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Chromate (CrV') reduction by sulfide was conducted in
anaerobic batch experimental systems. The molar ratio of
the reduced CrV' to the oxidized S~ was 1:1.5 during

the reaction, suggesting that the product of sulfide oxidation
was elemental sulfur. Under the anaerobic condition, the
reaction was pseudo first order initially with respect to CrV!,
but the rate was dramatically accelerated at the later
stage of the reaction. The rate acceleration was due to
catalysis by elemental sulfur nanoparticles; dissolved species
such as monomeric elemental sulfur and polysulfides
appeared to be ineffective catalysts. Elemental sulfur
nanoparticles were capable of adsorbing sulfide and such
adsorbed sulfide exhibited much higher reactivity toward
CrV' reduction than the aqueous-phase sulfide, resulting in
the observed rate acceleration. Kinetic data under
various reactant concentrations can be represented by
the following empirical kinetic equation: —d[CrV')/dt =

ki [CrY'[[H,S]1083 + fs[CrV1][=S—SHI%Y. The first term on the
right-hand side corresponds to the noncatalytic pathway,
with k; = 1.0 x 1073 (xM)~%63 min —' at pH 7.60 and

8.2 x 1075 («M)~%8 min ' at pH 8.10. The second term,
ks[CrV'[[=S—SH]?, is the catalytic term with [=S—SH]
representing the adsorbed concentration of sulfide on the
elemental sulfur nanoparticles («M). The catalytic term

is more important at the later stage of the reaction, as
indicated by the observed kinetics and the enhancement of
the reaction rate by externally added elemental sulfur
nanoparticles. At pH 8.10, ks = 0.0057 («M)~%57 min—".

Introduction

Chromium is one of the most frequently detected soil and
groundwater contaminants (I, 2). In aquatic environments,
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chromium occurs mainly as species in the oxidation states
of Cr''and Cr'. Since Cr'!! species are normally less mobile,
the reduction of Cr! to Cr'" decreases chromium mobility
and bioavailability. As a result, Cr'' reduction has been used
as an effective approach for chromium-contaminated site
remediation.

Many chemicals are capable of reducing CrV! in the
ambient aquatic environment by directly providing electrons,
including zerovalent iron (3), divalent iron (4—6), hydrogen
sulfide (7—9), and organic compounds (10—13). Rates of CrV!
reduction depend on the types of reductants and solution
pH. For example, CrV' reduction by Fe'! takes place rapidly,
with the reaction rate decreasing from pH 1.5 to 4.5 and
increasing from pH 5.5 to 8.7 (4, 14). The reduction by many
organic compounds is slow near neutral pH, but the rate
normally increases as pH is decreased (15). Once reduced,
Cr'' species are quite stable. The only compounds known to
oxidize Cr'" to Cr¥' in the subsurface environment are
manganese oxides (16—19).

There are many other chemical constituents that may
not directly reduce Cr¥'but can alter the rate of CrV' reduction.
Deng and Stone (12, 13) investigated surface-catalyzed CrV!
reduction on goethite (o.-FeOOH), aluminum oxide (a-Al,O3),
and titanium dioxide by various organic reductants, including
o-hydroxyl carboxylic acids and their esters, a-carbonyl
carboxylic acids, and substituted phenols. Their research
revealed that the rate of Cr'' reduction could be increased
by several orders of magnitude in the presence of some metal
(hydr)oxides. In another study, Buerge and Hug (20) found
that Cr'! reduction by Fe'' was strongly enhanced by iron
minerals, including goethite and lepidocrocite. Dissolved
metals such as Mn''//Mn'!, Fe'l/Fel'l, and Cu''/Cu' were also
able to catalyze CrV! reduction (21, 22).

Cr'reduction by hydrogen sulfide takes place rapidly in
a wide range of pH, with the reaction being explored as a
remediation approach for chromium immobilization in the
subsurface (8). The reaction with sulfide may also contribute
to CrV reduction in natural water and sediments (7). Under
anaerobic conditions, elemental sulfur is the main product
of sulfide oxidation by chromate (9), manganese oxide (23),
and ferric iron (24). In aerobic systems, elemental sulfur is
an important intermediate of sulfide oxidation by oxygen
(25, 26). It is well-established that elemental sulfur reacts
with hydrogen sulfide to form polysulfides, primarily tetra-
sulfide (S427) and pentasulfide (Ss?7), under ambient tem-
perature (25, 27—29). Elemental sulfur is considered to be
insoluble in water, with the solubility of o-Ss being only 5
ug/L at 20 °C (30), so the elemental sulfur product may
precipitate when the solubility product is exceeded. The
formation of elemental sulfur sols, or nanoparticles, is
controlled by the nucleation and sulfur diffusion for the
particle growth (31, 32).

