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SURFACE ELECTROCHEMICAL CONTROL FOR
FINE COAL AND PYRITE SEPARATION

DOE PROJECT NO. DE-AC22-89PC-89758

Technical Progress Report
4/1/90 - 6/30/90

This is the fourth technical progress report prepared in accordance with the reporting
requirements of DOE Project No. DE-AC22-89PC89758. It covers the work performed during
the period, April i, 1990 to June 30, 1990 and includes the results obtained on surface
electrochemical properties of mineral pyrite and coal pyrite using cyclic voltarnmetry. The
electrochemical study comprises three parts: steady state polarization, cyclic voltarnmetry and
AC impedance studies. The steady state polarization has been reported in the first technical
progress report and the AC impedance study will start immediately after completion of the cyclic
voltammetry study.

CYCLIC VOLTAMM TRIC STUDY OF MINERAL PYRITE AND
COAL PYRITE IN SODIUM BORATE/SULFATE SOLWrIONS

In this study, cyclic voltammetry was used to determine oxidation/reductions reactions
occurring at coal and coal pyrite surfaces. The objective is to develop methods to control the
oxidation/reduction potential in electro-flotation processes and ultimately to modify surface
properties for the optimum separation of pyrite from fine coal.

EXPERI2VIE,NTAL

Electrodes

For each experiment, a selected pyrite sample was used as the working electrode. One
mineral pyrite and two coal pyrite electrodes were prepared from pieces of natural crystals. The
mineral pyrite was obtained from Ward's National Science Establishment and the coal pyrites
were from sulfur refuses obtained from thz Pittsburgh No. 8 seam of the Cumberland Mine,
Greene County, PA and the Upper Freeport seam, Coshocton County, OH. The samples were
cut to size, avoiding inclusions, cracks and voids and encapsulated in epoxy cement. The
electrode surfaces were ground on 600 grit silicon carbide paper and polished sequentially using
1.0, 0.3 and 0.05 micron alumina before each measurement. The exposed surface area of the
Upper Freeport coal pyrite sample was 0.3 cm 2 and the mineral pyrite and Pittsburgh No. 8 coal
pyrite surfaces were 1 cm2. A 12 cm2 platinum sheet was used as the counter electrode and a
saturated calomel electrode was used as the reference electrode.

Solution

An electrolyte solution of 0.0lM sodium borate in 0.49M sodium sulfate was prepared



from reagent grade chemicals and deionized distilled water. The pH of the solution was 9.2.
Higher and lower pH values were obtained by addition of concentrated NaOH or HCf solutions.

Experimental Procedure

Cyclicvoltammetry measurements were conductedat room temperature in a three-
compartment Pyrex ccH. Both the saturated calomel reference electrode and the platinum
counter electrode were kept in ,separate compartments. For comparison, experiments were
performed with the solution in the working electrode compartment both quiescent and
magnetically stirred. The solution was purged with bubbling argon for about two hours prior
to insertion of the sample electrode. The flow of argon at the surfar,e of the solution was
continued during measurements to prevent diffusion of atmospheric oxygen to the solution
surface. Data were recorded and plotted by an EG&G Model 273 Potentiostat/Galvanostat
programmed with an IBM PC-Xr computer. The scanning potential covered the range from
hydrogen to oxygen evolution (-1.3 to +0.8V, vs SCE). Scan rates were varied between 5 and
400 mV/s. Because the electrode surface was oxidized very easily during polishing, the first
few cycles wea_ not reproducible, but reproducible results were obtained after several cycles.
The results reported in this study were for the fifth cycle, unless otherwise indicated. The
solution pH was 7.9, 9.2 and 10.5.

