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ABSTRACT

Due to sulfur pollution in marine, lacustrine and riverine sediments, sulfur
compounds have been extensively studied for many years, but there have been few
studies of insoluble sulfides in sediments. Recent studies have elucidated the
importance of sulfide minerals as metal-binding components in anoxic sediments.
Thus, the determination of sulfides is very important for the water quality survey.

Iron sulfides are important reductive pollutants in the sediment of water-body, such
as a bay and a lake. The existence of iron sulfides has harmful influence upon the
aquatic ecosystems, so that it is essentially necessary to monitor the iron sulfides
content in the sediment. Acidification at high temperature is applied to the sediment
for the determination of acid volatile sulfide (AVS), followed by a trap of hydrogen
sulfide with metal solutions. Final measurements are normally carried out by
colorimetry, gravimetry, potentiometry using ion-selective electrode, or
photoionization detection (PID). These methods are accurate and sensitive for the
determination of AVS, but they are time-consuming and tedious.

This thesis describes a new electrochemical method for the determination of FeS
and FeS, respectively in the suspension samples with a platinum-silver (Pt-Ag)
twin-electrode. The method needs fewer reagents and less manipulation of the sample,
compared with previous methods, and can be performed readily by electrochemical
processes. Though this work is still not effective in natural samples in the present
stage, it will be contributed to the more improved methods for the determination of
AVS and FeSiig) in sediments.

The new electrochemical method has several procedures as described below.
Because FeS and FeS; are insoluble in the water, it is difficult to directly detect the
species by the electrochemical measurements. However, iron sulfide can be
decomposed into soluble ferric ion and elementary sulfur by electrochemical
oxidation with Pt electrode. After the electrolytic oxidation and several potential

procedures, ferrous ion and sulfide ion were measured by voltammetry. The oxidation



potential and oxidation time with Pt electrode were decided from the dependencies of
amounts of ferrous ion and sulfide ion on the potential condition. Furthermore, from
relations of the peak charge of ferrous ion to the content of FeS or FeS,, linear
calibration curves a and b were respectively prepared. According to the linear
relations, the content of FeS or FeS, can be individually evaluated from the
measurements of ferrous ion.

After the measurement of ferrous ion, ferrous ion and elementary sulfur were
reduced with Pt electrode to remove ferrous ion and produce sulfide ion. With Ag
electrode, silver sulfide was electrochemically deposited on electrode surface. A
linear calibration curve ¢ was prepared from a relation between the peak charge of
silver sulfide and the FeS content. However, in the suspension of FeS,, silver sulfide
was not able to be detected at all. According to the curve c, the content of FeS can be
evaluated from the measurement of sulfide ion.

When this method was applied to the mixture suspension of FeS and FeS,, we
checked whether the calibration curves a, b and ¢ were suitable to estimate the
contents of FeS and FeS,. The content of FeS can be determined by the curve ¢ and
the measurement of silver sulfide, because the addition of FeS, does not give an
influence to the amount of silver sulfide. However the curves a and b were not
effective in the mixture suspension because the slope of the curve a decreases
gradually with the addition of FeS,. The content of FeS, will be determined if the total
contents were estimated from the measurement of ferrous ion, because the content of
FeS can be determined from the measurement of silver sulfide. Therefore, it will
become important in future to combine the electrochemical determination method of

the accurate total content of FeS and FeS, to this proposed method.
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CHAPTER 1

INTRODUCTION

1.1 Research Background

With the rapid development of industry and agriculture, environmental pollution is
rapidly increasing and attracted more and more attention from governments and
researchers. Among these environmental problems, water pollution is one of the
primary concerns due to its direct effect on the aquatic ecosystem and human health
(1] Sediments of lake and riverbed are the main part of aquatic ecosystem, which not
only play an important role in influencing water pollution but can also provide a
record of the water pollution history, because they act as both carriers and potential
sources of contaminants in an aquatic environment. Contaminated sediments have
been recognized as a very important deposit for persistent toxic substances (heavy
metals and xenobiotic organic compounds) released into the aquatic environment
from various sources 7/,

Sulfur is one of the major components in seawater, which exhibits several oxidation
states between +6 and —2 under natural aquatic conditions. Sulfur geochemical
behavior is varied and complex, and is apt to be affected by aquatic conditions. sulfur
cycle in marine sediments has arouse growing interest by researchers in sediments,
due to its effects on water O, content, pollutant toxicity and other elements cycles

(8191 For example, iron and metals are released when their sulfides move into

oxidizing sediment where they are unstable [''-'?

. Heavy metals are the main
pollutants in many water and sediment, which have caused many environmental
events due to their toxic and carcinogenic effect. Sulfur plays an important role in

deposition, dissolution and chelation of heavy metals, and affects environmental

behavior of the heavy metals [*!. Therefore, it is necessary to study the change of



sulfur species in sediment in order to study pollutants behavior in aquatic system.
Various sulfur compounds are produced in sediments and iron sulfide is the most
important reductive component among these sulfur compounds in aquatic sediment
1417 including acid volatile sulfide (AVS) and pyrite (FeS,), which greatly affect the
cycles of sulfur, carbon and bioavailability and potential mobility of trace elements
(18211 pyrite is the final product of the reaction of reduced sulfur with reactive iron,
and is commonly found in ancient sedimentary rocks. AVS, which is commonly
found in recent sediments, is considered to include amorphous iron monosulfide (FeS),
mackinawite (FeS;.,) and greigite (Fe;S4). Many studies have concerned iron sulfide

1417 However, the determination of sulfur species in

in sediment of bay and lake
iron sulfide still has much difficulty, and this has negatively affected the progress in
studying sulfur cycle in sediment and aquatic ecosystem. Therefore, the efficient and
comprehensive methodology for the determination of iron sulfide needs to be

developed.