This study aimed to evaluate the catalytic effects of
elemental sulfur nanoparticles on CrV! reduction, similar to
other mineral surfaces. The reaction kinetics and mechanism
were investigated through batch experiments conducted
under strictly controlled anaerobic conditions.

Materials and Methods

Chemicals. Solutions were prepared by deionized Milli-Q
water (Q-H,O, with 18.2 MQ-cm resistivity, Millipore Corp.)
after purging with high-purity nitrogen gas for at least 20
min. Glassware was cleaned by soaking in 1 M HCI for at
least 3 h and then thoroughly rinsing with Q-H,O. Potassium
dichromate, elemental sulfur (Sg), diphenyl carbazide, ace-
tone, and N,N-dimethyl-1,4-phenylenediamine oxalate were
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purchased from Aldrich Chemical Co., and boric acid, sodium
phosphate, sodium hydroxide, sodium sulfide (Na,S-9H,0),
sulfuric acid, ferric chloride, and diammonium hydrogen
phosphate were from Fisher Scientific. The chemicals were
at least ACS reagent grade and mostly used without further
purification, but sodium sulfide crystals were rinsed with
degassed Q-H,O to remove the oxidized surface layer. Stock
solutions of chromate and sulfide were stored in amber
bottles placed in an anaerobic chamber (Models 855-AC,
PLAS-LABS, Inc.) prior to use. Elemental sulfur stock
suspension was prepared using crystalline elemental sulfur
(Ss) powder dispersed in acetone.

Experimental Systems. Experiments reported in this study
were mostly performed in the anaerobic chamber (N,
balanced by 10% Hy), including experimental setup, sample
collection, and chemical analyses. Solution pH was controlled
by 0.10 M phosphate buffer (pH 7.60) or 0.10 M borate buffer
(pH 8.10). No strong electrolytes were applied to control ionic
strength in this study, since the literature (7, 33) and our
preliminary experiments all indicated that the reaction was
independent of ionic strength when it was between 0.0 and
1.0 M. The actual ionic strength in the experimental systems
was mainly controlled by the buffer solutions, which was
less than 0.10 M.

To ensure no sulfide loss due to evaporation, adsorption,
and oxygenation, we tested the stability of sulfide at pH =
7.60 and 25 °C. First, approximately 40 mL of 0.10 M
phosphate buffer was added into a 41 mL amber bottle and
degassed with high-purity N, for 20 min; then the bottle was
placed into the anaerobic chamber. After sulfide stock
solution was pipeted into the buffer solution, the bottle was
tightly closed by a screw cap with a Teflon liner and mixed
by hand. Samples (0.50 mL) were taken at 30 min intervals
with a 0.5 mL glass syringe for sulfide analysis. Sulfide was
found to be stable for atleast 180 min at 200 «M concentration
level and at least 120 min at 800 uM concentration level.
Kinetic experiments in this study followed a similar procedure
with a sulfide concentration ranging from 200 to 800 M and
an experimental time period within 200 min.

Reaction stoichiometry between Cr'! and S~ was deter-
mined by monitoring the consumption of both reactants
with different initial concentration ratios. The temperature
was maintained at 15 + 0.5 or 25 £ 0.5 °C using a water bath.

Kinetic experiments were conducted by monitoring the
change of Cr'! concentration as a function of time in excess
sulfide over CrV'. At pH 7.60, tests were performed with initial
Cr'! concentrations ranging from 10 to 60 4M and initial
sulfide concentrations from 300 to 800 M. The temperature
varied in the range of 5—35 °C. For experiments at pH 8.10,
[CrV]p and [S™"], were maintained at 40 and 800 uM,
respectively.

