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Kinetic studies on the oxidation of ethyl xanthate (O-ethyl dithiocarbonate) by hydrogen peroxide have been
conducted for a range of ethyl xanthate and hydrogen peroxide concentrations over the pH range 8-12. The initial
reaction product is a canonical form of O-ethyl S-oxodithiocarbonate. Further oxidation leads to a bifurcation

in the reaction pathway, with the formation of either O-ethyl thiocarbonate or a canonical form of O-ethyl S-
oxoperoxydithiocarbonate. The partitioning of the reaction between these alternative reaction paths is pH
dependent, with the proportion directed towards the O-ethyl thiocarbonate branch increasing over the pH range

10 to12. Further oxidation of O-ethyl thiocarbonate leads to the formation of O-ethyl S-oxothiocarbonate (or a
canonical form thereof'), analogous to the initial oxygen addition to ethyl xanthate. For both reaction branches the
ultimate sulfur-containing product is sulfate. Apart from the process controlling the bifurcation, the reaction kinetics
can be modelled as a series of bimolecular oxygen addition steps. This kinetic model is supported by hydroxyl radical
scavenging experiments (using ferz-butyl alcohol) that suggest no involvement by OH". The pH dependence of the
rate parameters indicates that reaction occurs exclusively with H,O, rather than HO, ", consistent with the expected
nucleophilic attack at the peroxide oxygen. The process controlling the partitioning between the two alternative
pathways is proposed to originate from an oxygen addition adduct of O-ethyl S-oxodithiocarbonate. This work
reveals that a range of potential metal ion complexants may be produced in the industrial application of xanthates
(primarily sulfide mineral extraction, but also including viscose rayon production and pesticide manufacture),

and that the environmental chemistry of these reagents is more complex than has been previously appreciated.

Introduction

Xanthates (O-alkyl dithiocarbonates, 1 (Scheme 1; alkyl =
C,Hjy)) are widely used as collectors (surfactants) in the froth
flotation of sulfide minerals, as well as in the production of
viscose rayon and pesticides. By far the greatest consumption
of these reagents is in mineral processing, with recent estimates
of worldwide use in the vicinity of 60 000 tonnes per year.!
Despite the large quantities used, the degradation pathways in
mineral processing operations and the natural environment
are poorly understood. Here we discuss the oxidation of ethyl
xanthate by hydrogen peroxide, one of the principal routes of
xanthate degradation in mineral processing operations. The
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results obtained have broader relevance to organo-sulfide
oxidations by peroxide type oxidants.

The function of xanthates in mineral processing is to select-
ively adsorb onto the target (economic) mineral in a suspension
of finely ground ore, converting the mineral surface from
hydrophilic to hydrophobic character. The hydrophobic
mineral particles adhere to dispersed air bubbles and are
partitioned into a froth layer that is readily separated. The
adsorption of xanthates onto sulfide mineral particles is gener-
ally believed to proceed via an electron transfer process,
involving the reduction of dissolved oxygen and the oxidation
of either the sulfide mineral surface or the xanthate collector. In
the latter case the mineral can be considered as a catalyst as the
direct reaction between xanthates and dissolved oxygen is very
slow. The nature of the surface xanthate species formed by this
process varies according to the particular sulfide mineral® but,
as shown in Scheme 1, can include dialkyl dixanthogen (or
bis[alkoxy(thiocarbonyl)]) (2), a metal xanthate surface precip-
itate (3), or chemi-sorbed xanthate (4).% It has been shown in
the case of both pyrite (FeS,) and galena (PbS) that one of the
reduction products of dissolved oxygen is hydrogen peroxide
(H,0,).** H,0, reacts directly with xanthate in solution,
yielding O-alkyl peroxydithiocarbonate (5a) (or the equivalent
canonical form, O-alkyl S-oxodithiocarbonate), known by the
trivial name alkyl “perxanthate”.%” The only other identified
aqueous oxidation product of xanthate is O-alkyl thio-
carbonate (6),*° however the formation of this species via
reaction with H,O, has never been demonstrated conclusively.

Studies into the environmental effects of xanthate use in
mineral processing appear to have focused on either the direct
toxicity of alkyl xanthates,™'* or the generation of gaseous
carbon disulfide (CS,) through hydrolysis.""** The environ-
mental importance of xanthate oxidation products appears to
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have received no attention, despite studies demonstrating that
alkyl perxanthates, at least, do form in mineral processing
operations.” In particular, the intrinsic toxicity of this, or any
other aqueous degradation products of xanthate, has not
been considered. Nor has the potential of these species to
coordinate metal ions or to adsorb at mineral surfaces. This
work addresses the oxidative degradation of xanthates in
solution, allowing a more considered assessment of their
environmental importance.

Xanthates with a range of alkyl chain lengths (C, to Cs) and
isomeric forms are used in sulfide mineral processing, the
most common of which is ethyl xanthate (EX™). The kinetics
of EX™ oxidation by hydrogen peroxide has received some
attention previously,”'* however the limitations of the solution
analytical techniques used in those studies did not allow the
reaction pathway to be explored in depth. The recent develop-
ment of an HPLC-based analytical technique' for the
separation and identification of ethyl xanthate oxidation
products has provided a suitable means to study this reaction in
more detail. In this paper we discuss the molecular mechanism
by which hydrogen peroxide reacts with EX™, taking into
account the influence of the solution pH, peroxide concen-
tration, xanthate concentration, and ionic strength on the
reaction kinetics.