1.1.1 Sulfur Cycle in the Aquatic Sediments

Elemental sulfur (S) is an intermediate produced through complex biogeochemical
processes occurring in aquatic systems, which has various species, such as inorganic
forms sulfates (SO4>), elementary sulfur (S°), metal sulfides (mainly FeS) and pyrite
(FeS,), and organic forms ester sulfate group and carbon-bonded sulfur compounds
(221 Change of sulfur species in aquatic sediments is affected by the combination of

reductive and oxidative chemical and bacterial processes (see Figure 1.1) 224,
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Figure 1.1 Sulfur cycle in the aquatic sediments

Sulfate reduction is the major mineralization pathway which accounted for 10-90%
of the total organic matter degradation in sediments of productive coastal marine

(23281 Reduced conditions are maintained in most aquatic sediments below a

systems
thin, oxidized surface layer because of the activity of heterotrophic organisms, which
provides the basis for the transformation of inorganic sulfur compounds through a
cyclic series of redox processes. Sulfate can be reduced to sulfide by the respiratory
metabolism of sulfate-reducing bacteria ). In this process, dissolved hydrogen
sulfide may quickly react with sedimentary reactive iron compounds to form iron

monosulfide (FeS,) ]

, which can react further with dissolved sulfide, elemental
sulfur or polysulfides to form pyrite (FeS;) *°*%. Immobilization of free sulfide in
sediment has important effect on the cycling of iron and sulfur. Transport processes
and turnover rates are significantly reduced by the formation of solid phase iron
sulfides. Moreover, the formation of iron sulfides and the subsequent burial in the
sediment has been recognized as the dominant pathway for the permanent removal of

[33,34

sulfur and iron ], Since hydrogen sulfide dissolved in the pore waters is toxic for



many macrofaunal species °*), the fixation of H,S through the formation of metal
sulfides is also an important detoxifying mechanism for the macrofauna community.
Although much sulfide is trapped by precipitation with metal ions in the sediment,
any sulfide may dissolve in the pore water and reach the oxic and photic surface
layers of the sediment. It is oxidized partly by a spontaneous chemical reaction and
partly by catalysis by chemoautotrophic or photoautotrophic sulfur bacteria °®. When
reactive iron is not sufficient in sediment, H,S can diffuse into underlying sediments

3

or the water column 7], and is reoxidized to sulfur intermediates (elemental sulfur,

138391 6 reacts with organic matter 1! through chemical

thiosulfate, sulfite) or sulfate
and microbial oxidation [**!. In addition, iron sulfide minerals can be transported by
bioturbating organisms from reduced sediment to oxidized sediments, where they are
reoxidized subsequently *'**). Thus, the recycling of sulfur and iron in the sediments
might be enhanced by bioturbating and bioirrigating activities of benthic organisms.
Oxygen can directly affect sulfur and iron cycling through re-oxidation, and indirectly
affect it through its influence on the biomixing and bioirrigating activity of the
macrofauna that, in turn, depend on oxygen to respire.

These processes have a strong influence on the chemical environment in the
sediment. They mediate a significant part of the energy flow in detritus food chains
connected to anaerobic decomposition, and balance between oxygen and sulfide is an
important factor for the distribution of benthic organisms [*. In the early diagenesis
of anoxic sediments, the transformations of inorganic sulfur also play a dominating
role (),

Although it is well known to the microbial and biochemical process of sulfur, their
quantitative importance is not paid much attention. The pool sizes of the various
sulfur compounds have been determined frequently, their transformation rates are less
estimated by direct methods. In general, the rate of sulfate reduction is calculated
from the accumulation of metal sulfides, assuming complete precipitation of the H,S
produced 4" However, above method is not accurate, since many results showed
that reduction rates are greatly underestimated **). Measurement of stable sulfur

46,47]

isotopes is an important aid in determining the origin of the various pools | .

4



However, it is difficult to obtain a dynamic picture of the sulfur cycle. Based on the

48’49], established a

gradient and diffusion of sulfate and on the sedimentation rate |
mathematical model, which is a good indirect method for determining the rate of
sulfate reduction. However, the model implies steady state conditions which are only
partly fulfilled in coastal environments. The chemical methods measuring sulfate or
sulfides are not sufficiently when determining the small changes in concentration in
isolated sediment samples during short term incubations. Therefore, a sensitive,

accurate and reliable electrochemical technique is developed in this thesis for the

determination of iron sulfides.