As detailed in Results, the rate of Cr'! reduction by H,S
was accelerated at alater stage of the reaction. Our hypothesis
was that some reaction intermediates/products might have
catalyzed the reaction. Three types of experiments were
performed to diagnose whether elemental sulfur produced
during CrV' reduction by S™ could be the catalyst: (1) After
40 uM Cr''was completely reduced in a system with 800 uM
total sulfide, another 40 uM CrV! was re-spiked into the system.
The rationale was that if elemental sulfur was involved in the
CrV'reduction, the reduction rate of the re-spiked CrV! should
be enhanced by the elemental sulfur produced from the
previous batch of reaction. (2) After 40 uM CrV'was completely
reduced in a system with 800 uM total sulfide, the supernatant
solution was collected by centrifugation at 6000 rpm (IEC
Clinical Centrifuge, International Equipment Co.), followed
by filtration through 0.40 um Millipore membrane filters.
The supernatant was degassed with N, again and in the
anaerobic chamber, re-spiked with predetermined amounts
of Cr'' and S'. The purpose was to see whether the removal
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FIGURE 1. The consumption of $™" versus Cr"! during the reaction
under the anaerobic system ([S™"], = 100 xM; [Cr'"], = 200 »M; pH
= 1.60; 25 °C).

of solid products could have any effects on the subsequent
CrV'reduction. (3) Elemental sulfur was added into the buffer
solution prior to the additions of Cr'! and S~'*. The hypothesis
was that if it was the elemental sulfur product that catalyzed
further Cr''reduction, the externally added S° should similarly
demonstrate such catalysis. Elemental sulfur was prepared
in acetone to allow proper dispersion and formation of
elemental sulfur nanoparticles, similar to the procedure of
preparing hydrophobic sulfur sols (31, 32). In the reaction
systems, the acetone concentration was always less than 2%.
Control experiments showed that, at this concentration level,
acetone did not alter the reaction rate between Cr'' and S~.

Analytical Methods. Cr'! concentration was determined
by the diphenylcarbazide colorimetric method, using phos-
phoric acid buffer to control pH for the color development
(13, 34). The absorbance was measured in a 1 cm cell at 540
nm on a spectrophotometer (Spectronic 20 Genesys, Spec-
tronic Instruments). The method detection limit was 0.05
uM. Sulfide concentration in the stock solution was measured
with the standard iodometric titration method (34). Sulfide
concentration during the reaction was monitored by the
methylene blue colorimetric method with the absorbance
measured at 664 nm (34, 35). Calibration curves for the
methylene blue method were linear in sulfide concentration
from 0 to 15 uM and from 15 to 40 uM, with R? > 0.998 for
both concentration ranges.

Solution pH was measured before the initiation and after
the completion of reaction by an Orion 420A pH meter after
two-point calibration. The pH of the buffered solution
remained constant during the reaction. Dissolved oxygen in
the N,-purged water was analyzed in selected experiments
using the HACH dissolved oxygen test kit (HACH Co.,
Loveland, CO) to check completeness of oxygen removal by
N purging.

Transmission electron microscopy (TEM) was used for
the imaging of elemental sulfur particles. A drop of solution
containing the S particles was placed on a holey carbon coated
Cu grid. The Cu grid was placed on TEM specimen holder
after the Cu grid dried. All TEM observations were carried
out with a JEOL 2010 high-resolution transmission electron
microscope (HRTEM) with an Oxford Instruments LINK EDS
system (36).

Results

Stoichiometry. Reaction stoichiometry was determined by
plotting the amount of S oxidized versus the amount of
Cr'' reduced during the reaction. CrV! reduced was linearly
related to the amount of S~ oxidized for the system initially
containing 100 4M S~"and 200 M Cr"! (Figure 1). Such linear



TABLE 1. Regression Lines for S~ Oxidized (Y) vs the Cr"
Reduced (X) during the Reaction at Various Initial Reactant
Concentrations (pH 7.60) and Temperatures, with the Slope
Representing the Molar Ratio of [S "], /[Cr"],eq, with
Uncertainties Indicated at the 95% Confidence Level

temp [S", [CV]o
(°c)  (uM)  (zM) regression lines R?
15 100 40 Y=1(1.49 +£ 0.26)X — 0.28 0.9625
15 100 200 Y=(1.60 £ 0.08)X — 0.38 0.9968
25 100 200 Y=1(1.54 +£0.06)X — 0.72 0.9972
25 100 40 Y=(1.563+0.13)X—2.74 0.9894
25 100 40 Y=1(1.44 +0.22)X — 0.42 0.9769
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FIGURE 2. In [Cr''] as a function of time in the systems with excess
sulfide (800 M) at pH = 7.60 and 25 °C. ([Cr''],: (A) 20, (B) 30, (C)
40, (D) 50, and (E) 60 zM.)

