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There are practical indications that flotation recovery of palladium bismuth tellurides is poor. This
work tested whether this can be caused by a lack of interaction of the collector with the telluride.
Impedance measurements, voltammetry and Raman spectroscopy were performed to determine
the interaction of dithiocarbonate collectors (KEX) with Pd-Bi-Te. Impedance measurements
showed lower capacitance values in solutions containing KEX indicating the formation of a
continuous surface layer. Anodic and cathodic polarization diagrams show the mixed potential to
be higher than the reversible potential of the xanthate-dixanthogen equilibrium reaction; hence the
formation of dixanthogen on the surface is possible. Electrochemically controkgtt Raman
spectroscopy did indicate the presence of bulk diethyl dixanthogen on the surface. Raman
spectroscopy has confirmed the co-presence of xanthate with dixanthogen, indicating that xanthate
retains its molecular integrity when it adsorbs on the surface of the Pd-Bi-Te. As a result, the
mineral surface is expected to be hydrophobic and a lack of collector interaction with the mineral
is not the reason for low PGM recoveries experienced.

Keywords: Raman spectroscopy; Pd-Bi-Te; ethyl xanthate; platinum flotation; Great Dyke; Pd-
bearing bismutho-tellurides and moncheite.

Introduction Regrinding of the ore to liberate the PGMs is an important

Traditionally the Merensky and UG-2 reefs, located in the ©Ption to avoid significant losses to the tailings. Significant
Bushveld Igneous Complex of South Afri,ca have been duantities of liberated PGMs were also observed in the

major sources of platinum-group minerals (PGMRecent flotation feed streams of Great Dyke étée5s in the case of

advances in beneficiation technologies have led to major the Great Dyke, Wilscrhas indicated that high base-metal

expansions along the Eastern Limb of the Bushveld Igneous SulPhide abundances in the Platreef do not necessarily

Complex. Even more recently we have seen expansions'”dicate high PGM contents. The poor association of PGMs
directed at altered platinum reserves, which are difficult to With the sul.p.hldes% Is_|tr)mlarlydresglts n tr;]e ?Iccur_renc;e OJ
process. These reserves include the Platreef and the Greafd'9€ quantities of liberated PGMs in the flotation fee

Dyke reserve in Zimbabwe. As a result of high temperature Sréam. Investigations are currently underway to treat UG-2
thermal alteration, the Great Dyke reserves contain OPencast pits by ultra-fine milling to liberate PGMs from
unusually high levels of hydroxisilicates i.e. talc and the oxidized reéf This clearly demonstrates the importance

chlorite2. The high levels of hydroxisilicates in the Great ©f Studying the individual flotation response of the most
Dyke reef result in excessive reagent consumption apundant PGMs. . .
compared to the Merensky and UG-2 éres A cc_)mprehenswe review of the PG_M r_nmeralogy of
The textural association of the PGMs will greatly €SPecially the Great Dyke and Platreef is given elsewhere
influence their recovery potential during flotation. Good ~Despite the obvious differences in the matrix mineralogy of
associations of base metal sulphides with PGMs are evidentth® UG-2 and Merensky reefs, the PGM mineralogy is very
for the Merensky and UG-2 reefs, and as a result recoveries Similar. For both these reefs the (Pd,P)S class is by far the
of 85% can be obtained. Because of the good PGM textural M0St abundant PGM class constituting sometimes up to

association, fundamental research was in the past focused30% of the PGMs. Penbertley al4 found that this class of
most'y on the adsorption Of dithiocarbonate C0||ectors PGM d|d ﬂoat but at IOWer rates than base metal Sulphldes.

(xanthate) onto sulphide minerals (i.e. pyrrhotite, NO indication was given on the flotation response of the Pd-
pentlandite and pyrite). However, the assumption that all Pt-Bi-Te. The PGM mineralogy of the Platreef and Great
PGMs remain associated with the base metal sulphides wasDyke reef is in contrast to that of the UG-2 and Merensky
challenged by the findings of Penbertby al.4 who ore in that a large portion of the minerals belongs to the Pd-
conducted a comprehensive study on the recovery of Pt-Bi-Te and PGE-S-As and PGE-alloy clasgesThe
platinum-group elements from UG-2 chromite from the occurrence of a large percentage of grains belonging to this
Bushveld Igneous Complex. Penberttyal4 found that up class in the rougher and cleaner tails of concentrators along
to fifty per cent of the PGMs were liberated during milling.  the Great Dyke shows that a fundamental understanding of
In addition, ores from the Great Dyke show poorer the interaction of these minerals with collectors is essential.
association of PGMs with the base metal sulphides and a The very small size (less than ifn in the case of the
significant portion is associated with the silicate minérals  Great Dyke) and scarcity of individual grains contribute to
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the complexity of studying fundamental interactions. It was 1 1 1
therefore decided to perform fundamental work (i.e. E:7+7 [3]
electrochemical investigatioin situ Raman spectroscopy G G

