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Abstract

Even though sulfate and sulfide concentrations do not adequately describe the total sulfur pool in mine waters influenced by microbial

sulfate reduction, detailed speciation of sulfur and the significance of different sulfur species in mine waters are so far poorly understood in acid
mine drainage research. Therefore, this study offers small-scale research on different sulfur species in mine waters and their relevance in total
mass balance of sulfur species. The conventional determination of sulfur species is usually carried out using ion chromatography and involves
considerable sample preparation, incl. derivatization of the sulfur species.

Therefore, methods for easy, effective, and low-cost spectrophotometric determination of sulfur species other than sulfate and sulfide
were tested. Additionally, the cross-reactions of organic sulfur species with the spectrophotometric methods were also investigated. Besides
sulfate, thiosulfate, sulfite, and sulfide coexist in real mine waters and are determinable with easy and cheap methods suitable for smaller water
laboratories.

These methods were applied on real mine waters originating from active and remediated mining sites. The results were evaluated regarding
potential sulfur imbalances. Sulfur from sulfate usually represents most of the sulfur pool. Thiosulfate is present in considerable quantities;
however, it constitutes yet a minor proportion of the total sulfur and ‘other-than-sulfate’ sulfur. It has become clear that some mine waters

contain multiple inorganic and possibly, organic sulfur species that would require more advanced analytical methods.
Keywords: Sulfur species; Mine water; Total sulfur; Thiosulfate; Sulfate; Sulfite; Sulfide; Circumneutral pH
Abbreviations: AMD: Acid Mine Drainage; SOI: Sulfur Oxidation Intermediates; MIW: mining-affected waters; MP-AES: Microwave-Plasma Atomic
Emission Spectrometry; ORP: oxidation-reduction potential; EC: electrical conductivity
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Introduction

The presence of sulfur related species in mine waters can
cause a negative environmental impact, widely known as acid
mine drainage (AMD). It is well known that sulfur redox processes
are very important in acid generation and the mobilization of toxic
metals [1,2]. Nevertheless, not all sulfur species are acid-forming,
and the detailed speciation of sulfur and the significance of
different sulfur species when evaluating potential AMD processes
by means of reliable laboratory tests are poorly understood.

Despite their significant role as one of the major nutrients
[3,4], different sulfur species in interacting system of resources

such as water and biota, could also lead biochemical electron
transfer under anaerobic environments [5]. Moreover, as organic
sulfur species are dominated in soils [6,7] and shallow subsurface
environments [8], AMD related processes could significantly alter
the organic sulfur compounds in water.

Nevertheless, many mine water studies usually consider only
the most oxidized (SO,*, sulfate) and/or most reduced sulfur
species (S%, sulfide) in their studies [2,9,10], due to lack of reliable
techniques in measuring other available species. However, many
mine water matrices matrices indicate a deficiency in total sulfur

mass balance solely based on the sulfate and sulfide content.
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Therefore, in this study three different mine water types
obtained from Saxony mining areas, Germany, were analyzed
for their sulfur speciation. The selected locations were affected
by sulfate reduction; hence, the presence of inorganic sulfate
reduction intermediates was expected. A typical argument against
the inspection of sulfur oxidation intermediates (SOI) is their
assumed instability and rapid oxidation to sulfate through Fe3*
[11,12].

Organic sulfur species that also influence the mine water
quality are often forgotten. SOI and organic sulfur species can
be the missing pieces in the sulfur mass balance equation. It is
not elucidated whether SOI pose a toxicological risk. However,
they use up dissolved oxygen and contribute to the acidification
of receiving water bodies and therefore should be monitored
[12,13].

The up-to-date literature regarding sulfur species in mine
waters discusses mainly the dissolution of pyrite in an acidic
medium; the kinetics and mechanisms are well elaborated in
the literature [14-18]. It was identified that thiosulfate is a key
product in pyrite oxidation; however, under acidic conditions
reacts to tetrathionate [19]. Thus, polythionates are expected
to be the prevailing SOI in an acidic environment, whereas
thiosulfate is dominant at higher pH values [20]. Thermodynamic
considerations could confirm the disproportion of thiosulfate to
elemental sulfur and tetrathionate at pH of about 3 [21].

