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Abstract—The oxidation rate of natural orpiment from Carlin-type deposits was measured at 25 to 40°C in
a mixed flow reactor as a function of pH (6.8 to 8.2) and dissolved oxygen concentration (6.4 to 17.4 ppm)
with a starting ionic strength of 0.01 M NacCl. All experiments ran for approximately 30 h, where steady-state
conditions were reached after 20 h at a flow rate of 10 mL/min. The stoichiometric ratio of As/S was observed
once steady state was reached. The rate law of orpiment oxidation is as follows:

R = 10—11.71¢o.3@[Do]o.se(to.og)[H +]—o.47(ro.05)

where R signifies the rate of orpiment destruction (mal®ns™ %), [DO] is the concentration of dissolved
oxygen (M), and [H1] is the concentration of proton (M). The activation energy for the orpiment oxidation

by dissolved oxygen at a temperature range of 25 to 40°C is 59.1 kJ/mol. Oxidation reactions of orpiment
show incomplete oxidation of arsenic and sulfide in solution. At a pH range of 6.8 to 8.2, As(lll) exists as
H.AsO, and As(V) is present as HAZO and H,AsO, . Sulfite, sulfate, and thiosulfate are present as smalll
fractions of total sulfur. The possible major sulfur species are intermediate oxidation state species. The
oxidation rate of natural orpiment oxidation is slightly lower by a factor of 0.002 to 0.560 than that of
As,S;(am) at the considered pH 7 to 10 and DO concentrations of 1 to 10 ppm. The dependence factors on
pH for natural orpiment oxidation are lower by a factor of 0.37 compared witjs4am). However, the
calculated activation energy is much larger for natural orpiment tha8,feam) by a factor of 3.5. As(lll) and

As(V) are the major products for both 48,(am) and natural orpiment oxidation along with intermediate
sulfur species. The rate of orpiment oxidation increases with pH and results in an increase in the release of
As. In mining-impacted environments with alkaline waters, as may be found in carbonate-hosted ore deposits,
the natural attenuation of As oxyanions by sorption to oxide/hydroxide mineral surfaces is minimized because
of a negative surface charge at a higher pH range. Thus, As concentrations may increase in mining-impacted
waters at higher pH values>@). Copyright © 2002 Elsevier Science Ltd

1. INTRODUCTION al., 1975). Thus, the oxidation or weathering of orpiment re-
leases these minor elements in addition to arsenic (As) to the
Orpiment (AsS,) commonly occurs in hydrothermal and  environment and release of these potentially toxic elements
geothermal environments—for example, in Carlin-type gold may influence the water quality in any area where orpiment is
deposits or hydrothermal disseminated replacement gold de-present.
posits (Bonham, 1985). Abundant orpiment is found in Getch- — Although As, Hg, and Sb pollution from mine waste dumps
ell, Nevada, and Mercur, Utah. In other areas, such as have posed a potentially serious environmental problem for
NorthL_meerIand and Alligator Ridge, Nevadg, Sma,” amounts gjecades, the reaction rates involved in the weathering and
of orpiment are present (Bonham, 1985). Orpiment is a reliable qiqation reactions of orpiment have not been established be-
mineralogical indicator of gold mineralization in the Enfield fore this study.
Bell Mine and Jerritt Canyon, Elko County, Nevada (B_irak and Only a very few studies have investigated orpiment or
Hawkins, 1985). In other parts of the world, such as in Yugo- As,S,(am) oxidation (Ehrlich, 1963; Lazaro et al., 1997;
slavia, Bosnia, Macedonia, Czechoslovakia, Iran, Turkey, the Leagke and Tempel, 2001) O’ur pre\’/ious study of% ‘E m) '

USSR, China, Peru, and Indonesia, orpiment occurs in massive __. ~ . L .
o . ) oxidation shows that oxygen content and pH significantly in-
form or with disseminated gold (Anthony et al., 1990; Turner et o o :
fluence oxidation rates. Activation energy for Sg(am) oxi-

al., 1994). Orpiment also occurs as a volcanic sublimation S . .
product, as a deposit from hot springs, and as an oxidation dation is approximately 16 to 17 kJ/mol. Arsenic (lll), As(V),

product of realgar (Boyle and Jonasson, 1972: Birak and and intermediate sulfur were present as dominant species dur-
Hawkins, 1985; Klein and Hurlbut, 1993) ' ' ing the AsS;(am) oxidation. Because of the relatively wide-
Minor elements are present in orpiment as structural impu- spread occurrence of natural orpiment, an understanding of

rities including mercury (Hg) and antimony (Sb) (Dickson et natural orpiment oxidation is also important. Thus, the purpose
of this study was to measure the oxidation rates of natural