and electrochemically controlled contact angle As shown by Equation [3], formation of a surface layer
measurements) on synthetic minerals. Contact angle (with a finite value of G) will cause the electrode
measurements will not be possible on natural grains due to capacitance to decrease. In this way, the formation of
their small size. The same analytical techniques, except for surface layers can be detected when the mineral is
contact angle measurements, will also be employed once anodically polarized in the presence of xanthate ions.
natural grains are isolated. The comparison between natural
and synthetic grains will be of great importance in
evaluating synthetic grains as an alternative source of these
grains. The main advantage of synthesizing these minerals Electrochemical investigations

in bulk is the ability to perform microflotation tests 1o The selection of the composition of the grains, the synthesis

evaluate the performance of different reagent suites. procedure and evaluation of the integrity of the synthetic
To summarize, the aim of this study was to investigate cyystal are given elsewhére

the interaction of Pd-Bi-Te with dithiocarbonate collectors A conventional electrochemical cell with a three-

by employing electrochemical techniques andsitu electrode system was used. Potentials were measured
Raman spectroscopy. The overall aim was also to assessygainst an Ag/AgCl reference electrode filled with saturated

whether the poor flotation response encountered in the K|, which has a potential of +0.20V against the standard

Great Dyke of Zimbabwe can be related to poor collector- pydrogen potential. The PGM crystal was mounted in resin

mineral interaction. and electrical contact was achieved between the contactor
shaft and the mineral by employing a spring. The surface

area of the Pd-Bi-Te sample was 0.142.cirwo platinum

wire electrodes (10 cm in length) were placed in glass tubes
closed with porous glass discs at their ends. The platinum
counter electrodes were placed at equal distances from the
working electrode. The voltammograms were constructed

Experimental

Interaction of thiols with metals

It was proposed that the interaction of thiols with metals
(platinum, gold and copper) involved an electrochemical
mechanism, with an anodic oxidation reaction involving the
collector and a cathodic reduction reaction (i.e. reduction of

oxygeny. with a Schlumberger model (1287) potentiostat and the
2X™ =X, +2€ 1] potentiostat was interfaced with a Schlumbeger model 1260
frequency response analyser for the impedance

0,502(3(15) +H,0+2e =20H 2] measurements. All experiments were conducted at 25°C (=

1°C). Sodium borate at a concentration of 0.05MBY@;

X indicates the xanthate ion aid dixanthogen. Woods ~ was used to buffer the solution at a pH value of 9.3.
et al9 further proposed that Reaction 1 proceeds via an Solutions were prepared using distilled water with a final
initial chemisorption step and that the multilayers of resistivity of 18M2.cm. The solution was de-aerated for 2

dixanthogen product are bound to the chemisorbed hours with Argon gas (99.999%), from which oxygen was
monolayer xanthate by the interaction of the hydrocarbon

parts of the molecule. The main experimental advantage of
the electrochemical nature of the reactions is that the
reactions can be tracked by electrochemical techniques (i.e.
potentiodynamic measurements and impedance
measurements).

The possible interaction of dithiocarbonate collectors was
hence determined through potentiodynamic measurements
in the present work. Anodic and cathodic polarization
diagrams were drawn for Pd-Bi-Te, to investigate the
anodic oxidation and oxygen reduction reactions. The
possibility of the formation of a surface layer of the
collector was determined through impedance
measurements. Impedance measurements dHhaositu
detection of the formation of surface layers of collector
measured by a decrease in the circuit capacitance: a
significant change in the capacitance value will indicate the
formation of a continuous layer of the surfactant. Such a
continuous layer of surfactant is expected to render the
surface of the particle hydrophobic.