Little we know about the sulfur species in pH-circumneutral
mining-affected waters (MIW). Pioneers in targeting pH-
circumneutral MIW were investigating the microbial communities
in pH-neutral mine waters, as well as the sulfur speciation.
Unfortunately, a more detailed chemical composition beyond the
sulfur species of the targeted MIW was not presented [22]. In
their recent publication, the researching persons provided a tool
for determining the sulfur mass balances in circumneutral mine
waters.

Sulfide and sulfate were determined with spectrometry,
whereas sulfite, thiosulfate and elemental sulfur were ascertained
using HPLC-UV/VIS. The total sulfur was determined by ICP-AES.
Additionally, it was demonstrated that ‘thiosalts” S O > present
only a minor component of the SOI sulfur pool, contrary to the
assumption that thiosalts were the dominant SOI [23].

Here, the overall chemistry of the samples was not

observed, too. Mine water samples and environmental
samples usually contain high amounts of inorganic ions
(Fe*, CI, NO,, SO,*). HPLC and IC systems are susceptible to high
ionic strength matrices [24] and thus require a pre-treatment or
derivatization to avoid analytical problems. The analyses of such
waters using chromatography are therefore strenuous and cost

intensive.

In our paper, we want to propose a similar mass-balance tool
for sulfur species in circumneutral mine waters using simple,
available, and cost-effective spectrophotometric methods that
do not require tedious pretreatment. The results will be brought

into comparison with the total sulfur content measured via
microwave-plasma atomic emission spectrometry (MP-AES).

Methods and Procedures
Selection of Methods

The literature pool was searched for spectrophotometric
methods for the determination of SOI that are viable for water
laboratories possessing basic low-cost equipment. Here, the
spectrophotometer DR 3900 from company Hach® was used.
Among the collected methods, procedures with the lowest
toxicity reagents were selected and tested for their feasibility and
practicability.

For the determination of sulfide, the conventional blue
methylene method was applied, whereas a test kit for sulfide
determination from the company Hach® was utilized [25].
Literature techniques for the spectrophotometric
determination of sulfite in water samples containing sulfide and
thiosulfate, as well as methods for simultaneous thiosulfate and
dithionate determination in the presence of sulfide and sulfite
[26,27].

offers

A conventional method based on the barium sulfate
BaSO, precipitation was selected to determine the sulfate
concentration [28]. To exercise the selected methods, standard
solutions containing the corresponding sulfur species were
prepared in the relevant concentration ranges and measured via
spectrophotometry to investigate the workability of the method
as well as the construction of calibration curves.

Procedures
Sulfide 8131

For testing the sulfide method in the default range, 1L of 0.2
g/L stock solution was prepared under a protective atmosphere
with oxygen-free double-distilled water to prevent immediate
sulfide oxidation. Aliquots were taken from the stock solution to
prepare a set of standard sulfide solutions with concentrations of
40, 160, 240 and 320ug/L.

The solutions were then transferred to an open atmosphere
and tested as quickly as possible on the initial sulfide concentration
(t=0). This method is based on the reaction of hydrogen sulfide
and acid-soluble sulfides with N, N-dimethyl-p-phenylenediamine
to form methylene blue. The color intensity is proportional to the
sulfide concentration. The wavelength of 665nm is used for the
spectrophotometric measurement [25].

Sulfite

A 50-mL sulfite stock solution of 0.6g/L SO,* was prepared
from 0.05g sodium sulfite Na,SO, and nitrogen-purged redistilled
water. An aliquot of the stock solution containing 6, 32, 64 and
102ug/L sulfite, thus 10, 50, 100 and 160uL of the stock solution,
respectively, was added to a solution of 10mL fuchsine-reagent
(400mg fuchsine dissolved in 1L 2.4M H,SO,) in a 100mL-
volumetric flask.
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After 10minutes, 1mL of 10M formaldehyde was added
to the mixture and the volume was adjusted to 100mL with
redistilled water. Following the incubation time of 10min at room
temperature, the extinction of the color complex was measured in
the range 0f 400-700nm . The expected maximum according to the
literature is at 570nm. As a reference, a sulfitefree reagentmixture
was used [27,29].