orpiment in carbonate solutions and determine the dominant
*Author to whom correspondence should be addressed factors controlling the rates. A carbonate solution was chosen
(gina@mines.unr.edu). because natural orpiment is commonly disseminated in, or
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Table 1. Summary of experimental conditions and results of orpiment oxidation®.
Input Steady state
Error Error
Experi- Flow Rate Temp Mass Time DO Eh DO Eh mAs mS Saf Ras (Mol R (mol Ras  Rs
ment  (dm’s™) (C) (g) (min) pH (ppm) (V) PpH (ppm) (V) (MM) (MM) (m’g") m > m?Z%h) (%) (%)
A 167 X10°% 25 2106 1725 8.04 7.06 0.222 753 6.84 0.123 0.024 0.037 356 271x10°%° 275x10°° 22 6
B 167 x10°* 30 5013 1780 7.90 6.37 0.221 7.45 520 0.123 0.075 0.116 373 334X 10 % 346x10°° 22 6
C 167 X10°% 25 5022 1735 8.04 7.01 0.227 752 6.84 0.126 0.046 0.069 325 236x10°° 234x10°° 22 6
D 167 xX10°% 40 5160 1735 7.99 544 0219 7.22 456 0.133 0.088 0.126 286 496X 10 *° 477x10°° 22 6
E 167 X10°% 25 5244 1745 7.21 7.00 0.258 6.79 6.88 0.128 0.027 0.041 3.12 137x10°%° 141x10°° 22 6
F 167 xX10°% 25 5140 1815 893 7.01 0.208 823 6.57 0.083 0.125 0.194 292 694X 10 *° 72x10* 22 6
G 167 X10°% 25 5270 1725 7.92 7.01 0.317 7.44 6.64 0.153 0.047 0.070 328 227x10°%° 227x10°° 22 6
H 167 x10°% 25 5140 1695 7.90 7.08 0.268 7.37 6.91 0.146 0.055 0.083 325 276x10 * 278x10°° 22 6
J 167 X10°* 25 5075 1650 8.02 15.94 0.277 7.33 14.73 0.167 0.045 0.067 232 317x10°° 316x10°° 22 6
AA 167 x10°% 30 4.898 1665 8.02 6.37 0.297 7.42 518 0.091 0.051 0.078 335 262x10 * 263x10°° 22 6
BB 167 X10°* 40 4.985 1385 8.00 5.44 0.246 7.39 4.51 0.088 0.098 0.136 286 575x10°'° 531x10°° 22 6
DD 167 x10°% 25 5007 1710 7.26 7.00 0.290 6.86 6.72 0.090 0.024 0.036 232 171x10* 172x10°*° 22 6
EE 167 X10°% 25 5022 1720 7.90 19.63 0.303 7.57 17.42 0.119 0.068 0.104 3.12 363x10°° 370x 10°° 22 6
EEE 167x10% 25 5020 1720 7.89 19.50 0.302 7.49 17.39 0.118 0.067 0.099 312 356x 10 * 352x10°° 22 6
FF 167 xX10°* 25 5010 1710 8.88 7.05 0.260 8.24 6.37 0.082 0.121 0.186 292 691x10°° 7.08x 1071 22 6

3 Sof isfinal surface area. Initial surface area of all experiments is 2.88 m?/g.

surrounded by, carbonate rocks—for example Carlin-type de-
posits (Bonham, 1985; Shevenell et al., 1999). The majority of
the sampled mine waters from the Carlin-type deposits in
Nevada had pH values between 6.5 and 8.5 (Shevenell et a.,
1999). Thus, in this study, the geochemical parameters inves-
tigated were limited to pH (6.8 to 8.2), dissolved oxygen (6.4 to
17.4 ppm), and temperature (25 to 40°C).

2. MATERIALS AND METHODS
2.1. Characterization and Pretreatment of the Solid

Natural orpiment samples used in this study were obtained from
Carlin-type deposits of the Getchell Mine, Humboldt County, Nevada.
The samples were hand-sorted to remove macroscopic impurities,
crushed in a steel mortar, and sieved to a size fraction between 44 and
74 um. After sieving, the sample was cleaned with ethanol and repeat-
edly shaken to remove fine particles adhering to the surface. This
procedure was repeated a dozen times until the supernatant was rela-
tively clear and was followed by wet sieving through nylon sieves. An
ultrasonic cleaning was not applied in this study because of the ten-
dency of the mineral to disintegrate. The sample was dried and then
placed in a vacuum desiccator until use.