Experimental
Materials

Potassium O-ethyl dithiocarbonate (KEX), ammonium O-ethyl
peroxydithiocarbonate (NH,” EPX™) and potassium O-ethyl
thiocarbonate (KETC) were prepared and characterised as
described previously." All other chemicals were analytical
grade and used without any further purification. All solutions
were prepared using Milli-Q water (18 MQ).

Reaction conditions

Kinetic experiments were conducted in a 500 ¢cm® multi-port
reactor at 25 °C in the absence of dissolved oxygen (N, purged).
Light was not observed to have any effect on the reaction
kinetics, although as a general rule, light was excluded from the
system. The majority of experiments were conducted with
a background electrolyte of 2 x 107> mol dm™ NaClO, and
5 x 107> mol dm™* buffer. It was not possible to use higher
concentrations of NaClO, on a routine basis due to difficulties
this imposed upon the ion-chromatographic analysis method
used for solution analysis, and as a result, the buffer contrib-
uted significantly to the ionic strength of the solution. The
buffering capacity at the buffer concentration employed was
not sufficient to hold the pH at the desired value for the entire
reaction and the pH of the reaction mixture was further
controlled by the addition of 0.1 mol dm ™ NaOH, via a pH stat
assembly. This combined approach was taken to provide
sufficient buffer capacity in the early stages of reaction, while
keeping the buffer concentration as low as practicable to avoid
influencing the reaction kinetics. Experiments conducted in the
absence of a pH buffer indicated that at the concentrations used
in this study, the buffers had no appreciable effect on the
reaction kinetics. The buffers used were potassium 4-(2-
hydroxyethyl)piperazine-1-ethanesulfonate (HEPES-K) in the
range 8§ < pH < 9, tris(thydroxymethyl)aminomethane (tris)
in the range 9 < pH < 10, 3-(cyclohexylamino)-2-hydroxy-
propanesulfonic acid (CAPSO) in the range 9 < pH < 10, and
sodium carbonate in the range 10 < pH < 12. Due to the vari-
able degree of ionization of the buffers, and the effect of the
operational pH upon the ionization of hydrogen peroxide (pK,
= 11.65),”* the ionic strength in the reaction system varied
between the extremes of 0.025 (pH 8, HEPES buffer, 1 x 1072
mol dm—* H,0,) and 0.06 (pH 12, carbonate buffer, 1 x 1072
mol dm~* H,0,). One experiment conducted with an elevated

level of NaClO, (0.1 mol dm™3; I = 0.125) indicated that the
temporal behaviour of the xanthate decomposition species
was not sensitive to the ionic strength. As a further check,
experiments were also conducted at pH 12 with a lower NaClO,
concentration, to give an ionic strength of 0.035. The experi-
mental results obtained were indistinguishable from higher
ionic strength systems. Replacement of the NaClO, electrolyte
by NaCl was also found to have no discernable effect on the
reaction kinetics.

The catalytic effects of carbonate in the oxidation of organic
sulfides by hydrogen peroxide have been described previously,'
and are thought to be due to the formation of peroxymono-
carbonate (HCO, ). Peroxymonocarbonate is proposed to
form via reaction (1) where K = 0.32 dm® mol™' and k; = 3.8 X
10~* dm® mol ™' s™! (pH 7.4).

H,0, + HCO; ~—4—>H,0 + HCO, K =K'k, (1)

Richardson and co-workers'®!” report second order rate
parameters for HCO, ™ oxidation of sulfides that are up to 300
fold greater than that for H,0,. Assuming that this level of rate
enhancement holds in the H,O,~EX™ system, it is readily calcu-
lated that HCO,  could have a significant effect on the rate of
oxidation. However, we did not observe any rate enhancement
in the presence of carbonate buffer, even at a concentration of
0.1 mol dm™>. The effect of carbonate buffer on the reaction
kinetics was not investigated further, although given that higher
levels of this species may occur in mineral tailings, such a study
could be justified.

Experimental methodology

Preliminary experimental work in which mixtures of EX™ and
H,0, were examined by HPLC revealed that both O-ethyl
peroxydithiocarbonate (EPX™) and O-ethyl thiocarbonate
(ETC™) were formed as reaction products. As both of these
species can be synthesised as pure solids,™ the reaction kinetics
could be examined in smaller sub-systems. The reactions of
EPX™ and ETC™ with hydrogen peroxide were studied over
a limited range of conditions, sufficient to determine rate
parameters that could be used in modelling the kinetics of the
hydrogen peroxide-EX™ reaction. It has been assumed in this
work that the kinetic parameters obtained from studies on
EPX™ and ETC™ can be directly transferred to the modelling of
the reaction of EX™ with hydrogen peroxide.

The reaction of ETC™ with hydrogen peroxide was studied
at an ETC™ concentration of 6 x 10~ mol dm™3, and H,0,
concentrations over the range 1 x 107* to 2 X 1072 mol dm .
One experiment was also conducted at pH 12 to determine the
pH dependence of the rate parameters. The direct reaction of
EPX™ with hydrogen peroxide was examined in one experiment,
at concentrations of 6 X 10> mol dm > and 1 X 1072 mol dm 3,
respectively. The reaction of EX™ with hydrogen peroxide was
studied over a wide range of conditions, with the concentration
of EX™ in the range 1 x 107° to 3 X 10~ mol dm~?, and H,0,
concentrations in the range 1 X 107 to 1 X 10" mol dm™>. In all
experiments, the concentration of H,0, was much greater than
that of EX™.

