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Adsorption mechanisms of diisobutyl dithiophosphinate (DIBDTPI) and diisobutyl monothiophosphinate (DIBMTPI)
on gold and gold-silver alloys (80:20 and 50 :50) have been studied. The adsorption mechanisms on gold-silver
alloys can be explained by the EC mechanism involving an electron transfer step and a chemical reaction step. Thus,
the adsorption should be controlled by the E of the electrochemical oxidation of the electrode involved and the
PK of the metal collector compiex. Both di- and mono- thiophosphinate adsorb on 50 : 50 Au-Ag alloy at lower potential
than on 80:20 Au-Ag alloy surface. There are no significant differences between the reactivities of DIBDTPI and
DIBMTPI with precious metals except that the dithio- compound can be oxidized to dimer on gold at high potentials,
while the monothio- homologue cannot. In this regard, DIBDTPI may be a better surface active reagent for pure

gold than DIBMTPL

Introduction

The sulfur analogues of phosphinic acids have recently
found wide acceptance as selective collectors for the flotation
separation of base metal sulfides and precious metals, spe-
cially from complex sulfide ores.? The dithiophosphinate
(DTPI) is structurally similar to dithiophosphate (DTP, see
Table 1) but has collector properties that are quite different
from that of DTP. The metal complexes of DTPI are several
orders of magnitude more stable than those of DTP.! The
DTPI is also more resistant to aqueous oxidation than DTP.
The dialkyl DTPI is a far superior collector for galena, chal-
copyrite and precious metal values, as well as more selective
against sphalerite and iron sulfides, than the corresponding
DTP.

The monothiophosphinate (MTPI) is a new collector de-
rived from the corresponding dithiophosphinate by replacing
one of the sulfur atoms with oxygen (Table 1). This change
results in a more stable and stronger collector under certain
pH conditions.>~® As in the case of the dithio analogues,
there are differences in collector properties between MTPI
and monothiophosphate (MTP). The MTP], being a weaker
acid than MTP, is more effective in the neutral and mildly
alkaline pH conditions. The use of MTPI has also been
shown to provide increased precious metals recoveries from
ores.

It is well established that the adsorption of xanthate occurs
via a mixed potential mechanism, involving the anodic oxida-
tion of xanthate and the cathodic reduction of oxygen.® The
adsorption of xanthate results either in the formation of di-
xanthogen or metal xanthate. In the first case, the mineral
itself does not participate in the reaction except offering a
passage for the transfer of electron. This would be the case
for xanthate adsorption on pyrite, pyrrhotite, and gold.

For the case of xanthate adsorbing on some of the other
sulfide minerals (e.g., chalcocite and galena), the mineral it-
self is participating in the adsorption process resulting in
the formation of metal xanthates. The mechanism may be
viewed as a two-step process involving an initial electro-
chemical reaction (E), which is the oxidation of the mineral

Table 1. Structure of thiophosphate and thiophosphinate collec-
tors
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to release the metal ions, followed by the chemical reaction
(C) between the metal ions and xanthate to form metal xan-
thate. In organic electrochemistry, such mechanisms are re-
ferred to as coupled electrochemical and chemical reactions
of the EC-type.’®

In the EC mechanism, the electrochemical reaction is con-
trolled by the electrochemical potential (E) of the system,
while the chemical step is controlied by its stability constant
(pK), as suggested by the chemical theory of collector adsorp-
tion.? It may be stated, therefore, that the adsorption of thiol
collectors on sulfides is controlled by both the E and pK
values of the system. The E determines the availability of
metal ions, while the pK of the metal thiol complex determi-
nes whether this complex can be formed. The EC mechanism
simplifies the understanding of the adsorption process, speci-
fically for cases where the mineral itself undergoes oxidation
and participate in the adsorption reactions.