1.1.2 Acid Volatile Sulfide (AV'S)

Acid volatile sulfide (AVS) usually means the sulfide produced through sediment
acidification, and is operationally defined as reduced inorganic S that reacts with HCI
to form H,S %% AVS includes amorphous iron monosulfide, mackinawite and
amorphous monosulfides of other metals (nickel, zinc, cadmium, lead, copper, and

) [53,54

perhaps mercury and silver | and is regarded as a major sorbent for several trace

clements in anoxic sediments °!. Several studies show that a relative abundance of

[56-58

reactive sulfides effectively sequesters reactive trace elements ], and that certain

sulfide minerals are important as metal-binding components in anoxic sediments
[59-62]

Iron sulfide is primary one of the AVS and AVS can be equated to FeS ). The
formation of iron sulfides begins with the oxidation of sulfate and organic matter by
sulfate-reducing bacteria, which produces hydrogen sulfide (H,S) (see Figure 1.2).

The abundant iron in natural sediments reacts with H,S to form iron sulfide minerals

[64]
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Figure 1.2 Formation of iron sulfides in sediments and its effect on aquatic ecosystem

Due to the fact that AVS is metastable and pyrite is the thermodynamically stable,
over time, sedimentary FeS tends to be replaced by thermodynamically favoured
pyrite %), but the replacement does not involve a literal “conversion” of FeS to pyrite
(41 Rather, over time, FeS dissolves and pyrite forms, resulting in increasing pyrite-S
to AVS ratios *'!. Due to slow transformation rate, AVS may persist for long time in
sediment *>6°],

Determination of AVS attracts much attention since the quantity of AVS may be an
indicator of potential metal toxicity in sediments. Di Toro et al. [*”! proposed that
potential metals toxicity may be determined by comparing the ratio of AVS with
simultaneously extracted metals (SEM), which are the metals released during
oxidation of anoxic sediment. However, up to now, the determination of AVS still
suffers uncertainty when applied to different samples and using different reagents,
resulting in either overestimation or underestimation of sulfur pools. This is due to the

fact that, upon exposure to air, AVS is oxidized and rendered inert in the analytical
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process. According to the previous reports, sampling from deep sediment, handling,
storage and analysis are regarded as the main impact factors for the AVS

determination. Therefore, these operations should adhere to stringent protocols.

1.1.3 Solid Phase Iron Sulfide of AVS in Sediments

The classical opinion is that AVS can be equated to FeS, which penetrates much
recent literature and even is a keystone of the mass balances used in sedimentary
isotope systematics. However, few references report the solid phase FeS in general
marine systems [,

Rickard and Morse ¥ review chemistry of sedimentary iron sulfide and conclude
that acid volatile sulfide (AVS) as a model for FeS estimation should be abandoned.
The possible reasons are that, firstly, it is not equivalent to FeS, since other metals are
also incorporated in FeS via substitution and co-precipitation; secondly, extraction
techniques are not always quantitative for known FeS minerals and may also extract
various amounts of pyrite; thirdly, solid FeS phases have been rarely identified in
sediments by instrumental methods. Fourth, organic S phases may also release H,S
during acidification. For example, the solubility of FeS is poorly constrained and the
use of solubility measurements to infer the presence of FeS is unreliable. So it would
be better if the present AVS approach is dropped and the individual components of

AVS, including solid phase FeS, are measured instead, and then this would be a

preferred approach.

1.2 Determination of AVS in Sediments

Determination of different forms of sulfide in AVS in sediment has previously been
attempted using different techniques, such as colorimetry, gravimetry, ion-selective
electrode and photoionization detection (PID). They show different advantages and
shortcomings in determining AVS in sediments. For the choice of method, the

7



following factors should be considered, such as time consuming (efficiency), waste
generation, cost, reproducibility and determination limit. All four methods are based
on the conversion of the sulfide to H,S by reaction with Imol/L hydrochloric acid, the
purge of H,S in the system with a purified inert gas, and the trap of the evolved H,S.
The difference among them is the difference in trapping and quantifying H,S. Sodium
hydroxide (0.5M), silver nitrate (1M), sulfide antioxidant buffer (0.2M) and a column
immersed in liquid nitrogen are used in colorimetry, gravimetry, ion-selective
electrode and PID methods respectively. The trapping solutions or column are then
analyzed for evolved H,S, though shortcomings exist somewhat in these methods.

In order to compare these four methods, the cost, waste generation and convenience
of each method should be considered. Cost refers to purchase permanent equipment
and reagents. Waste generation refers to the amount of waste reagent that requires
disposal. Convenience focuses on the analysis time per sample, the frequency of
instrument repair and routine maintenance, and the complexity in operation.

The colorimetric method is relatively simple, less time-consuming and inexpensive.
It has broad measurement extent, though dilution of the trapping solution is required
for high AVS concentrations. Instrument repair and maintenance is seldom. The
shortcoming is large acid waste (approximately 280ml per sample). The mixed
diamine reagent used is the most hazardous in this method.

The gravimetric method is time-consuming, complicated and expensive (due to the
expense of the silver nitrate). But the instrument expense used in this method is lower
than that of the PID and colorimetric method, for only glassware and an accurate
balance (precision 0.001g) are required. The measurement extent is less than that of
the colorimetric method. Waste production is significantly larger than that of the
colorimetric method (approximately 500ml per sample) because of the extra
HCl-removal trap and the larger volume of trapping reagent.

The ion selective electrode method is the simplest and inexpensive in four methods.
This method can determine a wide range of AVS concentrations without dilution of
the trapping solution. It produces equal amount of waste as the colorimetric method

(approximately 280ml per sample).