Solution analysis

The solution speciation of the reaction mixtures was deter-
mined by UV-visible spectroscopy as well as HPLC-based
techniques. For the UV-visible measurements the aqueous
solution was pumped by a peristaltic pump through an external
flow cell (10 mm path-length) in the sample compartment of
a CARY 500 (Varian) spectrophotometer. Data points were
collected at 15 s intervals for the first 20 min, and then at 1 min
intervals for the remainder of the reaction. Absorbance values
were recorded at both 301 and 348 nm, corresponding to the
absorption maxima of EX™ (g3, = 17 600 dm* mol™' cm™!) and

J. Chem. Soc., Perkin Trans. 2, 2002, 1562-1571 1563



EPX " (£345 = 10 400 dm® mol~' cm™"), respectively. The absorb-
ance at 301 nm was corrected for the contribution made by
EPX™ at this wavelength (g3, ~ 1200 dm® mol™" cm™)."* As
is shown in this paper, an additional oxidation product also
contributes to the solution absorbance at 301 and 348 nm,
complicating the interpretation of these data.

Samples for HPLC analysis were removed automatically
from the reaction vessel by drawing solution under vacuum
through the sample loop of the HPLC system. The chrom-
atography system was based on a Dionex AGP-1 (Sunnyvale,
CA) gradient pump with both UV-visible and conductivity
detection. The conductivity detector module was a Dionex
CDM-I model (DX300 Series), coupled with an AMMS-II
suppressor, while the UV-visible detector was a Hewlett
Packard G1315A (1100 Series) diode array spectrophotometer.
The chromatographic data were collected and analysed with the
Hewlett Packard ChemStation software package. The HPLC
control software was configured to inject samples continuously,
providing speciation information at 10-15 min intervals.
Separation of the alkyl thiocarbonate species and sulfur-oxy
anions was achieved using either an anion-interaction-based
method similar to that described previously,' or a standard
anion exchange based method. In general the anion exchange
separation procedure provided a more comprehensive analysis
of solution species, in particular allowing the detection of
sulfite (SO,*") and sulfate (SO,*").

LC-MS experiments were conducted using the same
separation system as that described above (anion-interaction
method,"* with the phosphate buffer replaced by ammonium
acetate buffer), coupled to an API 150EX (Sciex) mass
spectrometer detector configured in negative ion electrospray
mode. Instrument parameters were optimised for parent ion
determination using standard solutions of EX™ and maximiz-
ing the parent ion count rate. The suitability of these conditions
for parent ion determination of unknown species was verified
using standard solutions of EPX™ and ETC".

Data treatment

Kinetic profiles were simulated using a numerical integration
computer program based on a Runge—Kutta algorithm. Rate
parameters were fitted to experimental data by a least squares
minimization technique in which the rate parameters were
adjusted using a Simplex-based algorithm.”® For reaction
intermediates that could not be prepared as pure substances,
HPLC peak areas were used for parameter fitting. This profile
fitting approach is justified if it is assumed that the intermediate
is formed in a series of sequential reactions from a species of
known concentration such as that described by the generalised
sequential process shown by the reaction (2), where B is the
intermediate for which only HPLC peak area data are available.

S A gk o )

It can be assumed that the concentration of B is linearly
related to the corresponding HPLC peak area (A4g) by a scale
factor (Fp), as given by eqn. (3).

[B] = F X Ay 3)

The time dependent behaviour of species B is then described
by the differential equation (4), and as k, and [A], are both
known, only one set of values for k,, and Fy allows simulation
of the temporal profile of 4.

dBl _ k,[A], —k

B], =k,[A], -k
- W[Bl =k [A],

Fody, (3

‘m

In this work k,,, and Fj are fitted simultaneously.
Thermodynamic calculations of aqueous solution speciation
were carried out using GRFIT."”
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Results
Reaction of hydrogen peroxide with ethyl thiocarbonate (ETC")

To our knowledge, the reaction of hydrogen peroxide with
ETC™ has not been studied previously. Fig. la shows the
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Fig. 1 (a) HPLC trace obtained for a mixture of 3 x 10™* mol dm™*
ETC™ and 5 x 107° mol dm™® H,0, at pH 10 (carbonate buffer), after
60 min of reaction time, recorded using both UV (221 nm) and
conductivity detection systems. (b) UV spectra of ETC™ and I3,
obtained using diode array detection of eluting species in HPLC. The
extinction of the I3 species has been calculated from peak area data,
based on the kinetic model for the concentration of this species. (c)
Mass spectrum of 13, acquired using electrospray LC-MS in negative
ion mode.

chromatogram obtained for a mixture of 3 x 107 mol dm™>

ETC™ and 5 x 107* mol dm~* H,O, at pH 10 (carbonate buffer)
after 60 min of reaction time, recorded using both UV (221 nm)
and conductivity detection systems. Both sulfite and sulfate
were detected as reaction products, as well as an additional
species labelled “I3”, in accordance with the proposed reaction
mechanism for the oxidation of EX™ by H,0, discussed later.
The UV spectrum of 13 is shown in Fig. 1b, along with the UV
spectrum of ETC". The relative extinctions of these two species
have been calculated from the HPLC peak areas and the
corresponding solution concentrations. In the case of I3 the
solution concentration has been calculated through the kinetic
analysis of the peak area data for this species. LC-MS studies
on the I3 species gave the mass spectrum shown in Fig. 1c. The
parent ion peak at 121 m/z is 16 atomic units greater than
ETC™, suggesting that I3 is an oxygen addition product of
ETC". Good support for the assignment of the 121 m/z peak to
the parent ion comes from the peaks at 89 m/z (M~ — S°) and 92
miz (M~ — C,Hs). All other mass peaks in the spectrum shown
in Fig. lc correspond to eluant components. The temporal