The sample was examined with a Phillips XRG 3100 X-ray diffrac-
tometer to ensure purity and ascertain crystallinity. Standard X-ray
diffraction techniques were applied by means of CuK,, radiation gen-
erated at 40 kV and 30 mA. The scan was carried out with 26 values
from 10 to 60°. Microscopic analysis of fresh/cleaned and oxidized
orpiment samples were performed with a JEOL JSM-840A scanning
electron microscope. The composition of the solid was also determined
by scanning electron microscope (SEM) equipped with an energy
dispersive spectrometer.

Bulk chemical analyses of thirty-four elements for two samples were
determined by agua regia digestion (HNO,/HCI) followed by induc-
tively coupled plasma mass spectrometry (ICP-MS), and these results
were then averaged. The samples contain relatively high concentrations
of Sb (17509 ppm), Hg (60 ppm), and selenium (Se) (87 ppm). The
molar ratio of As/Sis ~0.68 = 0.00 on the basis of the bulk chemical
analyses of Asand S. All ICP-MS analyses were performed by Acme
Analytical Laboratory (Vancouver, British Columbia, Canada), and
samples were analyzed within a week of the experiments.

Specific surface areas were determined by multipoint fits to a BET
isotherm with Kr gasin a Micromeritics ASAP 2405 BET surface area
analyzer (Micromeritics Materials Analysis Laboratory). The uncer-

tainty on BET surface area measurementsis * 10%. The measurements
of surface area were made on fresh/cleaned and oxidized samples.

2.2. Experimental Methodology

Details of experimental methods including the reactor design, prep-
aration, sampling, preservation, and analysis of output solution are
described in Lengke and Tempel (2001). Experiments were conducted
to determine the effects of pH, oxygen, and temperature on orpiment
oxidation in amixed flow reactor. Variable oxygen concentrations were
prepared by saturating feed solutions with either highly pure oxygen
(99.9%) or ambient air. Variable pH values (7.2 to 8.9) in feed solu-
tions were prepared with analytical reagent grade sodium carbonate
(Na,COy) and/or sodium bicarbonate (NaHCO,) and distilled, deion-
ized water. lonic strength of the feed solutions was adjusted to 0.01
mol/L with sodium chloride (NaCl).

An initial orpiment mass of approximately 5 g was used in each
experiment and the actual weight is listed in Table 1. The output
solution was collected every hour from O to 8 h and from 24 to
approximately 30 h. The pH, Eh, and DO were continuously monitored
with an Orion 420A pH/millivolt-meter and Orion 810 or Orion 862A
DO meters. The uncertainties in measured pH and DO are =0.02 pH
units and +0.05 ppm. All experiments were performed in the dark by
wrapping the reactor with aluminum foil. Steady-state conditions were
defined by a series of constant As and S output concentrations so that
the standard deviation of the output solutions was less than 6%.

Total dissolved As and S were analyzed with an Optima 3000 DV
inductively coupled plasma atomic emission spectroscopy (ICP-AES)
by Acme Analytical Laboratory within a week. Analytical detection
limits for As and S were 30 ppb and 0.1 ppm, respectively, on
ICP-AES. The uncertainties in measured As and S concentrations were
+5 and *=2%, respectively, and were determined by analyzing the
same sample three times.

Sulfur species including sulfate (SO3 ), sulfite (SO3 ), and thiosul-
fate (S,03 ") were determined with a Dionex EX100 ion chromatog-
raphy by Huffman Analytical Laboratory. Output solutions for sulfur
species were preserved with 0.1 mol/L triethanolamine and frozen until
analysis, approximately a week. Analytical detection limits for S spe-
cies were 0.1 ppm for SO3~ and 0.3 ppm for SO3~ and S,03~ with
+0.1 ppm for SOZ~ and + 0.3ppm for SO3~ and S,03.

Ag(l11) and total As were determined with hydride generation cou-
pled with a Varian Spectra 220 atomic absorption spectrometer (AA).
The output solutions for arsenic species were stored in amber polyeth-
ylene bottles and were frozen until analysis without chemical preser-
vative, approximately within aweek. The standard solutions for As(l11)
were prepared in ascorbic acid (1 mol/L) as a preservative agent,
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Fig. 1. Representative changes in DO, pH, Eh, As, and S as afunction of time until steady-state conditions are achieved

(shown for experiment E).

whereas the standard solutions for total As were prepared in hydro-
chloric acid (0.01 moal/L). As(V) was calculated by subtracting the
As(I11) from the total As determined on an aliquot of the sample. The
uncertainty in measured As(I11) and total As was =5%. The results of
total As from AA and ICP-AES were similar.

2.3. Calculation of Reaction Rates and Uncertainties

Steady-state oxidation rates in amixed flow reactor were determined

with the following expression (Levenspiel, 1972):
R, = (Cout - Cm)q’

vIAIT'III‘I

@

where C,, and C;, are the output and feed solutions (M), respectively,
v, is the stoichiometric coefficient of i in the mineral formula, q is the
flow rate through the system (L s™%), and A, is the total surface area
(m?).