plots were obtained under other concentration and tem-
perature conditions as summarized in Table 1, with R? all
greater than 0.96. The slopes of these linear lines represented
the molarratios of S and CrV! consumed during the reaction,
which ranged from 1.44 to 1.60 with an average of 1.52. Based
on a Student ¢-test, the measured molar ratio was statistically
the same as 1.50. Since three electrons were involved for the
reduction of CrV! to Cr'!!, the molar ratio of 1.5 obtained here
indicated that each sulfide provided two electrons on average;
so S® was likely the reaction product of S™ oxidation, in
agreement with an earlier report where elemental sulfur was
directly identified by TEM with associated energy dispersive
spectroscopy (9). Effort was made to detect sulfate using the
BaSO, turbidity method (34), but the sulfate concentration
was all below the detection limit (ca. 10 xM). These results
thus indicated that the reaction took place according to the
following reaction stoichiometry:

2CrO,*” + 3HS™ + 7H" — 2Cr(OH),4(s) + 3S(s) + 2H,0
0]

Kinetics. Typical kinetics behavior for CrV' reduction was
illustrated by plotting the logarithm of [Cr""] versus time under
various initial Cr¥! concentrations (Figure 2). All systems had
a [S™", at least 13 times higher than [Cr"'],. The plots were
all linear at the initial stage of the reaction, characteristic of
apseudo-first-order dependence on Cr'%. Suchlinear In [CrV]
vs ¢ plots have been reported in the literature (7, 9, 33). To
our surprise, the lines in our systems were significantly curved
downward at the later stage of the reaction; i.e., the CrV!
reduction was greatly accelerated compared to the first-order
kinetics. It also appeared that the higher initial Cr'! con-
centration resulted in a larger acceleration.

To understand the reaction kinetics without the interfer-
ence of reaction intermediates and products present at a

TABLE 2. Initial Rates of Cr" Reduction by Sulfide at Different
Initial Reactant Concentrations

[S~"], = 800 uM [CrV']p = 20 M
[CrV']y initial rate [S™" initial rate
(uM) (M min~") (uM) (M min™")
10.0 0.87 300.0 0.67
20.0 1.71 400.0 0.76
30.0 2.17 500.0 0.91
40.0 2.18 600.0 1.09
50.0 3.47 800.0 1.24
60.0 4.02
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FIGURE 3. Initial rates at various initial Cr' concentrations in the
excess of sulfide (800 #M) at pH = 7.60 and 25 °C. Dashed lines
represent the 95% confidence level.

later stage of the reaction, initial rate methods were selected
to calculate the reaction order (37), based on the data
collected at an excess of [S7!], (800 uM) over [Cr'"], (10—60
uM). First, the data of Cr'! concentration as a function of
time was fitted by a polynomial equation; its first derivative
was then evaluated at time zero to obtain the initial rates (7o)
(38) (see theresults in Table 2). A linear In(ry) versus In [CrV],
plotwas obtained with a slope 0f0.94 £ 0.29 (95% confidence
level; Figure 3). The slope was very close to 1.00, indicating
the reaction followed a pseudo-first-order kinetics with
respect to Cr'! at the initial stage of the reaction.

The initial rate method was similarly applied to calculate
the reaction order with respect to S based on the experi-
ments performed at 20.0 uM [Cr'"]y and various [S™"], (300—
800 uM). The In(ro) versus In [S™"], plot (Figure 4) was linear
with a slope of 0.67 + 0.16 (95% confidence level). This
fractional reaction order with respect to S~'was slightly lower
than the first-order kinetics reported in the literature (7, 9).

Effect of Elemental Sulfur. To our knowledge, rate
acceleration for Cr'! reduction by sulfide at a later stage of
the reaction in reference to the first-order kinetics was not
reported. Such acceleration was likely due to some types of
intermediates and/or products formed during the reaction.
Since elemental sulfur and chromium hydroxide were known
to form in the experimental system, our working hypothesis
was that the acceleration was due to these products. We
examined Cr"! reduction in the presence of 40 uM of Cr'! at
pH 8.10. Equilibrium speciation calculation with the com-
puter program MINEQL+ (39) indicated that the main Cr'™
species was Cr(OH)s) under the experimental condition. The
test did not demonstrate any discernible effect of Cr'' on the
reaction kinetics. Thus, the elemental sulfur produced during
thereaction was proposed to be the main compound causing
the accelerated Cr"' reduction.