Thiosulfate

The thiosulfate stock solution was obtained by dissolving
0.06g of sodium thiosulfate pentahydrate Na,S,0,- 5 H,0 in 0.5L of
nitrogen-purged water with a small amount of sodium carbonate
as a stabilizer, giving a stock solution with 50mM thiosulfate

concentration.

The procedure went as followed: 4mL of 0.2M alkaline maleate
buffer, 4mL of 15mM formaldehyde, the task of which is to mask
the potentially present sulfite, and 40mL of a sample (an aliquot
of the stock solution and water) was placed into a smaller beaker.
The solution was left standing for one minute. Then, two drops
of freshly precipitated suspended zinc bicarbonate hydroxide Zn
(HCO,) (OH) were added (prepared by mixing 5vol% zinc acetate
Zn(OOCCH,), and 7.5vol% sodium carbonate Na,CO, in equal
volume ratio). At this point, sulfide in the sample precipitates as
white zinc sulfide ZnS and can be removed by filtration.

The precipitate was washed with distilled water, and the
filtrate was transferred to a 100mL volumetric flask. Subsequently,
8mL of 2M acetic acid and 9.6mL of iodate-iodide solution were
added to the volumetric flask. The iodate-iodide solution was
prepared by dissolving 72.6g potassium iodide KI, 0.2g of sodium
carbonate Na,CO, and 0.0178g potassium iodate KIO, in 500mL
distilled water, which gives 1mN (= 1.67mM) standard iodate in
0.87M iodide solution.

The volumetric flask was filled up to 100mL with distilled
water, and the absorption spectrum was recorded in the range 320-
600nm. According to literature, the expected extinction maximum
is at 350nm [26]. The added aliquots of stock solution were of
the following volumes: 4, 8, 12 and 16mL, which altogether gave
synthetic samples with thiosulfate concentrations of 500pmol/L,
1mmol/L, 1.5mmol/L and 2mmol/L, respectively.

As a reference for photometry, a thiosulfatefree sample was
used [26]. This method is based on the reaction of thiosulfate
with iodine. The more thiosulfate is present in the sample, the
more iodine is converted to colorless iodide. As follows, the more
thiosulfate the sample contains, the less intense yellow color is
observed.

Sulfate 8051

A set of standard solutions with sulfate concentrations of 2, 20,
40, 60 and 70mg/L, respectively, was prepared from a commercial
1000mg/L sulfate standard solution. The compact method for the
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determination of sulfate is based on the precipitation of barium
salt with sulfate forming a milky precipitate. For that, a cuvette
was filled with 10mL of distilled water and a paired cuvette is
filled with a sample.

The content of one Sulfa Ver® 4 powder pillow was added to
the cuvette with a sample and swirled to dissolve the barium salt.
After Sminutes, the cuvette with the blank sample was cleaned,
inserted into a spectrophotometer, and the blank value was
recorded. Then, the sample cuvette was cleaned, inserted and the
sulfate concentration was determined [28,29].

Cross-Reactions

Additional experiments were made to investigate possible
cross-reactions of inorganic and organic sulfur species or overall
interferences in the spectrophotometric measurements.

a) Thiosulfate and sulfite solutions containing 10,20 and
50mg/L thiosulfate and sulfite, respectively, were acidified with
acetic acid to pH 4.5. Their oxidation to sulfate was traced using
the method mentioned in sulfate. This experiment was to show
whether, how fast, and under which conditions do thiosulfate and
sulfite react to sulfate. It was expected that the oxidation to sulfate
will occur faster in acidified samples.

b)  Thiosulfate, L-cysteine, thiourea, mercaptosuccinic acid
and mercaptoethanol standard solutions in the range 5800pg/L
sulfur (in compliance with the range of Sulfide 8131 method)
were tested with the Sulfide 8131 method to inspect possible
interference of the named sulfur species with spectrophotometric
sulfide determination giving a false positive sulfide result and
thus biasing the sulfide determination.