The error (¢) in the calculated rate is estimated with the error
propagation method (Barrante, 1998) by the following equation:

gXxC
AZ

)2 X (e(A)? + (%) X (O
@

where R is the oxidation rate, C is the output concentration, q is the
flow rate, and A is the mineral surface area.

(e(R?) = <%>2 X (e(@)® + <

3. RESULTS

3.1. Mixed Flow Experiments

All experiments ran for approximately 30 h, and the exper-
imental results are compiled in Table 1. The steady-state oxi-
dation rates in this study were derived from the data points

collected close to the end of each experiment or after 20 hat a
flow rate of 10 mL/min. For each experiment, six data points or
more at steady-state conditions were collected. An example of
steady-state conditions is shown in Figure 1.

The oxidation rates of orpiment were normalized to final
surface areas. The calculated total dissolved material, based on
output concentrations of As and S, was less than 6% of the
orpiment starting material. Because the percentage of mass
dissolved in any experiment was low, any change in tota
surface area resulting from the oxidation reaction was probably
small. However, significant changes in measured final surface
areas for some samples were observed (e.g., experiment B) and
these differences may be due to uncertainty in surface area
measurements (*10%) and/or mechanical disaggregation/ag-
gregation during the duration of the experiments. If the surface
area were continually changing as a function of time through-
out an experiment, we would not expect to achieve steady-state
reaction behavior (Nagy and Lasaga, 1992). However, al the
measured rates reached steady state after 20 h and remained at
steady state until 30 h.

Uncertainties in the measured oxidation rates arise from the
measurement of solution concentrations, fluid flow rates, and
minera surface areas. Uncertainties in the solution concentra-
tions are =5% and +=2% for As and S, respectively. Uncer-
tainties in fluid flow rate are =1%. The error in the calculated
oxidation rates from Eqgn. 2 ranges from 6 to 22% and is
influenced mostly by the BET surface area measurement
(£10%).
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Table 2. Summary of sulfur species.

mS, mSO2~ mSO2Z~ mS,02~ mS,02~ mS0O2~ mSO2- Other S Other S

Experiment (mM) (mM) (%) (mM) (%) (mM) (%) (mM) (%)

B 0.116 0.006 5.38 <0.003 — 0.004 3.23 0.106 91.39
C 0.069 0.006 9.10 <0.003 — <0.004 — 0.062 90.90
D 0.126 0.008 6.59 0.003 212 0.004 3.46 0.111 87.83
E 0.041 0.005 12.58 0.003 7.55 <0.004 — 0.033 79.87
F 0.194 0.016 8.33 0.013 6.91 0.006 3.23 0.158 81.53
G 0.070 0.007 10.38 0.006 8.90 <0.004 — 0.057 80.73
J 0.067 0.003 4.67 0.004 6.01 0.004 6.54 0.055 82.78
AA 0.078 0.004 5.38 <0.003 — <0.004 — 0.073 94.62
BB 0.136 0.005 3.83 0.004 3.28 0.007 5.06 0.119 87.83
CcC 0.081 0.005 6.41 <0.003 — 0.004 4.62 0.072 88.97
DD 0.036 0.004 11.59 <0.003 — <0.004 — 0.032 88.41
EE 0.104 0.004 4.00 <0.003 — <0.004 — 0.100 96.00
FF 0.186 0.016 8.70 0.013 7.22 0.006 3.37 0.150 80.72

3.2. Sulfur and Arsenic Species

Sulfur oxyanions, in the pH range of 6.8 to 8.2 at 25 to 40°C,
are produced as intermediates during orpiment oxidation (Table
2). The results show that the measured sulfate, sulfite, and
thiosulfate constitute only a small fraction of total S (<2 to
12.6%). Other sulfur intermediates that may include polythio-
nates constitute 81 to 96% of total S.

Arsenic (I11) is present with As(V) and constitutes approxi-
mately 51 to 68.5% of the total Asin the pH range of 6.8 t0 8.2
(Table 3). The ratio of As(I11)/As(V) is ~1.1to 2.2, regardless
of the total As concentrations.

4. DISCUSSION

The measured ratios of total As/S in steady-state conditions
(0.64 to 0.72) are very close to stoichiometric ratios, consider-
ing the uncertainty of total As and S measurements by ICP-
AES. The stoichiometric relationship between As and S con-
centrations are represented by a plot of log oxidation rates that
were obtained on the basis of the release of As vs. those that
were obtained on the basis of the release of S, as shown in
Figure 2. The nearly stoichiometric ratios suggest the lack of
secondary mineral precipitation.