To confirm whether the elemental sulfur was indeed
responsible for the catalysis, we first allowed 40 uM Cr"! to
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FIGURE 4. Initial rates at various initial S~ concentrations with
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FIGURE 5. Time course plots for Cr' reduction at pH 7.60 (a) and
pH 8.10 (b). Curve A: Reduction of first batch Cr'' (40 xM) by S
(800 zM). Curve B: Reduction of re-spiked Cr"' after the reduction
of the first addition is completed. Curve C: Reduction of re-spiked
CrV! after the reduction of the first addition is completed and solid
product is separated by centrifugation and filtration.

be completely reduced by 800 uM S7!, and then additional
Cr'! was re-spiked directly. The results at both pH 7.60
(buffered by phosphate) and pH 8.10 (buffered by borate)
were shown in Figure 5a,b, respectively. At pH 7.60 (Figure
5a), it took 21 min for a 69% Cr"! reduction (from 40 to 12.6
uM; curve A). During this process, it is expected that 41 uM
of sulfide would be oxidized to elemental sulfur on the basis
of the established reaction stoichiometry. When 40 xM Cr"!
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FIGURE 6. Effect of externally added elemental sulfur on Cr!
reduction in the systems with excess of sulfide (800 zM) at 25 °C
and pH 7.60 (a) and 8.10 (b). Different curves are for different S°
concentrations: (A) control with no S° added; (B) 80 #M; (C) 160
#M; (D) 240 uM; (E) 320 M.

was re-spiked into the system following complete reduc-
tion of originally added CrV!, the time for near 100% reduc-
tion of the re-spiked Cr'! was accomplished within ap-
proximately 11 min (curve B), less than half of the time for
the original Cr"! reduction. When the solution from the first
batch of CrV' reduction was centrifuged and filtered, fol-
lowed by re-spiking of both Cr'' and S7", the time for the
CrV'reduction was increased compared to the system with-
out solid separation, but still slightly faster than the first
batch (curve C). Similarly, at pH 8.10 (Figure 5b), it took
210 min for the complete reduction of the first batch of
CrV! (curve A) and only 56 min for the second batch (curve
B). These faster reaction rates were observed under slightly
lower reductant concentrations than in the first batch
since no sulfide was re-spiked. By comparing the data in
Figure 5a,b, it was also clear that the reaction rates for both
the first and second batches at pH 8.10 were significantly
slower than the rates at pH 7.60, agreeing with the general
trend that the higher the acidity is, the faster the CrV' reduction
9, 15).

Another set of experiments involved adding various
amounts of elemental sulfur particles into the system before
the redox reaction was initiated. The results showed that the
presence of elemental sulfur significantly increased the
reaction rate at both pH 7.60 and pH 8.10 (Figure 6a,b). The
time for complete Cr! reduction at pH 7.60 was decreased
from longer than 32 min to approximately 12 min when 80
uM of elemental sulfur was added into the system at the
beginning. At pH 8.10, various concentrations of elemental
sulfur were externally added, which greatly decreased the
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FIGURE 7. Bright-field TEM images of elemental sulfur. (a) S°
particles from a sample without H,S treatment. Most S particles
display elongated shapes. Average width of the elongated S particles
is about 10 nm. (b) S° nanoparticles from a sample with H,S treatment.
They are nanocrystalline particles. Noise background is amorphous
carbon film holding the S particles. Average size of the S nanocrystals
is about 5 nm.

time for complete CrV! reduction. The higher the concentra-
tions of added sulfur particles, the faster the rates of CrV!
reduction. When the initial concentration of elemental sulfur
was raised to 320 uM, the time needed for completing the
reaction was less than 30 min. In addition, in the presence
of externally added elemental sulfur particles, the In [CrV1]
vs t plots were nearly linear for the whole experimental time
period, following a first-order kinetics with respect to Cr"!
(Figure 6b). This was different from the situation when
elemental sulfur was only produced as a reaction product
(Figure 2).

During the tests with externally added sulfur particles,
we observed that the system exhibited a milky white
appearance typical of elemental sulfur sols. When sulfide
was also added into the system, this milky white appearance
disappeared and the colloidal system became almost as
clear as true solution. TEM study showed that, without S™"
in the system, the elemental sulfur particles displayed an
elongated shape, with an averaged width of 10 nm and
length of 50—100 nm (Figure 7a). With S~ being present,
the elemental sulfur was in the form of much smaller
nanoparticles with an average size around 5 nm (Figure
7b). These S° nanoparticles were not amorphous, but in
crystalline form because sharp diffraction rings in selected-
area electron diffraction (SAED) patterns were observed.
Apparently, interactions between S° nanoparticles and S,
or the sorption of S~ onto the particle surfaces, had altered
the crystalline and/or aggregation behavior of the elemental
sulfur.