) Thiosulfate, L-cysteine, thiourea, mercaptosuccinic
acid and mercaptoethanol solutions of 50mg/L sulfur were
tested with the Sulfate 8051 method to observe whether these
species interfere with the BaSO, precipitation and thus falsify the
spectrophotometric determination of sulfate.

Stabilization of the Targeted Sulfur Species in Real
Mine Waters

Experiments for developing a stabilizing solution that would
preserve sulfide, thiosulfate, and sulfite in a water sample, were
carried out before sampling campaigns. Academic literature
describes spectrophotometric determination techniques for
sulfide, sulfite as well as thiosulfate along with corresponding
suitable sampling and stabilizing instructions [27,30,31].

Based on the mentioned works and additional experiments,
the following stabilizations have been applied for use on a
sampling campaign:

a)  Equal volumes of NH,-NH,NO, buffer, 5% zinc acetate
solution and sample in a 20mL brown-glass bottle with a screw
cap containing PTFE septum for the sulfide stabilization.
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b)  5mL of fuchsine-reagent and 20mL of sample in a 50mL
brown-glass bottle with a screw cap containing PTFE septum to
fix sulfite.

Since thiosulfate and sulfate were proven to be stable in
previous experiments, they were measured in native subsamples
that were filled brimful into 100mL bottles with screw caps
containing PTFE septa to avoid sample degassing and oxygen
exposure. For total sulfur analysis measured via spectrometry, the
samples were filtered through 0.45um surfactant free cellulose
acetate syringe filters purchased from Santorius, collected in
50mL PE bottles, and immediately acidified with 1v/v % supra
quality concentrated HNO..

Sampling Procedure

The sampling campaigns took place in December 2019
(samples MX and RX) and November 2020 (WX). The mine water
was sampled at three different (former) mining sites. Samples MX
originate from an open-pit lignite mine site, where the mine water
is pumped and channeled towards a mine water treatment plant.
The water arriving at the mine water treatment plant carries a
strong sulfidic odor, whereas the hotspot of the sulfate reduction
is not known.

Therefore, some suspected points were selected and sampled
to reveal the spacial origin of sulfiderich water. Samples RX also
originate from a lignite mine, however in this case, sulfide-rich
outflows from a former deep mine that penetrate the surface of
the lignite mine were sampled. WX include mine water samples
from decommissioned underground uranium mining sites.

A collection of subsamples was taken on each sampling
point, correspondingly to the targeted parameter(s). Moreover,
typical field values such as pH, temperature, oxidation-reduction
potential (ORP) and electrical conductivity (EC) were measured on
site. Subsamples for the laboratory measurements of thiosulfate,
sulfite, sulfide, and sulfate were taken and stabilized as described
in 2.5. All subsamples were kept refrigerated at 3°C until the
next day when they were analyzed at the water laboratory of TU
Bergakademie Freiberg.

Sulfur Mass Balance Calculations

Under the assumption that most of the sulfur in mine
waters occurs in the form of sulfate (S from SO,*, shortly
S-S0,*-), sulfite (analog S-S0.*), thiosulfate (S-S,0,*) and sulfide
(S-S%), the sulfur content in mmol/L was first calculated from
the spectrophotometric analyses (output in mg/L) as follows.
The calculated sulfur content from the spectrophotometry was

compared with the total sulfur content measured via MP-AES.

S(totfphorometry) = ZC(S*SI) = C(stof’) + C(&s’*) + c(sfsog’) + c(sfszof’) (1)
1
s _ Ps_sor 4 Py_g> 4 Py_sor 2psfszo§’
(tot—photometry) = M M M M
N 52 N 5,07

P 2 P 2 P 2- 2,0 2 (2)
E 5*503 + §—=8 + S*SOB + 5*5203

96g /mol 32g/mol 80g/mol 112mg/ mol
Result

Cross-Reactions
Cross-Reaction a

Thiosulfate proved to be reasonably stable for at least a week,
even when acidified. No sulfate was detected in the thiosulfate
solutions with the Sulfate 8051 method. Therefore, we can
assume that thiosulfate does not bias the spectrophotometric
sulfate determination. Sulfite, on the other hand, formed a milky
precipitate with BaSO, immediately.

