K, radiation (i = 1,54178 K).

1
The L, tern is similarly calculated from the (10) peak width
and position:

1,84 1

L, = (6.12)

B;q cOS6

No graphitic peaks were observed for unheated or 450°C-
heated polymeric adsorbent. Thereafter, both (002) and
(10) peaks were observed, which increased in intensity with
pyrolysis temperature, as reported previously“ . The
derived parameters of L, and L, for the carbens appear in
Table 6.4. The microcrystallites ave somewhat smaller in
both height and diameter in the 650°C - pyrolyzed carbon,
and thereafter approximztely constant values of L, = 9 R
and L, = 30 § are observed. The slightly larger
microcrystallites observed for the stean-heated carbon are
coincident with the slight enhancement in gold adsorpticn
activity for this carbon. Both the nitrogen-activated
carbon and the carbon activated for a shorter time display
similar microcrystallite heights but smaller diameters. In
polycrystalline graphite, the distance between planes is
cited?®! as 3,349 %, and that between carbon atons as 2,456
f. An average microcrystaliite in activated carbon
therefore consists of two disordered planes, about twelve
aromatic rings in diameter. The distance between the
graphitic planes in activated carbons has been
determined?®? %o he about 3,7 R, i.e. larger than in
graphite.
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Table 6.4
Microcrystallite dimensions of synthetic and
commercial activated carbons, from XRD peak data

Carbon L, % L,. %
25 -3 -
450 - -
650 6,9 28,2
750 9,1 31,8
850 9,0 29,7
950 9,5 34,5
850/H,0 10.4 37,5
850/C0, 9,5 34,5
850/M, 9,7 27,8
850/1h 9,4 26,2
G210 10,2 43,2
RO3515 9,6 47,9
AURC 12,3 47,9
Norit C - -
Graphite 150,5 86,5

*No graphitic peaks observed.

The three commercial high-temperature activated carbons
have L, (height) dimensicns of about 10 &, which are
similar to those of the synthetic carbons, and L_
dimensions of about 45 &, which are somewhat larger than in
the case of the synthetic carbons. The low-temperature
Norit C carbon did not display any observable graphitic
peaks. It is interesting to compare the values in Table 6.4
with those of a typical sample of graphite, Both L, and L,
dimensions are much larger than for the activated carbons,
but the largest difference between the two is the large
microcrystallite height dimension, which implies that the
graphite sample has, on average, 22 stacked graphitic
planes per crystallite, as opposed to activated carbon,
with only two or at most three.

The marked correlations between gold adsorption activity
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and wmicropore volume, as well as the degree of
graphitization, should be discussed in terms of the
physical structure of carbon. There is considerable
evidence?58/280 that a large part of the microporosity is
in the form of an interconnected network of slit-shaped
pores formed by the spaces between the carbon layer planes
and the gaps between the stacks. These pores have widths of
between about 3,4 R and 8 R. These dimensions are
commensurate with dimensions of adsorbate molecules both
organic and inorganic, and the observed?? decrease in
aurocyanide adsorption with large cations such as
tetrabutylammonium (r* = 4,94 #) as opposed to potassium
(r* = 1,33 f) for example, is consistent with this
hypothesis. The effective radius of Au(CN);, based on an
estimate of its molar volume, was calculated in Chapter 4 to
Lte 1,9 f, and this is close to the measured Stokes radius of
2,4 §. Tetrabutylammonium aurocyanide will therefore be
excluded from en..ring a typical micropore due to size
effects. McEnaney?®® suggests that strong adsorption of
gases at low pressures in micropores is caused by the
enhancenent in adsorption potential due to overlap of force
fields of opposite pore walls. This may explain why a
similar effect is observed?? in adsorption of aurccyanide
onto activated carbon from dilute solutions, as discussed
earlier. Moreover, this interaction is suggested®? to
involve a charge~transfer interaction between the carbon
and the gold nucleus under certain conditions on the basis
of the collected evidence from electron spin resonance
(ESR)®? and X-ray photoelectron spectroscopic (XPS)
measurements (see also Chapter 3). Recent Mossbauer
measurements are also consistent with an increased charge
density around the gold nucleus in the adsorbed aurocyanide
species. (Ssre Chapter 3). Similar charge-transfer
interactions have been proposed to occur between carbon and
other adsorbates?4/262-284
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c) Activated Carbon Surface Chemistry

The identities of many of the oxygen-contairing functional
groups on activated carbon surfaces remains a contentious
issue?®, although there is qualitative evidence from
various techniques for the presence of carbonyl, phencl,
carbexylic acid and lactone groups. Table 6.5 details some
reievant chemical properties of the synthetic and
commercial activated carbons used in this study. The high-
temperature activated carbons are all characterized by
high carbon contents (- 90%) and low hydrogen contents (~
1%) . There is a gradual trend in both of these values as the
activation temperature is increased.