Effect of Dissolved Oxygen. As illustrated by Figure 8,
when dissolved oxygen in the solution was not removed by
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FIGURE 8. Effect of oxygen on the rate of Cr¥' reduction by sulfide
(IS~ = 800 xM; pH = 7.60; 25 °C).

N, purging before the addition of Cr'' and S~ solutions, the
time for complete Cr"'reduction was increased in comparison
to the system with purging. The amount of dissolved oxygen
in the system without purging was determined to be
approximately 63 «M, and when purged, the dissolved oxygen
was less than the detection limit of 6.3 uM. Oxygen could
affect the reaction by (i) oxidizing S™" species and/or (ii)
oxidizing elemental sulfur products. While both mechanisms
might contribute to the effect, we believe that the second
mechanism was likely the dominant one. The maximum
amount of oxygen in the system was much less than S7, so
even all oxygen was consumed for sulfide oxidation to
elemental sulfur, S™ concentration still remained almost
the same, within 84% of its original value of 800 xM. The rate
difference with and without oxygen was much larger than
the modest change of S™" concentration. On the contrary,
consumption of elemental sulfur due to oxygen could
significantly decrease its catalytic effect and decrease the
reaction rate, because the elemental sulfur product was in
a much smaller amount. The concentration profiles also
showed that, only at the later stage of the reaction when the
effect of elemental sulfur was significant, the effect became
more pronounced.

Effect of Temperature. Temperature effect was examined
at5, 10,25, and 35 °C (pH 7.60), and data analysis was focused
on the initial stage of the reaction (0—15 min) when the
reaction followed the pseudo-first-order kinetics. The log k
vs 1/T plot was linear for the reaction between Cr"' and S,
from which an activation energy of 35.4 + 14.5 kJ/mol was
calculated. This value was comparable to the 43.6 + 1.5
kJ/mol obtained from a similar experimental system (7).

Discussion

The stoichiometry of Cr'! to S™" is 1:1.5 under various
concentrationratios (Table 1), indicating that elemental sulfur
is the product of sulfide oxidation under the anaerobic
condition and the reaction stoichiometry follows eq 1. This
agrees with the result previously reported, where the
elemental sulfur is directly detected by TEM with associated
X-ray energy dispersion spectrometry (EDS) (9). Sulfate is
not detected under the experimental conditions. Elemental
sulfur is therefore the only major product for sulfide oxidation
by Cr'! under the anaerobic condition.

The rate for Cr'' reduction is pseudo first order based on
calculations using the initial rate method. Strictly speaking,
this reaction order applies only when the reaction time is
close to zero. Nevertheless, the data as presented in Figure
2 indicate that the first-order kinetics has extended until
approximately 40% of CrV'is reduced. When the data collected
within the first 15 min are used, In [Cr"'] vs ¢ plots are all
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linear with R?> > 0.98. Slopes of these In [Cr] vs ¢ plots, i.e.,
the pseudo-first-order rate constants under various initial
CrVIconcentrations (from 20 to 60 M), are 0.034, 0.040, 0.040,
0.041, and 0.039 min~!, respectively, with an average of 0.039
+ 0.004 min~!. Using a pseudo-first-order kinetics for Cr,
the overall rate equation can be written as

_dier”

r k, [CrY[H,S]%, )

Under excess S7! over Cr'}, eq 3 can be rewritten as

d[Cr"]
- =g = klCr' ®)
where k; = ki [H2S]%. With k; = 0.039 min~! and a = 0.67 as
previously calculated by the initial rate method, we get k; =
4.4 x 107 (uM) %67 min~! in the system with [S™"], = 800 uM
(pH 7.60; 25 °C).

The reaction order with respect to [S™"]y, a, can also be
determined by plotting In k, versus In [S™"],, when k; is
obtained by In [CrV'] vs ¢ plots using the data for CrV' reduction
at the initial 15 min of reaction (figures not shown). Since
the concentration of sulfide is at least 15 times higher than
the Cr"'concentration, i.e., [S"o ~ [S ] rduring the reaction,
this approach can be justified. As shown in Figure 9, the
reaction order determined following this procedure is 0.58
+0.15 (95% confidence level), very close to the 0.67 calculated
by the initial rate method, with a rate constant k; = 1.6 x
1073 (umol/L)~%58 min~". Since the reaction order (a) and the
rate constant (k;) calculated using both the initial rate method
and the integrated kinetic equation are essentially the same
statistically, we will use the average of 0.63 for @ and 1.0 x
1073 (uM) 263 min~! for k; for the kinetic presentation of the
system.