Table 1

Rate parameters for the oxidation of ethyl xanthate and ethyl thiocarbonate by hydrogen peroxide

pH ky ks kylk, ke ks ke ke
8 0.246 0.0309 24 (0.053) — —
9 0.24, + 0.007 0.0345 + 0.006 1.6,% 0.7 (0.053) - — -
10 0.25,% 0.013 0.038, % 0.0054 13,04 0.053 + 0.004 0.18, % 0.02 0.18, % 0.09 0.023,
11 0.193 0.0294 1.8 (0.042) — — —
12 0.0645 0.0117 3.1 0.013 0.0597 0.0788 —

“ Units of all rate parameters are dm® mol™' s™!, except the ratio k4/k,. Errors in rate parameters have been quoted as * 2 ¢ where three or more
values were obtained. k, rate parameters in parentheses have been estimated assuming a linear dependence of k, on free H,0O, concentration, as

described in the text.
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Fig. 2 Experimental and simulated kinetic data for the oxidation of 6 X 107> mol dm ™~ ETC™ at pH 10 (carbonate buffer), for H,O, concentrations
of 2x107%,5x 1073, 1 x 1072, and 2 x 107> mol dm™? (legend shown for 2 x 107* mol dm™* H,O, concentration applies to all plots). Kinetic
simulations have been calculated from Mechanism 1, using the rate parameters given in Table 1. The residual component shown in these figures has
been calculated using the sulfur mole balance equation: [Residual] = [S], — [ETC] — [13] — [SO,*].

behaviour of all detected species at pH 10 is shown in Fig. 2 for
an initial ETC~ concentration of 6 X 107> mol dm*, and H,0,
concentrations over the range 2 X 107> — 2 X 107> mol dm™>.
Sulfite concentrations are not shown as the levels of this species
were too low to be determined quantitatively. The plotted con-
centration values for I3 correspond to HPLC peak area data,
scaled according to the factor determined in the profile fitting
of this species, as described in the experimental section.

Comparison of the temporal profile of 13 with the total con-
centration of sulfur-containing intermediates (S;,,), as given by
eqn. (5), reveals that there must be at least one other intermedi-
ate species in order to satisfy sulfur mole balance.

Z [Sinl ]I = [S]lolal - [ETCi] - [80427]

i

(©)

By allowing this (or these) species to be incorporated into a
residual kinetic component, the experimental data can be

simulated by a sequential reaction mechanism, as shown in
Mechanism 1 (Scheme 2). One of the species in the residual is
sulfite, although there is insufficient sulfite to account for all of
this component. It appears that there is at least one other
intermediate species that is not identified by the chromato-
graphic procedures used in this study. It is possible that through
the use of alternative separation conditions this (or these) other
species would be detected, although we have not pursued this
line of inquiry.

Optimised values for the rate parameters shown in Mech-
anism 1 are given in Table 1. While Mechanism 1 provides a
good simulation of the reaction profiles of the ETC™ oxidation
products, the simulation is deficient in some respects. Close
examination of the data shown in Fig. 2 reveals that the decay
of ETC™ is underestimated at the lower H,O, concentrations.
This deviation from the description provided by Mechanism 1 is
small, but could be due to an additional decomposition path-
way, perhaps involving a second order dependence on ETC".
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Scheme 2 Mechanism 1.

There is also a high variability in the k4 parameter, manifested
as a high error in the average value given in Table 1. The origin
of this effect is not clear, but again suggests that the description
of the reaction mechanism provided by Mechanism 1 is
incomplete. Further progress to elucidate the details of this
process would require: (i) detection and identification of other
sulfur-containing intermediates presently incorporated into the
residual component, and (ii) a more comprehensive study of
the dependence of the reaction kinetics upon the initial ETC™
concentration. While these avenues are worthy of further
investigation, we have not pursued them as the primary purpose
of this aspect of the present study was to obtain a mathematical
description of the oxidation of ETC™ by H,0O, that could be
used to understand the oxidation of EX~ by H,0,. For com-
pleteness, Mechanism 1 also includes the contribution by the
non-oxidative decomposition of ETC™ to form carbonyl sulfide
(COS) (ky). This was determined to be 1.5 x 107° s™!, which
compares closely with that measured® for O-methyl thio-
carbonate of 2.7 x 107° s™'. The non-oxidative decomposition
pathway is, however, only a minor component of ETC™ decay
under the conditions used in this study.