Acidified samples were oxidized almost at the same rate
as the nonacidified ones. The initial sulfite concentration was
completely retrieved in the sulfate after 7 days. We can conclude
that sulfite oxidizes rapidly in unpreserved samples or that the
method gives a falsely positive result in the presence of sulfite.
Considering very low sulfite content in typical mine waters, none
of these conclusions is significant for further investigations.

Cross-Reaction b

The organosulfur species have partly reacted to methylene
blue when inspected with the Sulfide 8131 method. Random
amounts of sulfide in the lower method concentration range (5-
20pg/L) were found in these solutions. Therefore, it is apparent
that organic sulfur species may mildly positively bias the
spectrophotometric determination of sulfide.

Cross-Reaction ¢

No sulfate was detected in the solutions of thiourea,
mercaptoethanol, acid and L-cysteine
hydrochloride monohydrate with sulfur content of 50mg/L

mercaptosuccinic

Therefore, we can conclude that organic sulfur species will not bias
the determination of sulfate. The methods for spectrophotometric
determination of thiosulfate and sulfite include steps for masking
other SOI species. Altogether with the above-elaborated cross-
reactions, the selected spectrophotometric methods will provide
results with fair validity (Figure 1).

Real Mine Water Characteristics
General Aspects

The sampled mine waters can be considered circumneutral
since their pH ranged from 6.35 to 7.63 with a median value of
7.24. The redox potentials (E,) range between 113 and 305
mV (median value 177mV) which is reasonable for mine water
influenced by microbial sulfate reduction. The median value
of present ferrous ion in the samples was 2.38mg/L Fe?*. The
experience has shown that such ferrous ion content is common
for mine waters of similar character. Further analyses results are
placed in the Table 1.
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Figure 1: Sulfur species as a part of total sulfur proportions; proportions lower than 1% Stot, MP-AES are not labelled )

Table 1: Determined concentrations of sulfur species, concentrations of the total sulfur calculated based on the spectrophotometric
investigations (Stot-photo.) and the total sulfur content analyzed by MP-AES (Stot-MP-AES).

Sample ID S0,* S* S0,* S,0.* S S otmpaEs Asw'-p’z:.s S,
(mmol/L) (mmol/L) (mmol/L) (mmol/L) (mmol/L) (mmol/L) (mmol/L)

M1 9.37 4.68E-04 <LOD 0.71 10.08 16.23 6.15
M2 7.29 4.68E-04 <LOD 0.76 8.05 14.74 6.69
M3 3.96 5.61E-04 <LOD 0.24 4.2 3.94 -0.26
M4 3.12 1.87E-04 <LOD 0.69 3.81 3.52 -0.29
M5 3.54 2.81E-04 <LOD 0.47 4.01 3.86 -0.15
M6 3.44 4.20E-02 <LOD 0.66 4.13 3.6 -0.54
R1 6.25 1.89E-02 4.00E-04 0.78 7.04 8.36 1.32
R2 10.62 5.50E-02 2.70E-04 0.71 11.38 8.37 -3.01
R3 8.74 2.81E-03 <LOD 0.9 9.64 9.58 -0.06
w1 3.33 2.00E-03 2.75E-04 0.14 3.48 3.99 0.51
w2 3.23 2.99E-03 <LOD 0.15 3.38 3.95 0.57
w3 291 4.15E-04 <LOD 0.08 3 4.02 1.02
W4 13.53 <LOD <LOD 0.04 13.57 16.67 3.1

W5 2.71 1.50E-03 <LOD 0.1 2.81 3.86 1.05
W6 2.71 2.15E-03 <LOD 0.06 2.77 391 1.13

Sulfur Imbalances

Table 1 provides a comparison of the total sulfur from the
spectrometric and the spectrophotometric analysis. Here, a
deviation Awas calculated usingtoillustrate the difference between
total sulfur contents found via MP-AES and spectrophotometry.