Table 6.5
Chenicxl characteristics of synthetic and commercial
activated carbons

Carbon Elemental E Phenol apH  in water
analyses, % v adsorption
(vs after 24 h, %
[ H 0 SHE)

25 68,3 5,0 - +0,334 44,9 =3,40
450 73,3 4,1 - +0,328 37,5 ~2,75
€59 85,9 3,2 6,1 +0,319 78,5 -1,7%
750 88,3 2,2 2,9 +0,278 94,8 -1,56
850 Q0,8 1,6 2,4 +0,259 96,7 -1,2¢6
950 92,4 1,2 1,6 +0,229 36,5 -0,87
B50/H,0 93,4 1,3 2,0 +0,245 89,0 +0,22
850/C0, 94,9 1,2 1,0 +0,25% 93,7 +0,01
850/1, | 93,7 1,5 1,1 |+0,z42 90,3 +0,31
850/1h 92,8 1,4 2,5 +0,260 92,7 +0,67
G21¢ 92,5 0,9 1,7 +G,188 92,7 +3,7¢
RO3518 89,2 0,8 3,0 +0,208 94,8 +3,42
AURC 85,4 G,9 5,3 +0,193 92,5 +2,74
Norit d 69,4 3,4 4,6 +0,358 38,7 -3,89

-Not determinable
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The oxygen content of the synthetic carbons steadily
decreases as the activation temperature increases. It is
also lower when activatea in the presence of N, or CO,,
corresponding with the .ctivated carbons where less
micropore formation wes evident. The oxygen content of a
carbon is not a reliable measure of the gold adsoiption
activity, however - AURC has both a high oxygen content and
gold adsorption activity. In this case, the ancmalous
oxygen content could be due to the coal base, or to the
binder used in the extruding process.

An integral part of the surface chemistry of activated
carbon is its electrochemical behaviour. The reduction
potential of the series of carbons was measured using a
technique reported previously’?. A graphite rod electrede
was contacted with several of the carbon particles after
fifteen minutes of immersion in a 0,01 M NaCl solution, kept
at a pH value of 3,0. The potential was measured against a
saturated calomel electrode. The effect of activation
temperature on this property is shown in Figure 6.8, and it
is evident that the functional groups imparting the
potential to the carbon only appear at activation
temperatures of 750°C or higher, corresponding to the
increase in gold adsorption activity at the same
temperature. Activation under different atmospheres has
little influence on reduction potential (see Table 6.5).
The commercial high-temper:ture activated carbons all have
relatively low reduction pntentials, which is indicative
of higher reducing power, whereas Norit C has a rather
positive potential, corresponding to its low gold
adsorption activity.

It should be noted that these values are not ab olute, and
merely reflect an arbitrary point from which a reasonable
comparison can be made. Figure 6.9 shows the varijation in

measured reduction potential with time for RO3515
activated carbon. The fact that the potential tends to that
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Fig. ¢ 8 Effect of pyrolysis temperature of S-761
polymeric adsorbent on reduction potential
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Fig. 6.9

Time, h

veriation of measured reduction potential for
RO3515 activated carbon with time of wmeasurement
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measured for the solution with no carbon present, suggests
that the functional groups responsible for the reducing
power of the carbcocn are gradually oxidized in aqueous
solution. An example of such a reaction is the nxidation of
the chromene group:

R R

= ! ¢ v oaome = [ 1 2e
= /J\H \\/1\///]\03 13y

It is thermodynamically feasible for the reduction of
molecular oxygen to occur as the reduction half-reaction,
when comparing the measured reduction potentials with the
following:

0: + 2H* + 2" = H,0, (E° = 0,682 V) {6.14)
0, + 4H' + 4e” = 2H,0 (E® = 1,229 V) (6.15)
This set ¢ £ reactions has been postulated®’ to occur upon

adsorption of anions from solution, by an ion-exchange
mechanism:

(6.16)

The fact that the pH of the solution used in these
measurements continually had tc be adjusted with acid, is
consistent with this mechanism.