Impedance measurements are based on the modelling of
an electrode in solution as an electronic circuit containing
resistors, capacitors and inductors. A simplified version of
such a circuit is shown in Figure 1. The equivalent circuit
contains a resistor in series with a parallel circuit containing
a capacitor and resistor.
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. . Figure 1. Equivalent circuit of a metallic electrode in a solution
The capacitance effect is a result of the double layer  showing the different components. Also added is a Bode plot of
charging effect (g) and possible surface layerss(CThe the impedance as a function of the frequency. The effect of a
electrode capacitance is the series combination of the two decrease in capacitance is shown in the Bode plot. Drawn fopR
effects as shown in Equation [3]. =50Q.cm?, R, = 90(Q.cn? and C = 50pF/cm2 or 20 PF/cm?2
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removed by passing the gas over zirconia turnings heated atformation of a layer of tellurium and/or bismuth oxide

600°C. The solution was replaced between experimental covering the palladium-rich substrate. It was found that
runs to avoid contamination. Purified potassium ethyl reactivity of the minerals increased in the order of: PdTe <
xanthate (KEX) was used in all the experiments. The PGM PdTeBi < PdBi. This is in the same order as the reactivities
electrode was freshly prepared between experimental runsof Pd, Te and Bi in the pure form. Figure 3 shows the
by wet abrasion on silica carbide paper (2400 grit) followed anodic polarization curves of Bi, Te and Pd-Bi-Te in a

by a polishing stage using a 0.@& Micropolish Alumina-
B suspension.

Raman spectroscopy
Raman spectroscopy provided valuable information

regarding the nature of the species present on the surface o

the mineral. A detailed description of the experimental set-
up and procedure followed during the Raman spectroscopy
is given elsewhere This technique probes the surface
composition while the mineral is immersed in the
electrolyte, under potential control.

Results and discussion

The variation of the current as a function of potential,
obtained by changing the potential linearly with time
between 0.1 (SHE) and 0.4 V (SHE) at a scan rate of
1 mV/s, is shown in Figure 2. The figure clearly indicates

deoxygenated solution containing 0.05 VpBlD;.

Figure 3 clearly shows that Bi is more reactive than Te at
potentials lower than 300 mV. It is thus expected that
minerals containing higher levels of Bi should be more
susceptable to oxidation. It is hence expected that the

1reactivity of the minerals should increase in the order of:

PdTe < PdTeBi < PdBi, in agreement with Eletyall3.
This implies that merenskyite (ideal formula: Pg)Tshould

be more resistant to oxidation than michenerite (ideal
formula: PdBiTe) due to its higher tellurium content.
Although the reactive Bi and Te constitute 66.6 per cent
(mole basis) of the Pd-Bi-Te mineral, its reactivity is
appreciable lower than that of the pure constituents.

In order to investigate the formation of possible surface
layers of collector, the Pd-Bi-Te electrode was polarized for
20 minutes at 0.3 V (SHE) in a 0.05 M 48307 solution
with or without 1x 10-3 M potassium ethyl xanthate,
following which impedance measurements were performed.

the enhanced anodic activity in the presence of xanthate. In The results of this experiment are shown in Figure 4.

addition to this, the figure shows that some oxidation of the
mineral occurs in the absence of xanthate, at potentials
more positive than 300 mV, as indicated by the anodic
current. This anodic current does not originate from
adsorption of oxygen only (or from other side reactions).
Although anodic current from oxygen adsorption is
observed on — for example — pure platinum in this potential

The contribution of the capacitance value to the
impedance is a maximum at intermediate frequencies i.e.
where the phase angle is a maximum. The difference in the
impedance values (with and without the collector) at
intermediate frequencies, see Figure 4, is very significant.
The fact that a change in the impedance values was
observed indicates a change in the capacitance values due

range, the charge associated with such oxygen adsorptionto the formation of a continuous layer on the surface. The

on platinum is in the range 120-4QC/cn® (as found in
sulphuric acido, potassium hydroxidé and borate buffer
solutiond?), much less than the total anodic charge of
5.8 mC/cn for the mineral in Figure 2.

Elvy et al13 investigated the incongruent oxidation (in
air) of minerals in the Pd-Te-Bi system leading to the
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Figure 2. The influence of KEX on the anodic activity for Pd-Bi-

Te. Current-potential curves for a Pd-Bi-Te electrode in a 0.05 M
NazB4O7 solution at 25°C in the absence and presence of

potassium ethyl xanthate. Potential sweep carried out at 1 mV/s
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formation of such a layer would tend to decrease the
capacitance, see Equation [3].

These surface layers can possibly be multilayers of
dixanthogen. Dixanthogen can only form if the mineral
surface attains a potential higher than the equilibrium
potential of the xanthate-dixanthogen couple. The
reversible potential for the oxidation of ethyl xanthate to
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Figure 3. Anodic behaviour of selected metals and alloys in a de-
oxygenated solution containing 0.05 M N#4O7 solution
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Figure 4. Bode plots for a Pd-Bi-Te electrode after anodic
polarization for 20 min at 0.3 V (SHE) in a 0.05 M NaB4O7
solution containing zero and 1x 103 M potassium ethyl xanthate

diethyl dixanthogen is 0.121 V (SHE) at a collector
concentration of 18 M KEX?9. Efficient cathodic reactions
(i.e. reduction of oxygen on the surface of the mineral)
would tend to increase the mixed potential. The cathodic
polarization diagram showing the reduction of oxygen on
the surface, in a borate solution only, is given in Figure 5.