The photoionization detection (PID) method is relatively simple and highly
accurate while is high cost. This method works well when the NaOH-trapping step is
eliminated, but this step must be used for samples with concentrations greater than
10pmol/g, since the PID is linear only about 1pmol of H,S. NaOH occasionally
experiences breakthrough, while seldom occur in other methods. Lower flow rates
coupled with longer purge time, could eliminate this problem. PID method produces
the smallest amount of waste (92ml per sample) among four methods, while was the
most expensive in terms of instrument cost. In addition, measurement extent of PID is

less and it is difficult to determine extremely high AVS.

1.3 Overview of this Thesis

In this thesis, we propose a new technique to determine the contents of iron
monosulfide and iron disulfide in suspensions respectively with platinum-silver
twin-electrode by electrochemical techniques such as electrolytic oxidation and linear
sweep voltammetry. The Pt-Ag twin-electrode is a newly developed electrode and has
many superior physical and electronic properties, such as hardness, chemical inertness,
reproducibility, high sensitivity and electrical conductivity. Compared to the previous
analytic methods, this method has several advantages, such as easiness of sampling
and process, simple and rapid operation, high sensitivity and precision, long-term
reliability and reproducibility. After optimization of the experimental conditions, this
method can effectively determine FeS in the mixture suspension. Moreover, we
discuss the validity of proposed method in determining FeS and FeS, contents in the
mixture suspension samples.

In Chapter 2, we use a Pt-Ag twin electrode to carry out the electrooxidation and
voltammetry in the iron sulfide suspension to produce the electrochemically active
species and determine the concentrations of generated ferrous ion and sulfide ion.
Since solid phase iron sulfide is insoluble in water, it is difficult to electrolyze and

determine it on the electrode surface directly. However, the electrochemically active



species can be generated from the electrolytic oxidation of iron sulfide sample in the
suspension, and the linear sweep voltammetric determination of these species is
readily performed using the newly developed platinum-silver twin-electrode. We
report on the mechanism of generations of ferric ion and elemental sulfur from the
electrolytic oxidation and the correlations between the generations of ferrous
ion/sulfide ion and oxidation conditions such as oxidation potential and time. In
addition, the optimal instrumental parameters of the twin electrode were discussed
and finally decided to perform our electroanalysis procedure. This study provides the
theoretical base for the detection of ferrous ion and sulfide ion generated from the
electrolysis production of iron sulfide in the suspension by electrochemical method
with Pt-Ag twin electrode.

In Chapter 3, the electrochemical method with Pt-Ag twin electrode was proposed
to determine the contents of FeS and FeS, by ferrous ion analysis in the suspension.
The ferric ion was generated from the electrolytic oxidation of iron sulfide and
reduced to ferrous ion with the accumulation potential. In the various voltammetric
processes, we investigated the mechanism of the ferrous ion analysis, and found that
the ferrous ion is oxidized to ferric ion by the transfer of one electrode, generating a
measurable current which forms a well-defined oxidation peak in the negative scan of
the voltammogram. After optimization of the conditions of linear sweep
voltammograms such as the accumulation time and the scan rate, the correlations
between the ferrous ion concentration and iron monosulfide wt% or iron disulfide
wt% were studied for the quantificational analysis in the suspension. We found two
linear relations between them. Two calibration curves were obtained for the analytical
curves of the ferrous ion in the standard suspensions of FeS and FeS,, and according
to this, the iron sulfide content can be evaluated from the measured concentration of
ferrous ion.

In Chapter 4, we applied the Pt-Ag twin electrode to determine the FeS by sulfide
ion analysis because the elemental sulfur was only generated from the electrolytic
oxidation of FeS in the suspension. The oxidation production of FeS, from the
electrolysis is polysulfur which is the thermodynamically stable form and can not be

10



reduced to the electrochemically active species in the proposed electroanalytic process.
The generated elemental sulfur can be reduced to sulfide ion at the high negative
potential so that we can determine the concentration of sulfide ion in the voltammetry.
The mechanism of the sulfide ion analysis was studied and we found that the silver
reacts with sulfide ion to form silver sulfide on the silver electrode surface in the
deposition process. The silver sulfide is reduced to silver and sulfide ion in the
subsequent voltammetric process by the transfer of two electrons, which generates a
measurable current and forms a well-defined reduction peak in the positive scan of the
voltammogram. Additionally, optimization of the linear sweep voltammograms for
silver sulfide analysis was also investigated such as the deposition potential, the
deposition time and the scan rate before the measurement of sulfide ion. The
correlation between the iron monosulfide wt% and the concentration of sulfide ion
generated from the elemental sulfur in the suspension was studied. We found a linear
relation between them, and obtained a calibration curve. Therefore, the FeS content
can be evaluated from the measured concentration of sulfide ion.