The reaction order with respect to [S™"], is lower than
unity reported in the literature (7, 9). A plausible reason is
that the anaerobic condition in this study is more strictly
controlled by conducting all tests in the anaerobic chamber,
which is more effective than by N,-gas purging of the reaction
systems used in the previous studies. The exact mechanism
leading to the fractional order with respect to S™"is unclear.
Such fractional order has been, however, frequently observed
in sulfide oxidation by oxygen (25), but the underlying
mechanisms are likely different because no oxygen is present
in our systems.

For the rate acceleration at the later stage of the reaction,
we believe that it is caused by S° nanoparticles produced in
the system. Several lines of evidence support this hypothesis.
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First, re-spiked Cr"'is reduced much faster than the reduction
of Cr'! originally present in the system. Because one of the
two main reaction products, Cr(OH)s(s), does not affect the
reaction, the other one, S°, is most likely involved. Second,
the presence of externally added S° increases the rate of Cr"!
reduction, and the higher the S° concentration, the faster the
rate (Figure 6b). Interpretation of the experiment with
centrifugation and filtration for S° removal is less definite.
Although S°in the system without S can be easily separated
by centrifugation and filtration, in the presence of S7',
externally added S° particles are dispersed as nanoparticles
with diameters around 5 nm, and thus separation through
filtration is unlikely to be complete. On the other hand, the
centrifugation/filtration process takes up to 40 min and is
performed in ambient air. Sulfur oxidation by oxygen and its
adsorption onto the membrane can certainly occur to a
certain degree, which may enhance S° removal. Nevertheless,
the reduction rate of re-spiked Cr! (curve C in Figure 5a) is
significantly slower than that without elemental sulfur
removal but slightly faster than the first batch of Cr,
suggesting that elemental sulfur nanoparticles are partially
destroyed.

The catalysis caused by S° produced during the re-
action cannot be modeled by a typical autocatalytic model
(40, 41). The rate of a typical autocatalytic reaction is slow
initially, increases to a maximum, and decreases again due
to the depletion of the reactants. For example, oxidation of
organic compounds by MnO,~ follows this autocatalytic
model, in which Mn?* produced during the reaction acts as
acatalyst (40, 41). The kinetic data on Cr"'reduction by sulfide
in our system, however, does not follow this typical auto-
catalytic model. Instead, the reaction follows first-order
kinetics at the initial stage of the reaction, up to 40% of Cr"!
reduction (Figure 2). The acceleration takes place only after
approximately 15 min of reaction, and by that time, the
amount of S° produced can be as high as 40 M. This is not
consistent with the polysulfides being responsible for the
enhanced reaction, although polysulfides have been con-
sidered to be more reactive than HS™ for certain reactions
(42, 43).

We propose that elemental sulfur nanoparticles are the
catalyst of CrV! reduction by sulfide. Elemental sulfur, when
first produced during the reaction, is dispersed as individual
molecules in the aqueous system and/or in polysulfide
(primarily S42~ and S5?7) forms and is not capable of catalyzing
the reaction. Only when nucleation occurs that eventually
leads to the formation of crystalline S° nanoparticles, the
catalytic pathway becomes significant compared to the
noncatalytic pathway. Thus, the reaction follows the pseudo-
first-order kinetics at the initial stage when the elemental
sulfur nanoparticles are not significant, even though an
individual S° molecule is produced from the very beginning
of the reaction and some polysulfides may also be present.
Once S° nanoparticles, which provide reactive surface for
reactant adsorption, are formed, the reaction is accelerated
due to the high reactivity of sorbed sulfide on the particles.
Higher initial Cr'' concentration results in a larger accelera-
tion at the later stage, which is likely due to a larger amount
of elemental sulfur product that encourages S° nanopar-
ticles formation. Adsorption of Cr'! onto amorphous el-
emental sulfur is insignificant (less than 3%). S™" sorp-
tion onto S nanoparticles, however, is highly likely due to
the similar electronic structures of S° and S™!. The par-
ticle size of elemental sulfur is significantly decreased due
to the presence of S, as shown in Figure 7, which indi-
cates the existence of strong interactions between S° and
S~ Our effort of measuring S~ sorption onto the elemental
sulfur colloids, however, was not successful because we were
unable to completely separate solids with particle sizes
around 5 nm.