Further evidence that mineralogical composition remained
uniform during experiments was observed by X-ray diffraction

analysis of oxidized and fresh/cleaned orpiment and SEM
photomicrographs of the surface of oxidized orpiment (Fig. 3).
There are always small particles adhering to the surface after
oxidation experiments. However, no alteration on the surface
has been observed, indicating the absence of secondary precip-
itation. Additionally, outlet solutions were undersaturated, on
the basis of theoretical geochemical modeling calculations,
with respect to all possible secondary phasesin all experiments.
Mineral saturation states were computed by PHREEQC
(Parkhurst and Appelo, 1999).

4.1. Variable Dissolved Oxygen Concentrations and pH

Steady-state orpiment oxidation at pH ~7.5 and 25°C is
illustrated as a function of DO (6.6 to 17.4 ppm) in Figure 4.
The data used are tabulated in Table 1 (experiments A, C, H, J,
EE, and EEE). The linear curve of a plot of log oxidation rate
vs. log DO yields aslope of 0.36 =+ 0.09, and the coefficient of
determination (R®) of the data fit is 0.81. This result indicates
that the rate of orpiment oxidation is dependent on the concen-
tration of dissolved oxygen content within the range of oxygen
concentrations used in this study.

The measured steady-state data of orpiment oxidation rates
at 25°C and at the pH range of 6.8 to 8.2 are shown in Table 1
(experiments A, C, E, F, G, H, DD, and FF) and illustrated in

Table 3. Summary of As species.

Experiment As(T) (M) As(l11) (M) As(l11) (%) As(V) (M) As(V) (%)
A 243 x 107° 1.45 X 1075 59.72 9.79 X 107 40.28
B 7.47 X 1075 4,07 X 1075 54,55 339x 1075 45.45
C 4.60 X 1075 2.42 X 107 52.65 218 x 1075 47.35
D 8.76 X 10°° 551 X 10°° 62.88 3.25 X 10°° 37.12
E 2.68 X 10°° 1.65 X 1075 61.63 1.03 x 10°° 38.37
F 1.25x 107 7.04 X 10°° 56.54 541 X 10°° 43.46
G 468 X 1075 2.89 X 10~ 61.77 179 X 10°° 38.23
H 551 x 1075 3.40 x 107 61.81 210X 10°° 38.19
J 4.46 X 1075 2.28x 107 50.98 2.26 X 1075 50.59
AA 514 X 1075 3.19x 10 62.00 1.95 x 107° 38.00
BB 9.81 x 1075 6.29 X 10~ 64.08 353 x 107 36.03
DD 2.38x10°° 1.63 X 10°° 68.49 751 x 10 3151
EE 6.80 X 10°° 358 x 107 52.65 330 % 10°° 4853
FF 1.21 X 10°° 7.05 % 1075 58.36 503 x 107° 4164
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Fig. 2. Comparison of the orpiment oxidation rates that were ob-
tained on the basis of the release of As to those obtained on the basis
of the release of S at various conditions.

Figure 5. The pH values are plotted against log rate and (log
rate — nlog DO). Both linear curves represent least squares fits
of the data and yield similar slopes of 0.47 + 0.05. The
coefficient of determination (R?) of the fit for both curves is
0.94. The plot indicates that natural orpiment oxidation rates
increase at higher pH values.

4.2. Rate Laws

Within experimental uncertainty, the orpiment oxidation
rates, measured at 25°C, can be represented by the rate law:

R=10" 11.77(t0.36)[Do] 0436(10.09)[H+] —0.47(+0.05) ©)

where R is the rate of orpiment destruction (mol m~2 s™%),
[DO] isthe concentration of dissolved oxygen (M), and [H*] is
the concentration of proton (M).

The orpiment oxidation rates were measured at 25, 30, and
40°C at pH ~7.4 (Table 1, experiments A, B, C, D, G, H, AA,
and BB). The orpiment oxidation rates increased with increas-
ing temperature (25 to 40°C) twofold. The effect of temperature
on the oxidation rates was expressed by the Arrhenius equation,
as follows:

k= Aexp( —EJ/RT) 4

where k is the oxidation rate constant, A is a preexponential
factor, T is temperature (kelvin), R is the gas constant, and E,
refers to the activation energy. The plot of log rate constant vs.
1000/T (K) yields apparent activation energies of 59.1 + 0.44
kIJmol (Fig. 6). The relatively large values of the activation
energies for orpiment at pH ~7.4 suggest that the reaction rate
is controlled by a surface reaction mechanism (Lasaga, 1998).
The preexponentia factor that was depicted from the intercept
of the plot is 3.4 X 102 By combining Egns. 3 and 4, the
orpiment oxidation rates as a function of DO, pH, and temper-
ature can be described as follows:

(b)

Fig. 3. SEM photomicrographs of (&) unreacted, cleaned orpiment
and (b) oxidized orpiment after ~30 h (experiment E). Both unreacted
and oxidized surfaces show a similar appearance, with small particles
adhering to the surfaces. The oxidized surfaces show no changes in
mineralogical composition and no extensive pitting.