Reaction of hydrogen peroxide with ethyl xanthate (EX™)

The kinetics of the reaction of EX™ with H,0, has been studied
by Garbacik et al.'® as well as Jones and Woodcock.” These
authors found that EPX™ was formed as a reaction product,
although the use of UV-visible spectroscopy alone prevented
the subsequent steps in this reaction from being elucidated.
Fig. 3a shows a chromatogram recorded using UV-visible (221,
252 and 348 nm) and conductivity detection systems for a
mixture of 3 X 107*mol dm 3 EX ™ and 5 %X 107* mol dm* H,0,
at pH 10 (carbonate buffer) after 120 min of reaction time.
Clearly present in this chromatogram are EX™, EPX", and
ETC", all detected at 221 nm, as well as sulfite and sulfate, both
detected by conductivity. In addition to these identified species
are the I3 species discussed in the previous section, and another
unidentified intermediate labelled “I2”. The UV-visible
spectrum of 12 is shown in Fig. 3b, along with that for the
EPX" species for comparison. The relative extinctions of these
two species have been calculated from HPLC peak area data, as
described for the I3 species in the previous section. The very
close similarity between the absorption spectra of EPX™ and 12
over the range 300 to 400 nm demonstrates the difficulty in
studying the oxidation of EX™ by H,0, using bulk UV-visible
spectroscopy. Specifically, due to the contribution by the 12
species, measurement of the solution concentration of
EPX"™ from the absorbance at 348 nm leads to an over-
estimation of the concentration of this species. The mass
spectrum of 12, acquired using electrospray LC-MS, is shown in
Fig. 3c. The parent ion peak occurs at 153 m/z, 16 atomic units
greater than EPX™, suggesting that 12 is an oxygen addition
product of EPX™. The chemical nature of the 12 species is
discussed in a later section.
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Fig. 3 (a) HPLC trace obtained for a mixture of 3 x 10~* mol dm™?
EX™ and 5 x 107> mol dm > H,0, at pH 10 (carbonate buffer), after 120
min of reaction time, recorded using both UV-visible (221, 252 and 348
nm) and conductivity detection systems. (b) UV-visible spectra of
EPX™ and 12, obtained using diode array detection of eluting species in
HPLC. The extinction of the 12 species has been calculated from peak
area data, based on the kinetic model for the concentration of this
species, as discussed in the text. (c) Mass spectrum of 12, acquired using
electrospray LC-MS in negative ion mode.

The rate of reaction of H,0, with EX™ is approximately an
order of magnitude faster than that with EPX", allowing the
EPX" decay rates to be extracted directly from the experimental
data. Pseudo first order plots for EX™ and EPX"™ decays were
found to be linear for all conditions studied. For both species
the extracted first order rate constants increased linearly with
H,0, concentration (reaction order with respect to H,O, equal
to one in both cases) and were independent of the initial
EX™ concentration, indicating that for both of these species the
reaction with H,0, can be described by a simple second order
process. Rate parameters extracted from UV-visible spectro-
scopic data were the same as those obtained from HPLC data
in the case of EX™, but were always lower in the case of
EPX". This effect can be attributed to the contribution of the
12 species to the absorbance at 348 nm for the UV-visible
measurements. In simulating the reaction kinetics, the HPLC
derived rate parameters were used.

The absence of the 12 species in the oxidation of ETC™ by
H,0,, and its presence as an intermediate of the reaction of
EX™ with H,0, suggest that its formation precedes ETC™ in the
reaction pathway. In Fig. 4 are shown the temporal profiles of
ETC™, 13, and 12 for the reaction of 6 X 107° mol dm™* EX"~
with 1 X 1072 mol dm™ H,0, at pH 10 (carbonate buffer).
While the relative positions of the profile maxima of ETC™ and
13 are as expected, with the I3 maximum occurring after ETC™,
the 12 profile maximum occurs after both ETC™ and I3. Given
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Fig. 4 Temporal profiles of ETC™, 12, and I3, for the reaction of 6 X
107° mol dm ™ EX~ with 1 x 1072 mol dm™* H,0, at pH 10 (carbonate
buffer). The left hand scale corresponds to ETC™ concentrations, while
the right hand axis corresponds to 12 and I3 peak areas.

that 12 is not part of the ETC™ oxidation pathway, and is
formed prior to ETC", its temporal behaviour relative to ETC™
and I3 can only be explained by its formation and decay via
a separate pathway. Put another way, if a purely sequential
pathway were operating, the 12 maximum would occur before
the ETC™ maximum. In order to further refine the position in
the reaction pathway where the 12 species is formed, one
experiment was conducted in which the oxidation was started
from the EPX™ species. The 12 species was also observed under
these conditions, indicating that 12 is formed after EPX". The
most straightforward explanation for the temporal behaviour
of I2 is that a bifurcation in the reaction path occurs
after EPX™ whereby oxidation proceeds via either the ETC™
pathway, or the 12 pathway.

In a mathematical sense, the proposed bifurcation in the
EX™ oxidation pathway can be simulated as either originating
from EPX™ (perhaps from two different equilibrium forms), or
from a subsequent product of EPX". For reasons discussed
more fully in a following section, the second of these two
models appears to be more likely. In line with this assertion, a
kinetic model for the oxidation of EX~ by H,0,, in which
a bifurcation occurs from a species (“I1”) after EPX" is shown
in Mechanism 2 (Scheme 3). In the simulation of the experi-
mental data using this mechanism, the k; and k, parameters
have been fixed at the average of the values obtained for
numerical fits to EX™ and EPX™ profiles, for a range of buffer
types and H,O, concentrations at pH 10. The rate parameters in

S k. S

J‘L * H202 _,-O_
CoHs0™ ST CoHsO S

S k

0-* H0, —2 1
CsHs0 S
k. fast fast O
< A, 8 L JL + S0,
CoHs0 S”

plus Mechanism 1

k
H —L = 12

2+ Hy0,

5 (fast ) CHsOH + 280, + COs*

( fas!. refers to a non rate-determining oxygen addition step.