The EC mechanism was employed to explain the adsorp-
tion of modified thiol-type collectors, including MTP, on pre-
cious metals!® and that of DTPI on copper and copper sul-
fides.!! According to the EC mechanism, the process of cop-
per-DTPI formation on copper may be viewed as a two-step
process, involving an initial electrochemical reaction (E):
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Cu—Cu* +e7, 4y
followed by a chemical reaction (C),
Cu*+DTPI" ->CuDTPL 2
The overall reaction then becomes:
Cuw+DTPI" —»>CuDTPI+e . 3

However, relatively little is known about the mechanism
of interaction of thiophosphinates with precious metals. It
is not known whether the precious metals recovery observed
in practice is the result of direct interaction with these met-
als or the result of flotation of sulfides that have physically
locked metal values. The validity of the EC mechanism for
the precious metal-thiophosphinate system is investigated in
the present study using electrochemizal and spectroscopic
methods.

Experimental

Materlals. The gold plate was obtained from Johnson
Matthey, while the gold-silver (Au-Ag) alloy plates (0.5 mm
thick, 99.9985% pure) were acquired from Kultakeskus Oy
(Gold Center), Finland. The same precious metal plates were
used in both cyclic voltammetry and FTIR measurements.
The ammonium diisobutyl dithiophosphinate (DIBDTPI) and
ammonium diisobutyl monothiophosphinate (DIBMTPI) were
provided by American Cyanamid Company. The silver diiso-
butyl dithiophosphinate (AgDIBDTPI) complex was precipi-
tated by mixing silver nitrate and DIBDTPI solutions at neu-
tral pH conditions. Elemental analysis of the precipitate veri-
fied it to be AgDIBDTPL A similar procedure was used in
making the silver diisobutyl monothiophosphinate (AgDIBM-
TPI) complex. The dimer of DIBDTPI was prepared through
oxidation with aqueous iodine-potassium iodide solution. The
experiments were conducted in 0.05 M Na;B,0; solution (pH
9.2). All reagents used were of analytical grade, and all the
solutions were prepared with 18 MQ water. Prior to each
series of electrochemical experiments, the solution was de-
oxygenated by purging with low-oxygen N, gas (<0.05 ppm
0,) for at least one hour.

Cyclic Voltammetry. The cyclic voltammetry experi-
ments were conducted using a conventional three-electrode
system with a working electrode holder designed specially
for the precious metal plates. The electrode potential was
controlled in the electrochemical and spectroscopic measure-
ments with a Pine Instrument Co. Model RDE4 Potentios-
tat/Galvanostat and a PAR Model 175 Universal Programmer.
The reference electrode was a Ag/AgCl electrode, purchased
from Fisher Company, in 4 M potassium chloride. All poten-
tials are reported on the standard hydrogen electrode (SHE)
scale, taking the potential of the Ag/AgCl electrode to be
0.2 V against the SHE.” A scan rate of 50 mV/sec was used
in all the cyclic voltammetry experiments and cyclic voltam-
mograms were recorded on a Hewlett Packard 7015B X-Y
recorder.

FTIR Spectroscopy. The spectra of the electrode sur-
faces conditioned at the desired potentials for 1 minute were
recorded on a Perkin Elmer 1710 FTIR spectrometer equip-
ped with a mercury cadmium telluride (MCT) detector using
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Figure 1. Cyclic voltammograms of (a) Aw’, (b) 80:20 Au-Ag,
and (c) 50:50 Au-Ag at pH 9.2 in 0 (—) and 2X10™* M (—)
DIBDTPL

an external reflection attachment (Spectra Tech) with one
reflection. The conditioning potentials were determined ac-
cording to a result of cyclic voltammetry. The MCT detector
was cooled with liquid nitrogen and the angle of incidence
was 80°. The spectrometer was purged with N, gas to mini-
mize the amount of CO, and water vapor present. For each
measurement, 100 spectra were scanned, co-added and signal
averaged. The spectral resolution was set at 4 cm™. A wire
grid polarizer (Harrick Scientific Corporation) was used to
polarize the incident beam parallel to the plane of reflection
(p-polarized). To obtain the reference spectra, the transmis-
sion spectra of DIBDTPI and DIBMTPI in KBr pellets were
prepared and measured in the standard way.