R = Agp(—EJ/RT)[DO]P¥[H*] 4 ®)

where E, = 59.1 kJ¥mol and A = 3.4 X 1072 mol m 2s™ %,

Orpiment oxidation rates were calculated for a range in pH
(6to 9) and DO values (1 to 9 ppm) at 25°C by means of Egn.
3, and assuming that the rate law remains constant. The orpi-
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Fig. 4. Effect of dissolved oxygen (DO) on the oxidation rate of natural orpiment at pH ~7.5 and 25°C. The dependence
factor of orpiment oxidation on DO is 0.36 + 0.09, and R? is 0.81.
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Fig. 5. Effect of pH on the oxidation rate of orpiment at 25°C. The straight line is the linear plot of log oxidation rate
vs. pH and the dotted line is the linear plot of log oxidation rate — n log(DO) vs. pH. Both linear curves yield similar
dependency factors of 0.47 = 0.05 and R? of 0.94.
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Fig. 6. Arrhenius plots for the oxidation rate constants of orpiment at 25, 30, and 40°C. The plot yields a slope of —3.08

+ 0.23 and R? of 0.98.

ment oxidation rates increase monotonically with increasing
pH at different concentrations of DO, asshown in Figure 7. The
oxidation rates of orpiment increase approximately 1.5 times
from pH 6 to 9 at a constant DO concentration, and an approx-
imately half order of magnitude from DO concentrations of 1 to
9 ppm at a constant pH. The plot may be used to predict the
effects that variable environmental conditions may exert on the
oxidation rate of orpiment, assuming that the same rate law
applies throughout the considered range of pH and DO values.

-9

4.3. Sulfur and Arsenic Species

Intermediate sulfur oxyanions are present during orpiment
oxidation (Table 2) and sulfur species other than sulfate, sulfite,
and thiosulfate are the dominant products and were not as-
sessed further in this study. The other possible sulfur species
produced during orpiment oxidation are aqueous sulfur with
intermediate oxidation states that persist in metastable state in
solutions. Sulfide is known to occur in anoxic environments

log Rate (mole m'zs‘1)
3

1
—
—

pH

Fig. 7. Predicted orpiment oxidation rates as afunction of pH at temperature of 25°C and DO concentration of 1 to 9 ppm

by Egn. 3 (log rate = —11.77 + 0.36 log(DO) + 0.47 pH).



3288 M. F. Lengke and R. N. Tempel

where the rate of oxygen removal is close to or exceedsits rate
of supply (Al-Farawati and van den Berg, 1999). This study
was conducted in an oxic environment; thus, sulfide may not be
important. Polythionates may be present during orpiment oxi-
dation because polythionates occur during pyrite oxidation at
low to high pH values (Goldhaber, 1983; McKibben and Bar-
nes, 1986; Moses et a., 1987). Goldhaber (1983) found that at
pH 6 to 7, tetrathionate and sulfate were the major observed
species and at higher pH values (7.5 to 9) polythionates become
unstable and thiosulfate and sulfate predominate. McKibben
and Barnes (1986) observed minor metastable sulfur oxyanions
a pH < 4. Moses et al. (1987) observed metastable sulfur
oxyanions in solutions only at high stirring rates. They sug-
gested that this is due to the quick removal of sulfur oxyanions
from near the pyrite surface, which acts as a catalyst for their
oxidation to sulfate.

The species of Aswere calculated by the geochemical mod-
eling PHREEQC (Parkhurst and Appelo, 1999) because As
speciation by the hydride generation method only gives the
valence states of As. At apH range of 6.8 t0 8.2, A1) exists
as H3AsO; (51.6 to 68.5%) as the dominant As(l11) species and
as less than 6% in the form of H,ASO3 (Table 4). Arsenic (V)
is present as HASOZ ~ (20 to 43.5%) and H,AsO, (1 to 15.6%),
as shown in Table 4.