RESULTS AND DISCUSSION

Mineral Pyrite

Cathodic/anodic pairs of peaks were observed at potentials of about -1.0/-0.SV and -0.5/-

0.15V for a pH of 9.2, a scan rate of l_mV/s and stirred electrolyte (Figure 1). An additional
peak was observed at about 0.50V (SCE) for the quiescent solution at pH 9.2 and a scan rate
of 100mV/s (Figure 2). Based on Pourbaix diagrams for the Fe-H20 and Fe-S-H20 systems
(1,2) and the standard electrode potentials (3), the following reactions are proposed to explain
the observed peaks:

Peaks 1 andre 2):

Surface oxide layers exposed to cathodic potentials more negative than _, -0.83V (SCE)
(at pH = 9.2) would be expected to form metallic iron. The reaction is

Fe(OH)2 + 2e = Fe° + 2OH (1)

E_ = -.0475 - 0.059pH (2)

At pH = 9.2, E,, = -0.59V and Esc_ = -0.832. This reaction would account for peak 6 and the
anodic reaction, Eq. 1, would account for peak I corresponding to the formation of Fe(OH)2.
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Ferrous hydroxide present on the surface would be expected to oxidize to ferric
hydroxide at higher potentials according to the reaction

.... Fe(OH)2 + H20 a= Fe(OH)3 + H+ + e (3)

F_ = 0.271 - 0.059pH (4)

At pH 9.2, _ = -0.272V and _ = -0.514V. Also in this potential range, pyrite would be
expected to oxidize to ferric hydroxide with the formation of sulfate ion,

FeS2 + llH20 = Fe(OH)3 + 2SO42-+ 19H. + 15e (5)

F_ = 0.402- 0.0747pH + 0.00751og[SO42-] (6)

At pH --- 9.2 for the above electrolyte, _ = -0.288 and EscE= -0.530

In basic solutions, intermediate potential-determining, metastable sulfoxy anions are 'also
expected to form. For example pyrite oxidation may result in the formation of dithionate ion
according to the reaction

FeS2 + 9H20 = Fe(OH)3 + S20_2"+ 15H+ + 13e (7)

E,, - 0.50 - 0.0681pH + 0.00451og[$2O_2"] (8)

Calculated values of voltage for [$20_2"]activities in the range of l_m to 10am give E_ values
of-0.154 to -0.136V and Esca values of-0.396 to -0.378V. If elemental sulfur is formed the
reaction is

FeS2 + 3H_O = Fe(OH)3 + 2S° + 3H+ + 3e (9)

- 0.58 - 0.059pH (10)

At pH = 9.2, E_ = 0.04 and Esca = -0.21. Eqs. (6),(8).and (I0) ali predict a decrease irl
voltage wi,thincreasing pH.

P__ks_3 an_;I4

The high voltage associated with Peak 3 may result from the formation of soluble ferrate
FeO_2".The formation of ferrate ion from ferric hydroxide proceeds according to the reaction

Fe(OI-I)3+ 5OH= FeO42-+ 4H_O + 3e (11)
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F_ = 1.62 - 0.0983pH + 0.01971og[FeO42] (12)

For ferrate ion concentrations between 10.2and 10_ and at pH 9.2, E_would fall in the range
•+0.676 to +0.621V and _ +0.434 to +0.379V. The magnitude of Peak 3 compared to the
ferric hydroxide peak (Peak 2) and the relatively high voltage suggests pyrite itself may react
to form the ferrate ion and elemental sulfur,

,-

Fe.S2+8OH" = FeO__"+ 2S° + 4H20 + 6¢ (i3)

Eh = 1.09 - 0.0787pH + 0.00981og[FeO42"] (14)

For fen'atc ion concentrations between I0.2and 1_ and at pH 9.2, Eh wouId fall in the range
+0.346 to +0.307V and Esc_+0.104 to +0.065V. The.selatter values fail on the zero potential
region p_ior to Peak 3 (Figure 2).

Peaks 2 and 5 have been detected in pyrite oxidation in many studies (1,4-6). Peaks 1
and 6 and peaks 3 and 4 have not been reported in previous studies.