H20 and H* not shown in steps 1-3, 7 and 8)

Scheme 3 Mechanism 2.

the ETC™ branch (k,, ks, k¢, and ky) have been fixed at those
obtained for the direct reaction of ETC™ with H,0,, discussed
in the previous section. Both k5 and &, describe uni-molecular
reactions of I1 to form ETC™ and I2 respectively. The ratio of
these parameters controls the partitioning between the two
alternative decomposition branches, and can be uniquely
determined by fitting the experimental profile of ETC™. The k,
parameter, as well as the scale factor relating 12 peak area to
concentration, can be determined by fitting the peak area data
for 12. In Fig. 5 are shown experimental and simulated data for
EX", EPX ", ETC", 12,13, and SO,* for an initial EX~ concen-
tration of 6 X 107> mol dm 3, and H,O, concentrations over the
range 2 X 107 — 2 x 1072 mol dm™ at pH 10, where the
simulated data have been calculated using the parameters given
in Table 1. I3 concentrations have been calculated using the
same scale factor as that determined in the direct study of
ETC™ oxidation by H,O,. The simulation of the experimental
data is generally very good, supporting the description of the
oxidation of EX™ by H,0, provided by Mechanism 2.

Effect of pH on the oxidation of ethyl xanthate by hydrogen
peroxide

Mechanism 2 provides a good description of the reaction kinet-
ics across the pH range studied (pH 8-12), provided that the
partitioning between the ETC™ and 12 branches is allowed to
vary. Figs. 6a and 6b show the dependence of the second order
rate constants k; and k,, respectively, on the solution pH. Also
shown in these figures are the solution speciation curves for
H,0, and HO, (pK, of 11.65)." The strong correlation
between the proportion of hydrogen peroxide present as H,O,
and the rate parameters k, and k, suggests that the oxidation of
EX™ and EPX™ occurs exclusively through reaction with H,O,
rather than the conjugate base. Values obtained for the
k, parameter (reaction of ETC™ with H,0,) at pH 10 and 12
(Table 1) suggest a similar dependence upon the H,0, concen-
tration, although a more comprehensive study of the pH
dependence of this process would be warranted. In the
modelling of EX™ oxidation by H,0, at pH 8, 9, and 11, this
dependence has been assumed.

Fig. 6¢c shows the pH dependence of the partitioning between
the ETC™ and 12 pathways, plotted as a percentage directed
along the 12 pathway. The partitioning between the two
pathways varies with solution pH, possibly passing through a
maximum around pH 10, although more data points are
required below pH 10 to confirm the trend in this pH region.
The apparent decrease in the partitioning to the 12 pathway at
pH > 10 is supported by a comparison of the temporal profiles
of ETC™ and 12 at pH 10 and 12, shown in Fig. 7. The data in
Fig. 7 show that, apart from the expected slower reaction at
pH 12 compared to pH 10, the maximum amount of ETC™
produced is greater, while the amount of 12 produced is less.
Data points are not shown for 12 concentrations at pH 12 as the
levels were close to the detection limit and could not be quanti-
fied accurately. As further support for decreased concentrations
of 12 at pH 12 compared to pH 10, values of the k, parameter
extracted from UV-visible data and HPLC data at pH 12 were
very similar, indicating a decreased contribution by 12 to the
measured absorbance at 348 nm.

Effects of tert-butyl alcohol and acetonitrile on reaction kinetics

Diagnostic experiments were conducted using tert-butyl
alcohol and acetonitrile to determine the relative importance of
hydroxyl radicals (OH") in the oxidation of EX~ by hydrogen
peroxide. Hydroxyl radicals are efficiently scavenged by fert-
butyl alcohol, with a bimolecular rate constant® of around 6
x 10 dm® mol™' s™'. The addition of this reagent to reaction
systems containing hydrogen peroxide quenches OH" oxidation
pathways, and allows the relative contribution of OH" mediated
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Fig.5 Experimental and simulated kinetic data for the oxidation of 6 X 107> mol dm™* EX™ at pH 10 (carbonate buffer), for H,O, concentrations of
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dotted lines and dashed lines respectively.

oxidation to be determined. fert-Butyl alcohol, at a concen-
tration of 0.1 mol dm3, was included in a reaction mixture
containing 6 X 107> mol dm™* EX™ and 1 x 107 mol dm™*
H,0,, at pH 10 (carbonate buffer). The values obtained for k;,,
k,, and the partitioning between 12 and ETC™ branches under
these conditions are shown in Figs. 6a—c, respectively. The
presence of tert-butyl alcohol had no significant effect on
temporal behaviour of EX™ or the subsequent oxidation
products, indicating that OH" has little involvement in the
oxidation mechanism. It is worth noting that the fit to the
experimental data provided by Mechanism 2 for the system
containing tert-butyl alcohol was superior to that obtained in
the absence of this reagent. It is likely that in the absence of
tert-butyl alcohol, some minor free radical processes lead to
slight deviations from the kinetic behaviour described by
Mechanism 2.