Results and Discussion

Diisobutyl Dithiophosphinate. Figure 1 shows the
cyclic voltammograms for (a) Aw’, (b) 80:20 Au-Ag, and (c)
50 : 50 Au-Ag at pH 9.2 in the absence and presence of 2X
10* M DIBDTPL In the case of Au’, the anodic current
starting to rise at above 700 mV in the absence of DIBDTPI
is presumably associated with the oxidation of Au’. The addi-
tion of DIBDTPI results in the passivation of the electrode
surface, as indicated by the decrease in the current above
100 mV. However, the IR spectroscopic measurements car-
ried out under similar conditions do not indicate DIBDTPI
adsorption in the region where the electrode is passivated.
The passivation of the electrode observed in this cyclic voit-
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Figure 2. FTIR spectra of NH,DIBDTPI, (DIBDTPI),, and AgDI-
BDTPL

ammogram, therefore, may be associated with the weak phy-
sisorption of DIBDTPI, which is probably removed from the
surface when the sample is rinsed prior to the ex situ IR
measurements.

At potentials around 600 mV, the anodic current starts
to rise. This may be attributed to the oxidation of DIBDTPI
according to the following reaction:

2 DIBDTPI"—(DIBDTPD),+2 e". @

Apparently, this reaction is not reversible as there is no well-
defined reduction peak shown on the reverse scan. The for-
mation of (DIBDTPI), is verified by comparing the FTIR
spectrum of surface species with standard spectrum shown
in Figure 2.

The cyclic voltammograms for an 80:20 Au-Ag alloy in
the absence and presence of 2X107* M DIBDTPI are shown
in Figure 1(b}. Without any addition of DIBDTPI, oxygen
adsorption on this alloy is indicated by the increase in cur-
rent above 600 mV. Since the alloy contains 80% of Au’
by weight, it shows a characteristics quite similar to pure
Aw. In the presence of DIBDTPI, Ag’ is passivated below
350 mV. This is probably due to the following reaction:

Ag’ +DIBDTPI-—>AgDIBDTPI+e". (5)

The proposed DIBDTPI adsorption reaction could be the re-
sult of coupled reactions of the EC-type, which has also been
suggested for monothiophosphate interaction with Ag’.’® The
electrochemical reaction (E) involves the oxidation of Ag’:

Ag—Agt+e”, (6)
followed by the chemical step (C):
Ag*+DIBDTPI - AgDIBDTPL )
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Figure 3. Effect of potential on the IR signal intensity of DIBD-
TPI adsorbed at 2960 cm™' on Aw’, 80:20 Au-Ag, and 50:50

Au-Ag.

The interaction of DIBDTPI with the alloy, vta the EC
mechanism, is indicated by the anodic current rise above
350 mV. The oxidation of DIBDTPI to (DIBDTPI), is shown
by the curent rising above 600 mV. The anodic current at
higher potentials is due to the oxidation of Ag’.

Figure 1(c) shows the results of the cyclic voltammetry
obtained for the 50:50 Au-Ag alloy-DIBDTPI system. The
voltammograms show that the addition of 2X10~* M DIBD-
TPI results in the passivation of the electrode at low poten-
tials. The interaction of DIBDTPI on Ag’ is indicated by the
anodic current rising above 300 mV. This value is lower
than that for the 80:20 Au-Ag alloy. Therefore, the onset
of DIBDTPI adsorption is dependent on the silver content
of the alloy. The anodic peak observed at this potential may
be attributed to an EC-type reaction mechanism given by
reactions (6) and (7). The cathodic current rise starting at
around —50 mV is associated with the reverse of reaction
.