Range1 et al. (7,8) and Beck (9) detected an anodic peak preceding oxygen evolution
together with the corresponding reduction peak in cyclic voltammetric studies of mild steel in
unsdrred carbonate/bicarbonate solutions and iron in concentrated hydroxide solutions. They
proposed that this peak was due to the transpassive anodic dissolution of Fe(EI)-oxide layer and
hydrolysis to yield ferrate(VD ion, FeO42".

Peak 4, if viewed as the conjugated cathodic peak corresponding to Pe. k:3, was not
significant compared to the anodic peak. It is thought to be due to the chemical decomposition
of superficial or solution ferrate, based on the observation that a largerreduction peak could be
obtained at higher scan rates (Figure 2) or for the first cycle where time for chemical
decomposition is minimized (Figures 3-5). Also Peak 4 may result from products formed at
even higher potentials.

A double peak appeared at peak 1 when the sweep voltage was reversedat 0.8 V (SCE).
This double peak first appeared at the second cycle and increased in intensity with cycling as
shown in Figure 6. The effect of scan rate on this peak is shown in Figures 7 and 8. Peak 1
increased in intensity with increasing scan rate while peak la decreased in intensity with
increasing scan rate.

The re.action associated with peak la is not cle.,'u'. It appears to be related to the oxide
formedat high oxidation potential, which is reduced during the cathodic cycle. The peak current
was dependent on solution stirring and inversely dependent on scan rate. This indicates that the
reaction rate might be slow and is related to the dissolution of some species formed at peak 1.
Higher pH favored the re.action as shown in Figure 9.



The effect of scan rate on peak current and potential in quiescent solutions at pH 9.2 is
shown in Figure 2. Increasing scan rate increases the intensity of each peak.

The potential was reversed at different anodic limits. The results are shown in Figure
10. Based on the results of measurements shown in Figures 2 and I0, it is suggested that peak
1 is related to peak 6, peak 2 is related to peak 5 and peak 3 is related to peak 4. The currents
of peaks 1 and 6 increase significantly with increasing anodic reversal potential.

The effect of stirring is shown in Figure 11. All peak currents increased with stirring,
indicating that the reactions on mineral pyrite surfaces may be diffusion controlled. Peaks 3 and
4 disappeared during stirring, suggesting that soluble species were formed. This is consistent
with the preceding suggestion that this is related to the formation of FeO4_'. The double peak
at peak 1 disappeared in quiescer.t solutions.

The effect of pH is shown in Figure 9. The intensity, of all peak currents increased with
increasing solution pH. The potential of peak 1 was not affected by the solution pH. This
suggests reaction (F-xi.1)occurs in two steps

Fe ° = Fe_+ + 2e (15)

Fe2+ + 2OH= Fe(OH)2 (16)

The potential of peak 2 shifted to more negative values with increasing pH as required by Eq.
4. Peak 3 was similar to Peak 1, showing little change with pH. At the highest pH (Figure
9) a slight shoulder is apparent, indicative of additional anodic processes at even higher
potentials. The lack of response to pH suggests reaction (Eq. 13) may occur in two steps, the
f'trst producing Fea+ followed by hydrolysis to the ferrate ion.

FeS 2 _ Fe a* + 2S" + 6e (17)

E,, - 0.484 + 0.0201og[Fe 3+] (18)

Fe 3. + 8OH r-.t FeO42" + 4H20 + 3e (19)

Reaction (Eq. 17) is independent of pH. Also, Eq. 18 predicts a rest potential consistent with the
observed anodic response. For example, for [Fe3.] in the range 10.5 to 10_m F_,,would be in
the range of 0.444 to 0.364V and Esc_ in the range 0.202 to 0.122V. Much additional work is
required to explain the observed effect of pH, scan rates, degree of agitation and additional
reactions in the high potential region.