Acetonitrile reacts with hydrogen peroxide to form ethyl
peroxyimidic acid (CH;-C(=NH)-OOH), an extremely strong
oxygen atom addition reagent.”* The reaction kinetics of a
mixture containing 6 X 107> mol dm™ EX~ and 1 x 1072 mol
dm™® H,0, were studied at pH 10 (carbonate buffer), where
acetonitrile was added at a concentration of 2 X 107> mol dm ™.
The inclusion of this concentration of acetonitrile led to a
significant increase in the rate of reaction, with the k,; and k,
rate parameters increasing by factors of approximately two and
five, respectively. These points are not plotted in Fig. 6. Despite
this increase in reaction rate, there was no change in the nature
of the reaction products formed, with both ETC™ and 12
observed in solution. This observation is consistent with the
oxygen addition mechanism proposed here for the reaction of
EX™ and subsequent products with hydrogen peroxide.
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Discussion
Effect of pH on rate parameters

The observed correlation of k,, k,, and k, with the proportion
of hydrogen peroxide present as H,0, is consistent with
previous studies. This trend has also been observed in the
reaction of hydrogen peroxide with both sulfite”* and dimethyl
sulfide (DMS).?* In the latter case, this difference in reactivity
between H,0, and HO,  has been attributed to nucleophilic
attack by sulfide at the peroxide oxygen, on the basis that H,0,
is a stronger electrophile than the conjugate base. This
behaviour is also broadly consistent with molecular simulations
of H,0, oxidation of H,S, where oxygen addition is proposed
to be facilitated by solvent molecule (water) stabilization of a
transferred OH* group.”® This ionic oxygen atom transfer
mechanism is presumably less favourable in the case of HO, .
One significant difference between the oxidation of DMS and
that of EX™ and EPX" is that in the case of DMS, some reactiv-
ity towards HO,™ is observed (an order of magnitude less than
with H,0,). HO,™ has no detectable reactivity towards EX"~
or EPX™, which is most likely due to the additional effect of
charge repulsion between the reacting species.

Origin of the reaction bifurcation and identity of the 12
intermediate

Given that reaction in this system proceeds by oxygen addition
to sulfur, the bifurcation in the oxidation pathway is most likely
associated with the presence of two distinctly different sulfur
environments in EPX™. Complicating the mechanistic inter-
pretation is that the electronic configuration of EPX™ in
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solution is not known, and could be any of the canonical forms
shown in Scheme 4: 5a (O-ethyl peroxydithiocarbonate), Sb
(O-ethyl S-oxodithiocarbonate) or 5¢. As we have discussed
previously,™* the UV-visible spectroscopic properties of EPX~
favour 5b or 5c over 5a. In correlating the sulfur atom at which
reaction occurs and the corresponding reaction product, the
following seems likely. The oxidation of dithiocarboxylic
esters (R-C(=S)-S-R’) by the oxygen addition reagent
m-chloroperoxybenzoic acid has been studied previously, and
is closely related to this system. For these compounds the
first oxygen addition occurs at the thiono-sulfur, yielding an
S-oxide (or “sulfine”) analogous to 5b. Subsequent oxygen
atom addition can occur at either the sulfine-sulfur, which after
rearrangement yields a carbonyl group,”®* or at the sulfide-
sulfur, yielding a sulfoxide (-S(=0)-) group.?®* The equivalent
reactions for EPX™ would yield either ETC™ or the sulfoxide
derivative of EPX™, respectively. The molecular weight of
12 (153 daltons) is consistent with the formation of 7 (O-ethyl
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Fig.7 Experimental and simulated kinetic data for ETC™ and 12 at pH
10 and 12 (both in carbonate buffer), for the reaction of 6 x 10> mol
dm™ EX~ with 1 X 107> mol dm ™~ H,0,. Simulated kinetic data have
been calculated from Mechanisms 1 and 2, using the rate parameters
listed in Table 1. Levels of 12 at pH 12 were at or below the detection
limit and are not plotted.
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S-oxoperoxydithiocarbonate) shown in Scheme 4, or a canon-
ical form thereof. Further support for this assignment comes
from the UV-visible spectra of EPX™ and 12 (Fig. 3b). Both
these species exhibit absorption bands around 350 nm, con-
sistent with that expected for a dithiocarbonate S-oxide
chromophore (—(C=S=0)-S-),” and indicating the chromo-
phore remains intact in 12, albeit with a reduced extinction.

In the simulation of the reaction kinetics the bifurcation in
the reaction pathway is assumed to originate from a reaction
product of EPX", labelled I1. There is no direct evidence for
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this intermediate, although the observed pH dependence of
the k, parameter (Fig. 6b), combined with the variation in
partitioning between the 12 and ETC™ reaction branches, does
support this model. The variation of k, with pH correlates well
with the proportion of hydrogen peroxide present as H,0,. If it
were assumed instead that the reaction bifurcation originated
from, for example, two equilibrium forms of EPX", it would be
necessary to resolve the k, parameter into two components, one
leading to ETC™ (kygrc) and the other to 12 (kyq,), where k, =
ky@rey + Ky In this case, to account for the increased
proportion of ETC™ produced at pH 12 compared to pH 10, it
must be concluded that the kygrc) parameter decreases less
than the k,q, parameter over the pH region where hydrogen
peroxide deprotonation occurs (10 < pH < 13). The problem
with this interpretation is that the k,,, parameter would have to
decrease more rapidly with increasing pH than would be
expected from the proportion of hydrogen peroxide present as
H,0,, which is unlikely. In the simulation of the kinetic data I1
is assumed to be an oxygen addition product of EPX"™ that
subsequently rearranges into either 12 or ETC™ via unimolecu-
lar pathways. What remains unresolved from this work is the
physical process controlling the partitioning between the two
pathways. While solution pH does influence the partitioning
(Fig. 6c), the observed change in partitioning across the pH
range 10-12 (by a factor of approximately two) is less than
would be expected for a pH controlled process. Equally, the
variation in partitioning does not appear to be related to the
[H,O,] to [EXT] ratio, at least over the range of conditions
studied here, eliminating a possible second order dependence
upon [H,0,] (e.g. H,0, assisted oxygen atom transfer) for one
of the reaction branches. The kinetic modelling of this aspect
of the oxidation is phenomenological and requires further
investigation to determine its physical basis. We are currently
conducting structural studies on the ammonium salt of EPX™
(NH,® EPX"), which combined with spectroscopic data for
both solid and aqueous forms of EPX™, will provide further
insight into the electronic configuration of EPX™, and therefore
the likely identity of 1.