The FTIR spectra obtained for NH,DIBDTPI, (DIBDTPI),,
and AgDIBDTPI are given in Figure 2. The major absorption
peaks which are characteristic for the NH,DIBDTPI are ob-
served at 2956, 2868, 1165, 1106, 1060, 921, 838, 813, 797,
745, and 710 cm™'. The bands that are characteristic for
(DIBDTPI), are found at 2958, 2928, 2868, 1161, 1104, 1064,
1055, 851, 819, 783, 749, and 725 cm ™. For the AgDIBDTPI
compound, the characteristic bands are observed at 2953,
2868, 1164, 1106, 1065, 840, 808, 799, 759, 731, and 711 cm™.
The bands observed between 3000-2800 cm™?, which may
be associated with the C-H vibrations of the alkyl group,?
are almost same for the three DIBDTPL. However, the ab-
sorption peaks found below 900 cm™! are shifted for (DIBD-
TPI), and AgDIBDTPI as compared with those for NH,DIB-
DTPL The signals that may be due to stretching vibration
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Figure 4. Cyclic voltammograms of (a) Aw, (b) 80:20 Au-Ag,

and (c) 50:50 Au-Ag at pH 9.2 in 0 (---) and 2X107* M (—)
DIBMTPL

of P-S bond™" are shifted in both cases. This suggests that
the sulfur is involved in the bonding, ie, a S-S bond for
(DIBDTPI), and S-Ag bond for AgDIBDTPL

Figure 3 shows the change in the IR signal intensities
measured at 2960 cm™! as a function of applied potentials
for Au’, 80:20 Au-Ag, and 50:50 Au-Ag in the presence
of 2X107* M DIBDTPIL. It can be seen that DIBDTPI adsorp-
tion becomes significant at around 550 mV, 400 mV, and
300 mV for Aw’, 80:20 Au-Ag, and 50:50 Au-Ag, respec-
tively. These initial adsorption potentials correspond with
those where anodic current rises are observed on the cyclic
voltammograms. Therefore, there is a good agreement bet-
ween the results of electrochemical and spectroscopic mea-
surements. The potential where the collector adsorption
starts is directly related to the silver content in the alloys.
DIBDTPI adsorption starts at a higher potential for the 80 :
20 Au-Ag alloy than for the 50 : 50 Au-Ag alloy. The reason
for this potential shift is considered to be due to the dimin-
ished activity of silver as the silver content decreases in
the alloy.

Diisobutyl Monothiophosphinate. The cyclic voltam-
mograms for (a) Au’, (b) 80:20 Au-Ag, and (c) 50:50 Au-
Ag at pH 92 in the absence and presence of 2X107* M
DIBMTPI are presented in Figure 4. The cyclic voltammog-
rams for Au’ show similar findings to those for the Au’-DIB-
DTPI system, that is, passivation of the electrode is obser-
ved. However, there are no indications of the oxidation of
DIBMTPI, which is opposite to that observed for the corres-
ponding dithio analogue. The FTIR spectroscopic measure-
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Figure 5. FTIR spectra of NH,DIBMTPI, AgDIBMTPI, and Ag’
conditioned in 2x10"* M DIBMTPI at pH 9.2 and 500 mV.

ments do not indicate the presence of adsorbed species on
the Au’ surface over the entire potential range measured
(Figure 6). The passivation observed in this cyclic voltammo-
gram may be attributed to the weak physisorption of DIBM-
TPI, which the ex situ IR reflectance measurement is unable
to detect. Similar observations were also made for the Au’-
MTP systems.'® The cyclic voltammograms for the 80:20
and 50 : 50 Au-Ag alloys are similar to those found for DIB-
DTPI except that the formation of (DIBMTPI), is not obser-
ved for this collector. The adsorption of DIBMTPI on Au-
Ag alloys may be attributed to an EC mechanism involving
Ag’ and DIBMTPI to form AgDIBMTPI. The adsorption me-
chanism suggested here is similar to that proposed above
for the Au-Ag alloy-DIBDTPI system.