The voltammograms do provide evidence of elemental sulfur formation. For mineral
pyrite voltammograms, two new peaks appear after anodic treatment at higher potentials. These
are evident in Figure 2 at -0.8V (cathodic) and -0.3V (anodic) for the 100 mV/s scan. These
voltages correspond well with the reaction



So + H. + 2e _: HS" (20)

E,, = -0.0653 - 0.0295pH - 0.0295log[HS'] (21)

For [HS'] concentrations between 10.2to 10"rmEhwould fail in the range of -0.278 to -0.160V
and F.sc_in the range -0.520 and -0.402V.

The effects of the initial potential, at the beginning of the scan, and the direction of scan
are shown in Figures 3,4,5 and 12. Regardless of the initial potential and direction of scan, after
three cycles the cyclic voltammograms all coincided with one another.

Pittsburgh No. 8 Coal Pyrite

The effect of scan rate on peak current and potential is shown in Figure 14. Reversing
the potential at different anodic limits is shown in Figure 15.

Peaks 3,4 and 6, which appeared in cyclic voltarnmograms of mineral pyrite, were not
observed, but a cathodic peak at 0.35 V was observed. The intensity of this peak increased with
increasing anodic reversal potential.

If the electrode is held at 1.0V for 1.5 minutes (I = 20mA) and then swept cathodic,ally,
a large cathodic peak was observed at -1.0V, similar to that observed in the ease of mineral
pyrite. The intensity decreased with cycling and remained constant after the fifth cycle (see
Figure 16).

The potential difference between peaks 2 and 5 was larger than that observed for the
same peaks in mineral pyrite, indicating that the degree of irreversibility is greater in the coal
pyrite. This effect was more pronounced at higher scan rates. Peak 6 appeared and, contrary
to the results observed for mineral pyrite, peak currents decreased with the exception of peak
1 when the solution was stirred (see Figure I7). The effect of pH is shown in Figure 18.

Upper Freeport Coal Pyrite

Figure 19 shows the effect of scan rate on peak current and potential. Reversing the
potential at different anodic limits is shown in figure 20. Similar to the case of Pittsburgh No.
8 coal pyrite, a cathodic peak was observed at about 0.35V. However, peak 1 was not detected
at higher anodic reversing potentials. The effect of stirring is shown in Figure 21. Peak 1
appeared when the solution was stirred.

The pH effect (Figure 22) is similar to that for Pittsburgh No. 8 coal pyrite and is not
as clear as that for mineral pyrite.



Comparison

Significant differences in the electrochemical response of the pyrites were observed and
may be summarized as follows:

Three anodic peaks were observed at the mineral pyrite surfacesat about -1.0V, -
0.3V and 0.4V, together with their corresponding reduction peaks. These peaks
are proposed to be related to the formation of Fe(ll), Fe(I'I/) aad Fe(VI)
respectively. Only the first two pairs of peaks were observed at the surfaces of
coal pyrites.

The current density/br mineral pyrite was much less than those for coal pyrites,
indicating that the reactivity of coal pyrites is much higher than that of the
mineral pyrite. This is shown in figures 24 and 25. Chander (10) reached a
simi.lax conclusion. The reactivity sequence is Upper Freeport coal pyrite >
Pittsburgh No. 8 coal pyrite > mineral pyrite.

Mineral pyrite is more sensitive to pH and the effect of stirring than were the coal _

samples examined in this study.

FUI'LrR£ WORK

To understand further the oxidation/reduction reactions occurring on the pyrite surface
and to achieve the f'malgoal of the project, electrochemical controlled flotation, The following
areas of research are planned for future study:

1. Identification of the reactions species formed during the anodic and
cathodic reactions of pyrite. This is to be accomplished by carrying out
fixed potential vs. current scans, AC impedance measurements at selected
pH values and mass balance measurements where possible.

2. Effect of temperature on the cyclic voltammetry.

3. Identification of surface reaction products using the scanning electron
microscope and the electron microprobe.

i

3. Repetition of cyclic voltammetry measurements in the presence of flotation
media.
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