The intersection of the cathodic and anodic polarization
diagram (for 18 M KEX) in Figure 5, gives an estimate of
the mixed potential (&xed) for this system. The actual
measured mixed potential of the electrode in an oxygen-
saturated solution containing -2M KEX, is shown in
Figure 6.

The true mixed potential was determined by freshly
preparing the Pd-Bi-Te electrode by wet abrasion on silicon
carbide paper (2400 grit) followed by a polishing stage. The
borate solution was firstly aerated for 2 hours with oxygen
gas whereafter the xanthate was added to obtain a
concentration of 18 M KEX. The electrode was
subsequently washed with double distilled water and
quickly transferred to the electrochemical cell for
measurements. The potential readings commenced the
moment the electrode was immersed in the solution (t=0).
The true mixed potential (see Figure 6) compares well
(difference is less than 30 mV) with the value predicted
from individual anodic and cathodic polarization diagrams
(see Figure 5). This clearly demonstrates that the mixed
potential of the system is higher than the equilibrium
potential of the xanthate-dixanthogen couple. It is thus
expected for dixanthogen to form on the surface of Pd-Bi-
Te.

Complementing electrochemical investigations with
studies using Raman spectroscopy has provided valuable
information on the nature of the surface species (see
Figure 7).

A detailed account of Raman spectroscopy performed on
Pd-Bi-Te is given elsewhefeThe Raman spectrum in
Figure 7 (seeén situ spectrum) shows a clear band at 659
cml (characteristic of xanthate), which confirms that ethyl
xanthate retains its molecular integrity when it absorbs on
the surface of the minetdl In addition to this, the band
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that arises from the S-S stretching vibration of dixanthogen
at 498 cmt is present in Figure 7 (see situ spectra).
Vermaaket al” showed that droplets form on the surface of
the Pd-Bi-Te when polarized for extended periods at a
potential of 0.3 V. The droplets showed the same Raman
peaks as those of freshly synthesized dixanthogen. The
formation of droplets on the surface of the Pd-Bi-Te
electrode unambiguously shows that ethyl xanthate is
oxidized to diethyl dixanthogen and that the 498ldmand
identified in Figure 7 does arise from the S-S stretching
vibration. This result therefore confirms the formation of a
product layer as suggested by the impedance measurements
and mixed-potential measurements. The hydrophobicity of
the surface was also quantified by conducting
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Figure 5. Current-potential curves for a Pd-Bi-Te electrode in a
0.05 M N&B4O7 solution at 25°C in the absence and presence of
potassium ethyl xanthate. The cathodic polarization diagram was
constructed in an oxygen-saturated 0.05 M N#4O- solution.
Potential sweeps carreid out at 1 mV/s
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Figure 6. Mixed potential (for two runs) for Pd-Bi-Te in an
oxygenated solution containing 18 M KEX, at a pH value of 9.2
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Figure 7. Raman spectra of freshly synthesized potassium ethyl
xanthate, diethyl dixanthogen and then situ spectra of the
surface of the Pd-Bi-Te in a 0.05 M N#B4O- solution at 25°C
containing 103M KEX polarized at a potential of 0.3 V. Laser
power rating of 100 mW and recording time of 120 seconds

electrochemically controlled contact angle measurernents
The results showed finite angles (maximum angle: 63
degrees) in the presence of xanthate. These results clearly
indicate that the surface of the particle becomes
hydrophobic and therefore the mineral should be
recoverable if sufficient bubble attachment is achieved. The
particle-bubble attachment is influenced by the particle
since the particle size influences the probability of
attachment and the induction time (attachment after the
collision)5, As a result, smaller particles show slower
flotation rates compared to larger particles. Penbegthy
al.4 found that small liberated platinum-group minerals did
float, albeit at slower rates. Therefore, particle size could
contribute to the poor flotation response in this case
because the liberated PGM grains are usually less than

10 um in size.

Conclusion

The adsorption of ethyl xanthate on Pd-Bi-Te has been
studied using voltammetry, impedance measurements and
Raman spectroscopy. Pd-Bi-Te shows very strong anodic
activity when polarized at potentials > 0.2 V (SHE) in the

attachment is achieved.
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