4.4. Orpiment Oxidation Reactions

The reactions of orpiment oxidation by dissolved oxygen as
the primary oxidant may be written as follows:

As,S; + 100, + 6H,0 — 2HASO;™ + 3503~ + 10H" (6)
or
As;S; + 100, + 6H,0 — 2H,AsO; + 3S03 + 8H" (7)

However, our experimental results suggest that orpiment oxi-
dation may not proceed to completion as presented in reactions
6 and 7. Partia oxidation of orpiment by dissolved oxygen
produces A(I11) in solution and intermediate aqueous sulfur.
Incomplete oxidation of orpiment to aqueous H;ASO,, the
dominant species of As(l11) on the basis of geochemical mod-
eling results, is

AS,S; + 60, + 6H,0 — 2H,ASO, + 3S02 + 6H*  (8)

4.5. As,S;(am) vs. Natural Orpiment Oxidation

The oxidation of As,S;(am) has been discussed at length in
Lengke and Tempel (2001). A comparison of our rate laws for
both As,S;(am) and natural orpiment are shown in Table 5.
As,S;(am) is found in geothermal environments and hot
springs, whereas the presence of natural orpiment is commonly
associated with hydrothermal and geothermal ore deposits. The
As,S;(am) oxidation shows higher dependency on pH than that
of orpiment oxidation. The activation energy of natural orpi-
ment oxidation at a similar pH value and temperature range is
much larger than that of As,S;(am) (Table 5). The magnitude
of the activation energy often offers an important clue regard-
ing the reaction mechanism (Lasaga, 1998). For example, dif-
fusion-controlled reactions in solution have low activation en-
ergies (<20 kJmal), and a higher experimenta Ea would

Table 4. Summary of As species and concentrations calculated using PHREEQC.

4
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M % M % M %
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% M % M %
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4.45
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Table 5. Comparison of experimentally determined rate laws of amorphous As,S;(am) and orpiment oxidation.

DO T Activation energy
Study pH (ppm) Rate laws (25°C) (°C) (kJmal)
Present 6.8-8.2 6.4-17.4 R = 10" ™7 [DO]*3[H "] 47 2540 E =591+ 044
Lengke and Tempel (2001) 6.9-7.9 6.7-17.3 Rag = 107°78[DOJ>[H*]~12¢ 2540 Eng = 168 = 50

R(S) — 1071700[D01 70.35[H+]71.25

Eg = 163 * 54

indicate a surface reaction mechanism (Lasaga, 1998). On the
basis of the magnitude of activation energies, our results sug-
gest that orpiment oxidation is controlled by a chemical surface
reaction mechanism and that As,S;(am) oxidation may be
controlled by diffusion.

The oxidation rate of As,S;(am) varies from slightly higher
to lower than that of natural orpiment within a factor of 0.002
to 800 times over the considered pH (3 to 10) and DO (1 to 10
ppm) ranges. Thus, the oxidation rates of orpiment differ from
those of As,S;(am), suggesting that reaction mechanisms for
oxidation of the two solids are likely different.

4.6. Implications for Water Quality at Mining-lmpacted
Sites

Because numerous experimental studies have been carried
out to investigate the mechanisms and rates of pyrite oxidation
in mining environments (i.e., Goldhaber, 1983; Nicholson et
al., 1988, 1990), it is interesting to compare the rates of orpi-
ment to pyrite oxidation. The rate law for pyrite oxidation by
dissolved oxygen has been derived by Williamson and Rimstidt
(1994) over four orders of magnitudesin DO concentration and
pH ranges of 2 to 10 as follows:

R= 1078.19(‘:0.10) [Do]0.50(10.04)[H+] —0.11(+0.01) (9)

where R is the oxidation rate (mol m~2 s™%), [DQ] is the
dissolved oxygen content (M), and [H*] is the proton concen-
tration (M). Thisrate law was used to compare pyrite oxidation
rates to orpiment oxidation rates derived by this study. The
comparison of oxidation rates of pyrite vs. those of orpiment is
plotted in Figure 8. The plot shows that oxidation rates of pyrite
are up to 88 times higher than orpiment from pH 5 to 7 and DO
concentrations of 1 to 9 ppm. However, the oxidation rates of
pyrite are up to three times lower than orpiment at pH 9 and DO
concentrations of 1 to 7 ppm.

The orpiment particle longevity was calculated by assuming
a spherical form by using the following equation (Lasaga,
1998):

r

"R x vV

(10)

where tis lifetime (s), r isinitial radius of the grain (cm), Ris
dissolution or oxidation rate (mol cm~2 s~ %), and V is molar
volume (cm®/mol). The estimated lifetime of an orpiment par-
ticle is also calculated for variable diameter (10~3 to 10% um)
a pH 7 and DO 7 ppm and shown in Figure 9. Within the

-8

1
©
1

log Rate (mole m'zs'1)
3

| Orpiment
— — —Pyrite
-12 -
2 4 6 8 10 12

pH

Fig. 8. Comparison of orpiment to pyrite oxidation rates as a function of pH a DO concentration of 7 ppm and

temperature 25°C by means of Egns. (3) and (8)



3290 M. F. Lengke and R. N. Tempel

109

108 |

10t |

10}

Time (years)

103 |

10-° :

L

103 102 101

100 101 102 103

Diameter (;,m)

Fig. 9. Particle diameter (um) vs. time (yr) for the lifetime of an orpiment particle. The orpiment line was calculated by
Eqn. 9 with the rate law derived from this study (at pH 7 and DO 7 ppm) and molar volume of 70.51 cm®/moal.

considered particle diameters, the lifetime of orpiment particle
ranges from 8.8 X 10* sto 2.8 x 10° yr at fixed pH and DO
concentrations. The range of considered particle diameters is
appropriate for natural grain sizes of orpiment.