In Chapter 5, based on the results described in Chapter 3 and Chapter 4, the
proposed methods were used to quantificationally analyze the FeS and FeS, in the
mixture suspensions. According to voltammograms, we found that the traces of
ferrous ion peak and sulfide ion peak can be detected by linear sweep voltammetry
with our Pt-Ag twin electrode in mixture suspension samples. After electrooxidation
of mixture sample on Pt electrode, solid iron sulfide was transformed into soluble
ferric ion which generated from both FeS and FeS,, and elemental sulfur which
generated only from FeS. We applied this electroanalytic procedure in three mixture
suspension systems and obtained a good agreement between the measured FeS
content and the reference value. According to the calibration curve ¢, we can
determine the content of FeS from the measured concentration of sulfide ion.
However, a deviation between the measured ferrous ion concentration and the
reference value of the calibration curve a was observed in three systems of mixture

suspension samples. Therefore, we can determine the FeS content by the measured

11



concentration of sulfide ion in the mixture suspension samples by our proposed
electrochemical method with Pt-Ag twin-electrode.
Chapter 6 presents the conclusions of this thesis. Furthermore, some advices about

future work were put forward for further research.
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CHAPTER 2

THE ELECTROOXIDATION OF IRON SULFIDE COMPOUNDS

AT PLATINUM-SILVER TWIN ELECTRODE

2.1 Introduction

Analysis of iron sulfide compounds is very important because they are widespread
in nature, such as sediments in a bay or lake. The detection of these sulfide
compounds by previous methods is not effective because which can not detect the
solid phase iron sulfide simultaneously with the acid volatile sulfide. Electrochemical
methods of the analysis are a more attractive option because they are inexpensive,
highly sensitive and reliable to long-time use and reproducibility. The electrochemical
detection of acid volatile sulfide has been reported widely, using carbon, platinum,
mercury and gold as working electrodes °*%”). Nevertheless, the severe detection
conditions can damage the electrode and cause fluctuating background currents [°*).
Some research groups have reduced these problems by modifying the electrode, or
using special electrochemical detection techniques such as pulsed electrochemical
detection. Platinum-silver twin electrode can be used to eliminate this problem
without any pretreatment of the electrode because of the stable surface morphologies.
Thus, the twin electrode surface is relatively easy to be purged and reproduced.

In this study, we carry out the electrooxidation and voltammetry with a
platinum-silver twin electrode in suspension to produce the electrochemically active
species and estimate the potential of ferrous ion peak and sulfide ion peak. The
characteristic with the twin electrode is that the domain of electrode reaction is
limited in the space between two electrodes. Therefore, we can measure the
concentration of the species which is produced by electrode reaction in the limited

domain even if it is heterogeneous system such as suspension. For the suspension
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samples, we can analyze the species produced from the electrolysis of iron sulfide
after the electrode reaction with the twin electrode by the linear sweep voltammetry.
In Chapter 3 and Chapter 4, we will report about the electrochemical technique by
which we can directly determine iron monosulfide and iron disulfide
quantificationally in the suspension samples by the detection of ferrous ion and
sulfide ion with the twin electrode.

This research presents a re-optimised methodology for the determination of solid
phase iron sulfide, where the electrochemically active species is generated from the
electrolytic oxidation of iron sulfide in the suspension, and the linear sweep
voltammetric determination of these species is readily performed using a newly
developed platinum-silver twin-electrode. This kind of electrode has experimental
advantages such as more stabile and repeatable than film electrode, resulting in a
continuous measurement of objective components on the electrode surface, which
reduces the cost. Additionally, the twin electrode has a limited domain, which makes
the sample electrolysis and the simultaneous determination possible on two electrode
surface in the same electroanalysis procedure. This feature increases their
applicability. When this methodology was applied to the determination of iron sulfide
in mixture suspension samples, the concentrations of ferrous ion and sulfide ion
generated from mixture suspension samples were determined and calculated to
quantify the contents of iron monosulfide and iron disulfide.

In this chapter, we report on the electrolytic oxidation performance and the
advantages of the Pt-Ag twin electrode for the quantificational analysis of FeS and
FeS, in the suspension. In addition, the optimal instrumental parameters of the twin
electrode were discussed and finally decided to perform our electroanalysis procedure.
This procedure includes three features described as follows:

1. We perform electrolytic oxidation of FeS and FeS, in the suspension on Pt
electrode with the twin electrode at 1.3V (vs. SCE) for a given time, converting
insoluble iron sulfide into soluble ferric ion and elemental sulfur.

2. The dependencies of the measured concentrations of ferrous ion and silver
sulfide on the electrolytic oxidation conditions, such as oxidation potential and time,
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were studied by the subsequent electroanalysis procedure, and the optimal
electrooxidation conditions were decided.

3. Based on the preset condition, the optimal instrumental parameters of the twin
electrode were discussed, such as electrode area and Teflon thickness, and finally

decided to perform our electroanalysis procedure.

2.2 Experimental Section

2.2.1 Twin Electrode

The platinum and silver plates were purchased from Nilaco Co., cut as shown in
Figure 2.1 and separated by a Teflon spacer with thickness of 800um to compose a
twin electrode. The twin electrode has an effective area of 4cm” and a clearance of
800um. The twin electrode was assembled in a holder. We immersed the whole
electrode with the holder into the solution and suspension samples to perform the

experiments of electrolysis and voltammetry.

Spacer: Teflon

Superimpose
Pt Azl —*
\ / 1 r/
Twin electrode Thinkness: $00um

(area=4cm?)

Figure 2.1 Schematic of Pt-Ag twin electrode. The twin electrode is assembled by

superposition of a Pt plate, a Teflon spacer and a Ag plate in a cell holder.
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2.2.2 Reagents and Sample Preparation

All the reagents, including NaCl, poly-vinylpyrrolidone (PVP) and iron
monosulfide (FeS), except for iron disulfide (FeS,), were purchased from Nacalai
Tesque, Inc. and used without further purification. Reagent FeS; was purchased from
Kishida Chem. Inc.. Solutions and suspensions were prepared using deionized water
by Milli-Q system (Millipore Corp.).