The quinone/hydroquinone couple has also been postulated?*
in this regard:




OH
1

o

(::A\\ﬂ + 200 = + 2H,0 (E°® = + 0,286)

OH o (6.17)

An interesting comparison with gold adsorption activity is
that of phenol adsorption activity. Both aurocyanide®? and
phenol?® have been proposed co adsorb on the activated
carbon surface via a charge transfer interaction. The
effect of activation temperature on phenol adsorption is
shown in Figure 6.10, and is clearly similar to the effect
of temperature on gold adsorption (Figure 6.1). Moreover,
. the trends for adsorption of phenol onto the commercial
activated carbons and the carbons activated under
different atmospheres (Table 6.5) are similar to those for
the adsorption of gold, shown in Table 6.1. It is well kncwn
that organic compounds can desorb a substantial fraction of
adsorbed aurocyanide from activated carbons and it was
suggested in Chapter 5 that this desorption is due to a
competition between the organic and aurocyanide for the
same adsorpuion sites, This is the origin of the effect of
poisoning of CIP plant activated carbons by organics in the

pulp.

The Tinal column in Table 6.5 shows the pH change upon
contact of the activated carbons with water. The high-
temperature carbons, particularly the commercial ones, all
undergo significant positive shifts in pH, and the low~
temperature carbons display negative shifts. The
discrepancy in the synthetic high temperature carbons is
due to & somewhat more alkaline water being used for these
tests. These results are consistent with the well
documented?*’?? presence of basic functional groups on the
surface of high-temperature carbons, and acidic groups on
the surface of low-temperature carbons.
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Infrared spectra of the pyrolysis products of S-761
polymeric adsorbent are shown in Figure 6.11. It is evident
that changes in the chemical nature of the adsorbent start
occurring after heating at 450°C, with the bands at 1654 cm”
! and 1012 cm”!, assigned to B-diketone groups?®%,
decreasing in intensity and a new band at 1720 cm™?,
assigned to carboxyl groups?®%:/26% appearing.

Further heating, to 650°C, results in further marked
changes in the chemical structure of the adsorbent. The O-H
stretch band at 3558 cm~! and the aryl-0 stretch band at
1216 cm™! are now greatly reduced in intensity and the
aromatic C-H stretch band at 3052 cm™! is somewhat

enhanced, as well as the aromatic C-H bands at 700 to 200 cm”
1

The onset of aromatization at temperatures greater than
750°C is clearly evidenced by the lack of resolution of the
spectra, with the only discernable features being the
aromatic C=C stretch at 1580 cm~! and a broad C-0 stretch
band?85/2%8 phetween 1000 and 13060 cm”!., Moreover, the
slanting shape of these spectra, with almost complete
absorption at high wavenumbers, i.e. close to the near-IR
region, is typical for highly-aromatized systems such zs
carbons and graphites. This effect has been attributed?¢’
to the absorption edge of the lower-energy side of the gsn*
electronic transition.

The spectra of the carbons produced under atmospheres of
CO,, H,0 and N, were indistinguishable from those of the
high-temperature carbons in Figure 6.11, as was that for
the carbon activated in air for one hour.

Infrared spectra of the four commercial carbons studied are
shown in Figure 6.12. Once again, the spectra of the high-
temperature carbons are indistinguishable from each other,
with the exception of the low-temperature carbon, Norit C.
This spectrum contains a significant O-H stretch band,
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Fig. 6.11 1Infrared spectra of pyrolysis products of 5-761
polymeric adsorbent after activation at
different temperatures
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which confirms that the material was not heated to
temperatures as high as 650°C. Other features are a strong
C=0 stretch band at 1705 cm~! attributable?®® to
carboxyl groups and a significant band at 1450 cm”!

attributable?®® to methylene groups.

6.2 Effect of Surface Oxidation on Surface Chemistry,
Structure and Gold Adsorption Activity of Activated Carbon

In an effort to furthcr evaluate the contribution of
surface chemical effects on the adsorptive properties of
the carbon, the effects of surface activation on various
physical and chemical preperties were evaluated. It has
previously been reported!®/77,268 ¢hat gurface oxidation
of activated carbon can result in lower gold adsorption
activities; however, no reasons ior this have yet been
proffered. Moreover, the oxidative processes used!6-
t8,26% 5 deactivate the preg-robbing component of
carbonaceous ores have peen used on a commercial scale
without any attempts being made to explain the agbservation.

a) Gold Adsorption Activity

The results in Table 6.6 confirm the fact that surface
oxidation in general reduces the gold adsorption activity
of activated carbons. The ragnitude of this reduction in
activity is dependent on the harshness of the oxidizing
conditions used. Boiling in 1M NaOCl for one hour had only a
slight effect, which was enhanced by substituting HNO, for
NaOCl, a reflection of the greater reduction potential for
the reaction