The sulfur from sulfate accounts for most of the sulfur in all
samples. Sulfur from sulfide, sulfite and thiosulfate constitutes a
minor part, whereas the most prevailing among these is thiosulfate

How to cite this article:

sulfur. The positive sulfur deviation A implies that sample contains
more total sulfur (via MP-AES) than what is determinable via
spectrophotometry. On the other hand, a negative deviation
suggests that the sulfur measured via spectrophotometry was not
retrieved in the spectrometric measurement of total sulfur.

In the figure 1, the total S measured by MP-AES is set to be
100% S. The sulfur species measured via spectrophotometry
are displayed as % from the Stot, MP-AES. This figure reaffirms
that the proportion of sulfate sulfur is the biggest in all samples
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except for M2. In some samples, the summary of sulfur from
spectrophotometry exceeds the total sulfur measured in MP-AES.
This analytical aspects will be addressed in the discussion section.

Discussion

The selected spectrophotometric methods are eligible to be
applied independently since the experimental procedures ensure
the exclusion of cross-reactions among the inorganic sulfur
species. The rapid oxidation of sulfite to sulfate is insignificant
in this context; since the sulfite is considered to be solely a side
product of sulfide oxidation via the thiosulfate mechanism [8].
We can assume that the amount of sulfite in mine water samples
of acidic and circumneutral pH will be small, if not negligible,
which would decrease its relevancy when looking into the sulfur
balances.

The behavior of organic sulfur species in in relation to the
cross reaction b cannot be explained - it is not clear whether some
organic sulfur species reacted with the water or with the reagents

to form sulfide - or the spectrophotometric reaction was interfered
due to the presence of the organic sulfur species. However, if the
investigated organic sulfur species are present in typical mine
waters, they will not occur in such concentrations that would
seriously impair the sulfide determination. Furthermore, the
spectrophotometric determination of sulfate was not impaired in
the presence of organic sulfur species.

The balancing of sulfur in real mine water samples
turned out to be a challenge; samples showing negative sulfur
deviation suggest that the spectrophotometric results may be
overestimated. Another possible scenario is an undetermination
of sulfur in the MP-AES analysis. There is evidence that e.g., sample
R2 contained very fine colloidal elemental sulfur. It is considered
that the elemental sulfur, if not removed, raises additional iodine
consumption in the determination of thiosulfate resulting in
overestimation. Colloids would also contribute to an additional
light scatter in a sample and hence increased light extinction in
the spectrophotometer (Figure 2).
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Figure 2: Thermodynamically stable and metastable inorganic sulfur species [31].
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Since the samples for MP-AES analysis was filtered before the
measurement for equipment protection, we can assume that an
unknown portion of the sulfur could have been withheld in the
filter and consequently, we retrieved less sulfur than what was
present. For future applications, the elemental sulfur should be
removed by e.g., solvent extraction.

Addressing the opposite situation; samples with a positive
sulfur deviation imply that not every sulfur species had been
considered in the spectrophotometric analysis. Since the pool
of inorganic species contains more than four species than those
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targeted, such a scenario is well probable. Not to forget about the
universe of organic sulfur species that is unproportionally larger
than the inorganic one. The figure 2 displays the pool of inorganic
sulfur species.

Conclusion

It was confirmed that sulfur species other than sulfate and
sulfide are present in mine waters and should not be disregarded
when analyzing microbially reduced mine water samples since
they may constitute more than half of the total sulfur amount.
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The literature search yielded methods for easy and low-cost
spectrophotometric determination of sulfite and thiosulfate -
these have been utilized to quantify the sulfite and thiosulfate in
real mine water samples.

Observing the sulfur balance in real mine water samples, it has
become obvious that a microbially reduced mine water system is
complex and most probably contains a variety of inorganic and
organic sulfur species. From among sulfide, sulfite and thiosulfate,
thiosulfate was the prominent species. However, in most of the
samples, thiosulfate constituted only a minor part of the ‘other-
than-sulfate’ sulfur. The used spectrophotometric methods for the
determination of sulfite and thiosulfate should be applied best
after the exclusion of colloidal sulfur.
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