Figure 5 shows the FTIR spectra of NH,DIBMTPI and
AgDIBMTP], and the spectrum obtained for Ag’ conditioned
at 500 mV. The major absorption bands that are characteris-
tic for the pure reagent are observed at 2957, 2872, 1167,
1107, 1067, 1026, 936, 846, 816, and 773 cm™ . For the AgDI-
BMTPI, the characteristic bands are observed at 2960, 2869,
1166, 1119, 1052, and 804 cm~'. The bands observed in the
3000-2800 cm ™! range, which may be due to the C-H vibra-
tion of the alkyl group, do not represent any shift for these
two species. On the contrary, the absorption bands observed
below 900 cm ™!, which is presumably attributed to the stret-
ching vibration of P-S bond, are shifted for AgDIBMTPL
This implies that sulfur is involved in the bonding between
silver and DIBMTPI to form AgDIBMTPL The spectrum ob-
tained for Ag conditioned at 500 mV in the presence of
2X107* M DIBMTPI shows characteristic bands which are
similar to that for the bulk AgDIBMTPI compound. There-
fore, the surface species present on the electrode is thought
to be AgDIBMTPIL
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Figure 6. Effect of potential on the IR signal intensity of DIBM-
TPI adsorbed at 2960 cm™! on Aw’, 80:20 Au-Ag, and 50:50
Au-Ag.

Figure 6 shows the change in the IR signal intensities
measured at 2960 cm™! as a function of applied potentials
for Au® and Au-Ag alloys (80 : 20 and 50 : 50) in the presence
of 2X10~* M DIBMTPIL DIBMTPI adsorption becomes sig-
nificant at around 400 mV and 350 mV for 80 : 20 and 50 : 50
Au-Ag, respectively. However, there is no indication of the
presence of adsorbed DIBMTPI on Au’ over the entire po-
tential range. This result corresponds with that of cyclic vol-
tammetry for Auw’, which also shows no indications of the
oxidation of DIBMTPL The initial adsorption potentials for
Au-Ag alloys correspond with those where anodic current
rises are observed on the cyclic voltammograms. Therefore,
there is a good agreement between the results of spectrosco-
pic and electrochemical measurements. Same as the case
of DIBDTPI, the adsorption starting potential of DIBMTPI
on Au-Ag alloys is directly related to the silver content in
the alloys. Thus, it may be said that the presence of silver
as an alloying element with gold will facilitate the flotation
of gold-bearing ores with DIBMTPIL

Summary and Conclusion

The adsorption of diisobutyl di- and mono-thiophosphina-
tes on gold and gold-silver alloys (80:20 and 50 : 50) have
been studied. The results from cyclic voltammetry and FTIR
spectroscopy indicate that the di- and mono-thiophosphinates

Bull. Korean Chem. Soc. 1995, Vol 16, No. 4 325

adsorb on Au-Ag alloys through the formation of correspond-
ing silver complex via an EC mechanism: The adsorption
process involves an initial electrochemical reaction (E), which
is the oxidation of silver, followed by the chemical reaction
(C) leading to the formation of the Ag-thiophosphinate com-
pound. The results also show that, in the case of diisobutyl
dithiophosphinate, both a dimer, (DIBDTPI),, and silver com-
plexes, AgDIBDTPI, are formed on Au-Ag alloys. On Au’
electrode, the (DIBDTPI), is the only hydrophobic species
formed. For the case of DIBMTPI, however, there are no
indications of dimer formation on Aw’ and Au-Ag alloys. The
potentials for the onset of thiophosphinate adsorption as de-
termined by cyclic voltammetry and FTIR measurements are
in good agreement with each other. It is found that the onset
potential decreases with increasing silver content of a Au-
Ag alloy. The results suggest that the increased precious
metals recovery observed in practice when using thiophos-
phinates is related to their preferred interaction with silver.
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