Suspension samples were made by uniformly dispersing FeS and FeS, powder into
a disperse medium. The reagent of FeS has been crushed for 3 minutes before use; the
disperse medium was made by dissolving 0.4M poly-vinylpyrrolidone (PVP) into
0.5M NaCl solution. Herein, PVP was used to achieve a viscosity sufficient of the
disperse medium to prevent sedimentation of the dispersoids during the process of

measurement.

2.2.3 Equipments

The twin electrode was used as working electrode for cyclic voltammetry and
other electrochemical experiments, such as electrolysis and linear sweep voltammetry,
which was composed of a Pt plate and a Ag plate purchased from Nilaco Co., with an
effective area of 4cm’® and a clearance of 800mm. A saturated calomel electrode
(SCE) and a platinum wire were used as the reference and auxiliary electrodes,
respectively. The electrolysis and voltammetric measurements were carried out in an
ALS CH Instruments Electrochemical Analyzer Model 701C.

All potentials are quoted against to this SCE reference electrode. All experiments

were conducted at room temperature (ca. 25°C).

2.2.4 Electrooxidation Methodology
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In the iron sulfide suspensions, the electrooxidation experiment was performed
with Pt electrode of the twin electrode at 1.3V (vs. SCE) for one minute to produce
the dissolved ferric ion and elemental sulfur. The ferrous ion and sulfide ion were
generated by reducing the ferric ion and elemental sulfur, and accumulated at
potential of 0.3V for ferrous ion and -0.4V for silver sulfide. In carrying out the
voltammetry for determination of ferrous ion and silver sulfide, the potentials of
sweep step were scanned from 0.3V to 0.7V for ferrous ion and from -0.4V to -1.2V
for silver sulfide. The dependencies of the concentrations of ferrous ion and silver
sulfide on the oxidation potential and oxidation time were obtained using the 0.1 wt%
of iron sulfide suspension samples.

Before each experiment, the samples were deoxygenated with bubbling argon for
15 min. The working electrode has been polished with 0.05um alumina powder (BAS
Co.) on a wet pad wetted with Milli-Q water, and purged by oxidation potential of
1.0V on Pt electrode and reduction potential of -1.2V on Ag electrode respectively in

the 0.5 mol L' NaCl aqueous solution before each electroanalysis process.

2.2.5 Result Evaluations

From the voltammograms of ferrous ion and sulfide ion, we can obtain the charge
values of the peaks, by which we can evaluate the concentrations of ferrous ion and
sulfide ion. For ferrous ion measurement, a diffusion process occurred on Pt electrode
in the negative scan of LSV; whereas for sulfide ion measurement, a stripping process
occurred on Ag electrode in the positive scan of LSV. Therefore, the Diffusion model
for the charge calculation of half peak of ferrous ion and the Gauss model for the
charge calculation of whole peak of sulfide ion were adopted to evaluate the

concentrations of ferrous ion and sulfide ion in the iron sulfide suspension.

2.3 Results and Discussion
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2.3.1 Mechanism for Generations of Ferric Ion and Elemental Sulfur

from the Electrolytic Oxidation of Iron Sulfide in Suspension

Since solid phase iron sulfide is little dissolved in water, it is difficult to electrolyze
and determine it on the electrode surface directly. Huheey (1988) reported that solid

phase FeS reacts at -0.95V versus the standard hydrogen electrode (SHE) via eqs 2.1:

FeS +2¢ — Fe + S§* =-1.19 V (vs. SCE) (2.1)

Correcting for the SCE, we calculate a potential of -1.19V for this reaction which is in
a good agreement with the CV results of FeSO,4 and Na,S solutions. The Fe*" in FeS
1s reduced to Fe at Pt electrode, and sulfide ion is released to solution. A reduction
peak for Fe is observed at ca. -1.0V (vs. SCE) during the positive scanning in a CV
procedure (see Figure 2.2a). The S* ion generated from FeS reacts with Ag electrode
to form Ag,S on the electrode surface. During the positive scanning, Ag,S is reduced
to Ag and sulfide ion is released to solution, showing a reduction peak at -0.8V (vs.
SCE) in another subsequent CV procedure (see Figure 2.2b). The detected limitation
is the 0.05wt% of iron sulfide. Although the determination of iron sulfide by
reduction electrolysis failed in the low concentration suspension samples, it revealed

some details of iron sulfide reaction principle at the twin electrode.
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Figure 2.2 Cyclic voltammograms of 0.1wt% FeS in the suspension at 25°C after
electrolytic reduction at -1.2V (vs. SCE) for one minute on Pt electrode. (a) iron; (b)
silver sulfide.
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The oxidation electrolysis can also be used to produce the electrochemically active
species from the solid phase iron sulfide in suspension because iron sulfide can be
easily oxidized by the hydrogen peroxide which is generated from the oxidization of

water on the Pt electrode. This process can be described as eqs 2.2 and 2.3.