Commonly, it is assumed that sulfide minerals dissolve faster
at low pH values; however, this study shows that the oxidation
rates of orpiment increase at higher pH vaues. If carbonate
rock is associated with orpiment and equilibrium with the
carbonate rock results in increased pH of solutions, higher As
and S concentrations may be released by orpiment oxidation to
the natural environment. However, the mobility of As in the
natural environment is also commonly controlled by other
geochemical reactions such as precipitation/dissol ution and ad-
sorption/desorption. The formation of arsenic oxide and salts
are not common in the natural environment, except for
scorodite (FeAsO,0:2H,0) (Welch et al., 1988; Bumbla and
Keefer, 1994). At near neutral to high pH values, iron, alumi-
num, and other metals may precipitate in the form of oxides or
hydroxides, and these oxides/hydroxides may occur as a sor-
bent material and retard the As movement in natural environ-
ment. A complicating factor to sorption as a process for As
removal is that at higher pH values, the surfaces of oxide
minerals are commonly negatively charged. Thus, sorption of
negatively charged As oxyanions may be minima and an
ineffective means of As removal.

The concentration of dissolved ferric iron and bacteria that
may influence the oxidation rates of arsenic sulfide solids have
not been evaluated at present. Although ferric iron is an im-
portant oxidant at low pH, in near neutral to alkaline pH values,
its influence may be reduced because of its low solubility.
Thiobacillus species are able to oxidize sulfur speciesin neutral
to akaline pH values; however, they do not dramatically cat-
alyze the rate-limiting steps in pyrite oxidation a pH >4
(Nicholson et al., 1988).

5. SUMMARY AND CONCLUSIONS

Orpiment oxidation was investigated with a mixed flow
reactor at 25 to 40°C with varying pH from 6.8 to 8.2 and DO
concentrations of 6.4 to 17.4 ppm. The ratios of total ASS in
steady-state conditions are in very good agreement with molar
ratios of these elements in the orpiment mineral. The kinetic
rate of orpiment oxidation is affected by variable DO concen-
trations and pH with dependence factors of 0.36 = 0.09 and
0.47 = 0.05, respectively. The oxidation rate of orpiment
increases with increasing temperature. The activation energy of
orpiment oxidation at pH ~7.5 over a temperature range of 25
to 40°C is 59.1 kIJmol.

Orpiment oxidation by DO resulted in incomplete oxidation
for some of the sulfide and As(I11) with only partial oxidation
to sulfate and As(V). Intermediate sulfur species may be pro-
duced during the incomplete orpiment oxidation.

The oxidation of orpiment differs compared with oxidation
of As,S;(am) interms of rate law, oxidation rate, and activation
energy. Natural orpiment oxidation shows lower dependency
on pH than that of As,S;(am) and the oxidation rate of natural
orpiment is dightly lower, within a factor of 0.05 to 0.72, than
that of As,S;(am) within the experimental conditions. The
activation energy of natural orpiment is approximately 3.5
times larger than that of As,S;(am). However, the dominant
products from the oxidation of orpiment are similar to
As,S;(am), where aqueous sulfur species (besides sulfate, sul-
fite and thiosulfate), As(I11), and As(V) are the major products.

Orpiment occurring in mining-impacted environments, such
as waste piles or pit lake wall rocks, will oxidize more slowly
than pyrite below pH ~8 and will oxidize more rapidly at pH >
~8. Concentrations of As released over time from orpiment
will be dependent upon pH and DO conditions, as well as upon
the lifetime of the mineral grains. On the basis of our studies,
As release during orpiment oxidation increases with pH, and at
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higher pH values (>8), the surface charge is negative for most
oxide/hydroxide minerals. Thus, at higher pH values, more As
will be released during orpiment oxidation, and the natural
attenuation of As oxyanions by sorption to mineral surfaces
may be diminished.

All of our experiments were conducted with fresh orpiment
mineral surfaces. Likely, weathering of the orpiment mineral
surface may provide an important control on orpiment mineral
reactivity in the natural environment. The oxidation of wesath-
ered orpiment was not addressed by this research and provides
another opportunity for future studies.
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