Identity of the I3 intermediate and its further oxidation

The identity of I3 can be deduced by analogy with the addition
of oxygen to EX™ to form EPX". The molecular weight of 13
differs from ETC™ by an amount equivalent to one oxygen
atom, and given that oxygen addition occurs solely at sulfur,
I3 is most likely the S-oxide of ETC™ (O-ethyl S-oxothio-
carbonate), in the form of either 8a or 8b (Scheme 4). As
discussed previously, the kinetic analysis of the oxidation of
ETC™ by hydrogen peroxide indicates that there is at least
one additional sulfur-containing intermediate (incorporated
into a residual kinetic component) between 13 and sulfate. By
analogy with the reaction of H,0, with EPX"™, oxygen add-
ition to I3 would be expected to lead to the rapid formation
of O-ethyl carbonate and the formation of a sulfur-oxy
species in solution. This sequential oxygen addition mechanism
does not provide a satisfactory explanation for the residual
component, and given the high variation in the ks parameter
(decay of the residual component), it is likely that the oxid-
ation mechanism for I3 is more complex than that described by
Mechanism 1.

Implications for the environmental fate of xanthates

Although the electrochemical model of xanthate adsorption
onto sulfide minerals is widely accepted, evidence for the form-
ation of hydrogen peroxide as the dissolved oxygen reduction
product is limited to laboratory based electrochemical studies.**
To our knowledge there have been no measurements of
hydrogen peroxide concentrations in mineral processing waste-
streams. Nevertheless, the presence of EPX™ in plant process
waters has been reported from a number of sites, indicating that
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xanthate decomposition does occur,” and suggesting that
hydrogen peroxide is present. Similarly, we have previously
shown™ that both EPX™ and ETC™ are produced in nickel
sulfide suspensions containing EX™. The results obtained in
this study suggest that in addition to these species a number
of other oxidation products may form in sulfide mineral
systems. These anionic oxidation products could be important
in the environmental context as they have the potential to
form metal ion complexes and precipitates, or adsorb at
the solid-aqueous interface of oxide, sulfide, and clay
minerals. Such processes may influence both the mobility
of metal ions in the natural environment, as well as the mech-
anism by which the xanthate oxidation products are further
oxidized.

Conclusions

The oxidation of EX™ (O-ethyl dithiocarbonate) by hydrogen
peroxide occurs by an oxygen addition mechanism with little,
if any, involvement by hydroxyl radicals. The final sulfur-
containing reaction product is sulfate, indicating the overall
reaction is that shown by reaction (6).

C,H:0CS,” + 8 H,0,—
C,HOH + CO2 + 250, +5H,0+ SH*  (6)

The immediate reaction product of EX™ is O-ethyl S-
oxodithiocarbonate (EPX™), or a canonical form thereof.
Further oxidation of this anion leads to a bifurcation in the
reaction pathway, a consequence of the two distinct sulfur
environments in EPX™, although most likely originating from
the oxygen atom adduct. One of these alternative pathways
leads to the formation of O-ethyl thiocarbonate, and the other
to the formation of O-ethyl S-oxoperoxydithiocarbonate
(or a canonical form). The partitioning of the reaction between
these two pathways decreases with pH over the range 10 to 12,
although the physical process controlling the partitioning
has not been determined. The kinetic data can be simulated
by a series of bimolecular oxygen addition steps, with the
inclusion of a partitioning parameter describing the proportion
of the reaction proceeding along the alternative reaction
branches.

The anionic thiocarbonate species observed in this study have
potential importance in understanding the environmental
impact of xanthate use in industrial applications. Given the
large quantities of xanthates used world-wide ' in the upgrading
of base metal sulfide deposits, further studies into the intrinsic
toxicity of these xanthate oxidation products, as well as their
capacity to coordinate metal ions in solution and at mineral
surfaces, are warranted.

The work described here appears to be the first report of
anionic dithiocarbonate S-oxide species, and raises the possi-
bility of synthesising a new class of inorganic coordination
compounds based on these ions. Our preliminary investigations
into the chemical properties of EPX™, for example, show that
this species forms a relatively stable precipitate with Pb", and
adsorbs at the surface of goethite (a-FeOOH). While our inter-
ests are exclusively in the chemical processes that occur in
the natural environment, investigations of the physical and
chemical properties of synthetic materials based upon these
anions could be rewarding.
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