3 H,0,+2 FeS + 6 H,O — 2 Fe’ +2 8+ 6 OH (2.2)

Redox potential is 1.49V (vs. SCE) for the generation of hydrogen peroxide from

oxidation of water:

H,0,+2H +2¢ € H,0 E=1.49V (vs. SCE) (2.3)

At pH= 7, the redox potential in eqs 2.3 becomes 1.08V. Therefore when we apply
the electrolytic oxidation to suspension samples containing 0.1wt% iron sulfide with
twin electrode for one minute, the soluble ferric ion and elemental sulfur are
generated and dissolved into the suspension, so that we can measure the
concentrations of ferrous ion and sulfide ion which are produced by reducing the
ferric ion and elemental sulfur (see Figure 2.3). Moreover, the influence of oxidation
conditions, such as oxidation potential and oxidation time on the determination of

ferrous ion and silver sulfide was studied before the calibration of this method.
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Figure 2.3 Cyclic voltammograms of 0.1wt% iron sulfide samples in suspension at 25°C

after electrolytic oxidation at 1.3V for one minute. (A) FeS: (a) ferrous ion, (b) silver

sulfide; (B) FeS,: (a) ferrous ion, (b) silver sulfide.
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2.3.2 Dependencies of Generations of Ferrous Ion and Silver Sulfide

on the Oxidation Potential

Although the ferrous ion and silver sulfide are not the direct product from the
electrolytic oxidation of iron sulfide, the measured concentrations of ferrous ion and
silver sulfide may depend on the oxidation conditions because the species are
generated from the ferric ion and elemental sulfur. The dependencies of generations
of ferrous ion and silver sulfide on the oxidation potential are shown in Figure 2.4 and
Figure 2.5. We found that the charge of ferrous ion peak increased with the oxidation
potential from 1.0V to 2.0V, and that the charge of silver sulfide peak increased with
the oxidation potential from 1.0V to 1.4V. This is due to the fact that at the potential
of the vicinity of 1V, hydrogen peroxide begins to form on the Pt electrode, so that
iron sulfide is oxidized and the generated ferric ion and elemental sulfur dissolve into
the suspension. With the increasing of oxidation potential, hydrogen peroxide
increases, so that concentrations of ferric ion and elemental sulfur increase. The
ferrous ion and sulfide ion are generated from the reduction of ferric ion and
elemental sulfur by the subsequent accumulation process. Stable measured values can
not be provided at potential higher than 2V for ferrous ion owing to the generation of
oxygen gas between the twin electrode, and at potential higher than 1.4V for silver

sulfide due to the deposition of silver chloride on Ag electrode surface.
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Figure 2.4 Dependencies of generations of ferrous ion and silver sulfide on the oxidation
potential in FeS suspensions. (a) ferrous ion; (b) silver sulfide.
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Figure 2.5 Dependency of generation of ferrous ion on the oxidation potential in FeS,

suspensions.

We can observe the evidence of silver chloride deposition on Ag electrode surface
from the amperomogram of the silver sulfide deposition process, as shown in Figure
2.6. The chloride ion existing in the electrolyte solution can be oxidized by the
hydrogen peroxide to form chlorine gas at oxidation potential higher than 1.3V. The
chlorine gas is dissolved into water and produced hydrochloric acid (HCI) and
hypochlorous acid (HCIO). The Ag electrode is easy to be oxidized by hypochlorous
acid, and the generated silver chloride is deposited on the Ag electrode surface.
During the deposition process of silver sulfide on Ag electrode at -0.4V, a reduction
current is observed by reducing silver chloride to silver and chloride ion, instead of
oxidation current by oxidation of silver. However, in the case of the oxidation
potential lower than 1.3V, the deposition process at -0.4V presents an oxidation
current because the silver is oxidized to silver sulfide with the existence of sulfide ion,
without the influence of silver chloride. Therefore, the potential is decided at 1.3V (vs.
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SCE) to perform the electrolytic oxidation of iron sulfide in the suspension.
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Figure 2.6 Amperommograms of silver sulfide deposition in the 0.1wt% FeS suspensions

after electrolytic oxidation for one minute. Oxidation potential: (a) >1.3V (vs. SCE); (b)

<1.3V (vs. SCE).
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2.3.3 Dependencies of Generations of Ferrous Ion and Silver Sulfide

on the Oxidation Time

The hydrogen peroxide is produced by the electrolytic oxidation of water at
potential of 1.3V (vs. SCE) so that its amount is positively correlative to the
electrolytic oxidation time. Since the amounts of ferric ion and elemental sulfur
produced are proportional to the amount of hydrogen peroxide, the measured
concentrations of ferrous ion and silver sulfide which originate from the reduction of
ferric ion and elemental sulfur are in positive correlation to the electrolytic oxidation
time. The charges of ferrous ion peak and silver sulfide peak increase with electrolytic
oxidation time and reach saturation within 60 s at oxidation potential of 1.3V as
shown in Figure 2.7 and Figure 2.8. The oxidation rate associates with the parameter
of electrode area A, distance between the twin electrode L, as well as the potential of
the electrolytic oxidation. For a given condition where the three parameters have been
preset, the amount of hydrogen peroxide produced should be constant. In this case, the
oxidation rate is only dependent on the amount of iron sulfide in the suspension

during a given time of electrolytic oxidation.
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Figure 2.8 Dependency of generation of ferrous ion on oxidation time with oxidation

potential at 1.3V (vs. SCE) in FeS, suspensions.