NO3 + 4H' + 3e” = NO + 2H,0 (E® = 0,96V) (6.18)

than for the reaction
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€10~ + H,0 + 2e” = C1™ + 20V~ (E® = 0,90V) (6.19)

Table 6.6
Effect of surface oxidation on gold
adsorption activity of Le Carbone G210 activated
carbon

Gold adsorption after 24 h, %
oxidation conditions
No additives 0,033M caCl, 0,1M HC1

None 16,4 32,7 79,4
Boiled in 1M NaoOCl,1h 12,2 29,2 39,1
Boiled in 1M HNO,, 1h 10,4 24,9 35,4
Boliled in 21:1 HNO,:

H,80,, ch 9,6 12,9 16,8
Soaked in 20% H,0,
for 1 week at 25°C 19,3 34,9 31,8

The depressing effect on gold adsorption activity in acidic
(0,1M HCi) solution is far more marked, even with NaOCl as
thr: oxidunt. It has prev;i.ously”'3 been shown that the
precipitation of AuCN from acidic aurocyanide solution,

H* + Au(CN)j = HON(#) + AuCN(4), (6.20)

occurs preferentially on hydrophobic surfaces. Oxidation
would yield a less hydrophobic surface, so evidently this
reaction is more sensitive tc¢ surface oxidation than
adsorption of aurocyanide from neutral and alkaline
solutions.

Finally, it is significant that hydrogen peroxide results
in enhancad gold extraction except for 0,iM HC1, Claus
and Weiss?8® observed that the presence of peroxide in the

in



adsurption medium was beneficial to gold loading. This
~ffect may be similar to that resorted in section 3.2e¢ for
the enhancenent of ycld adsorption activity in the presence
of molecular oxygen.

b) Activated Carbon Structure

Table 6.7 shows that oxidation under moderate conditions
with NaOCl, HNO, and H,0, all resulted ip a slight increase
in both micropore volume and surface area, presunably as a
result of micropore widening due to reactions with pendant
hydrocarbon chains at the edges of the microcrystallites.
No significant change in skeletal density was observed for
thes2 three carbons. However, marked changes occurred in
the case of the carbon oxilized in the concentrated acid.
The marked increase in the pore volume, together with the
large decrease in surface area and skeletal density,
suggests that extensive erosion of the nmicropores has
occurred in this case, resulting in the presence of fewer
micropores of larger diameter. These conditions are not
conducive to gold adsciption, as discussed earlier.

The effects of surface oxidation on the conductivity and
microcrystallite dimensions of activated carbor are shown
inTable 6.8. The conductivity remains virtually unchanged
for all the oxidation treatments, with the exception of the
harsh treatment, viz. boiling in 1:1 HNO,:H,S0, for two
hours, which caused a marked enhancement in conductivity.
Tt is propcesed that this is due to the removal of aliphatic
hydrocarbon chains from between the microcrystallites.
thus ensuring closer contact between graphitic regions.
This explanation is also compatible with the surface area
and micropore volume results.
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Table 6.7
Structural properties of oxidized lLe Carbone
G210 activated carbon

(v;xidation Skeletal Pore volume, cu®/g Surface
conditions density area
g/cm® Micro- Meso- Macro- Total ml/g
pore pore pore
None 2,086 ©,3916 0,1250 0,1343 00,6509 1000

Boiled in 1M 2,215 0,3823 00,1508 0,1697 0,7028 1000
NaCCl for 1h

Boiled in 1M 2,185 0,4372 G,1454 10,1546 10,7372 1180
HNO, for 1 h

Boiled in 1l:1 1,803 G,5649 0,1671 0,1401 ¢,8721 860
HNO4 :H,50,
for 2 hrs

soaked in 20% | 2,179 [ 0,4459 0,1459 0,1436 0,7354] 1160
H,0, for 1 |

week {
! |
0
Table 6.8
The effect of surface oxidation on the conductivity
and microcrystallite dimensions of Le Carbone G210
activated carbon
%\ oxidation conditions t, S/cm Lo, A Ly, A
None 3,8 10,2 43,2
O
: Boiled in 1M RaOCl, 1h 2,6 9,2 40,1
; Boiled in 1M HNO,, 1h 4,0 9,5 39,2
Boiled in 1.1 HNO4:H,S0,,
2h 0,14 19,2 41,1
Soaked ir 20% Hﬁoz for 1
week at 25°C 5,7 9,8 35,9
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