TABLE 3. Rate Constants, k; and k,, for the Direct

Aqueous-Phase Reaction and k; and k, for the Catalyzed

Pathwarl, Calculated According to the Experiments with
y

Externally Added Colloidal Sulfur at pH 8.10 and 25 °C?
colloidal k ks
sulfur (ﬂM)_D'53 19 (ﬂM)_D'57 o + ky ks

(M) min~! (min™")  min~'  (min™") (min™") b
80 8.2 x 107 0.0053 0.0057 0.0679 0.0626 0.57
160 0.1028 0.0975
240 0.1347 0.1294
320 0.1498 0.1445

2 Parameter b represents the reaction order for adsorbed sulfide
([S™"p = 800 uM; [CrV']y = 40 uM).

With such understanding, we propose the following
reaction scheme for the catalytic Cr'!' reduction by the
elemental sulfur produced during the reaction:

mS = (S),, (4)
(S),, + xHS™ = (8),,-xHS~ 5)

3(9),,:xHS™ + 2xCrV' = 2xCr(OH)4 + 3(m+x)S  (6)

where the first step represents the formation of S° nano-
particles, the second the sorption of S onto the reactive
surfaces, and the third the reduction of CrV! by the sorbed
S~ Assuming that the rate of Cr"! reduction through the
catalytic pathway is proportional to the CrV' concentration
and the adsorbed amount of S, the overall rate equation
including both noncatalytic and catalytic pathways can be
expressed as

~dicr'

TR I, [Cr¥[H,S]%, + ky[Cr''[[=S—SH]” (7)

= (k, [H,S]," + k; [=S — SHI)[Cr]
= (k,+ ky)ICr]

where [=S—SH] represents the effective concentration of
sulfide on the colloidal surfaces and b is the reaction order
with respect to this effective concentration. The first term is
corresponding to the noncatalytic pathway, with k; = 1.0 x
1073 (umol/ L)7%6 min~! and a = 0.63 at pH = 7.60 and 25
°C, as discussed earlier. The catalytic term, ks[Cr"'] [=S—SH]?
is more important at the later stage of the reaction, based
on the observed kinetics and the enhancement of the reaction
rate by the addition of colloidal elemental sulfur.

The results in the systems with externally added S° particles
can be easily explained by eq 7; i.e., the reaction is pseudo
first order with respect to Cr"! (Figure 6b). k», the rate constant
corresponding to direct aqueous phase reaction, can be
calculated from the In [Cr"'] vs £ plot for the system without
S° addition. The sum of k, + ks can be obtained from the
experiments with externally added S°. As indicated in Table
3, the rate constant for the surface reaction, ks, is 12—27
times larger than k.. Another conclusion can be obtained
when k; and ks are compared. k3 and b are determined on
the basis of the relationship ks = k3[=S—SH]? (listed in Table
3). k is calculated at pH 8.10 according to the relationship
k> = k1 [H.S]* with a = 0.63. The surface related constant, ks,
is approximately 70 times larger than aqueous-phase rate
constant k;. These results suggest that the elemental sulfur
nanoparticles can dramatically enhance the rate of CrV!
reduction. The effect of pH on the reaction can also be
illustrated by the rate constants. For example, k; is increased

from 8.2 x 107° to 1.0 x 1073 (uM)~%63 min~!, or 12 times,
when the pH is decreased from 8.10 to 7.60.

In summary, the reduction of Cr'! by sulfide under
anaerobic conditions is pseudo first order with respect
to Cr'' at the initial stage of the reaction. The reaction
stoichiometry between Cr'! and S is 1:1.5, indicating the
formation of elemental sulfur as the product of sulfide
oxidation. When individual elemental sulfur molecules in-
teract to form nanocrystalline sulfur particles, a new reac-
tion pathway is created via the sorption of sulfide onto the
elemental sulfur nanoparticles, and the rate of Cr'' reduction
is greatly increased. Nevertheless, this proposed mechanism
should still be considered speculative, further study on the
growth of elemental sulfur nanoparticles should be conducted
to relate the speciation and the reactivity. In the presence
of oxygen, the reaction occurs significantly slower compared
to the anaerobic system, because the elemental sulfur is likely
oxidized.
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