2.3.4 Effect of Teflon Spacer Thickness on the Determination of Silver

Sulfide in the Suspension

We performed electrolytic oxidation with twin electrode, so that the dissolved ferric
ion and elemental sulfur were confined to an interval space between the two working
electrodes of twin electrode without diffusion to the outside. In this case, the
concentrations of ferric ion and elemental sulfur do not vary with time during the
process of measurement, and we can measure the concentrations of ferrous ion and
sulfide ion by linear sweep voltammetry with the twin electrode.

Between the two electrodes, Teflon spacer was used to make a reaction space to
carry out electrolysis and voltammetry. When hydrogen peroxide was generated from
the electrolysis of water on Pt electrode surface, the chloride ion existing in the
suspension will be oxidized to chlorine gas by hydrogen peroxide. The chlorine gas is

very easy to oxidize silver and the generated silver chloride covers the Ag electrode
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surface, so that the electrode becomes partially inactive. The Teflon spacer with
appropriate thickness will eliminate the generation of silver chloride by increasing the
distance between the twin electrodes. Therefore, according to the result as showed in
Figure 2.9, the thickness of Teflon spacer is decided at 800um to perform the

electrolytic oxidation of iron sulfide.

3.0-

2.0

Ah/10°C

300 600 900
Thickness of teflon/nm

Figure 2.9 Effect of the thickness of Teflon spacer on the determination of silver sulfide

in the iron monosulfide suspensions.
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2.3.5 Effect of Surface Area of Twin Electrode on the Determination of

Ferrous Ion and Silver Sulfide in Suspension

The oxidation rate associates with the parameter of electrode area A, distance
between the twin electrode L, as well as the condition of the electrolytic oxidation. At
a given condition where the parameters of distance and oxidation have been preset,
the amount of hydrogen peroxide produced during the electrolytic oxidation process is
dependent on the electrode area during the electrolytic oxidation process. Therefore,
the ferric ion and elemental sulfur, generated from the oxidation of iron sulfide by
hydrogen peroxide, are also related to the electrode area. We used two kinds of
electrode with surface area of lcm? and 4cm? to investigate the influence of electrode
area on the determination of ferrous ion and sulfide ion by the same electroanalysis
procedure, and found that the larger electrode area will increase the measured charge
value of the peaks and decrease the detection limitation of the method. Based on this
result, we apply the twin electrode with surface area of 4cm® to perform our

electroanalysis procedure.
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Figure 2.10 Effect of the surface area of twin electrode on the determination of ferrous

ion and sulfide ion in the FeS suspensions. (a) ferrous ion; (b) silver sulfide.
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2.4 Conclusions

Because iron sulfide is slightly soluble in water, it is difficult to analyze and
determine it directly by electrochemical method. However, after being electrolytically
oxidized in twin electrode, slightly soluble iron sulfide can be transformed into
soluble ferric ion and elemental sulfur. This makes it possible to determine the iron
sulfide using voltammetry method. We investigated the mechanism of the generations
of ferric ion and elemental sulfur from the electrooxidation in the iron sulfide
suspension with the twin electrode. According to cyclic voltammetry, we found that
the ferrous ion and sulfide ion, which is generated by reducing the ferric ion and
elemental sulfur, can be determined after electrolytic oxidation with our Pt-Ag twin
electrode in the iron sulfide suspensions.

Moreover, the influence of the electrolytic oxidation conditions such as oxidation
potential and oxidation time upon the determination of ferrous ion and silver sulfide
in the iron sulfide suspensions was studied, and found that the electrooxidation at the
potential of 1.3V (vs. SCE) for 1 min was suitable for the experiment. The effect of
the thickness of Teflon spacer on the measurement of silver sulfide was also
investigated using three kinds of spacer with different thickness and we decided it at
800um to perform electrolysis and voltammetry. Furthermore, two kinds of twin
electrode with the surface area of 1cm” and 4cm” were applied in the determination of
iron sulfide suspension samples, and we found that the bigger electrode area increase
the measured charge value and the detection limitation decrease accordingly.

In conclusion, we can determine the concentrations of ferrous ion and sulfide ion
produced from iron sulfide after electrolytic oxidation in the suspension samples by
our proposed electrochemical method with Pt-Ag twin-electrode, and will report the
optimization of the determination conditions and the calibrations of the method in the

next two chapters.
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CHAPTER 3

DETERMINATION OF CONTENTS OF IRON MONOSULFIDE
AND IRON DISULFIDE BY ANALYSIS OF FERROUS ION WITH

TWIN ELECTRODE IN SUSPENSIONS

3.1 Introduction

For the regular observation of AVS analysis, on-site measurements play an
important role by dispensing with sample handling and storage. An electrochemical
analytical method is a simple, accurate and effective technique in the on-site
measurements and has been used as a substituted methodology of the on-site
environmental analysis in sediments.

Using the voltammetry, we can analyze the behavior of the electrochemically
active species and achieve the qualitative and quantitative analysis of the measured
components. For example, cyclic voltammetry is applied to study the characters and
mechanism of electrode reaction, and the dynamic parameters of electrode process.
Square wave voltammetry and stripping voltammetry have high sensitivity for the

determination of concentration of the species ©7

. Especially, the stripping
voltammetry has a unique technique which can concentrate the species on the
electrode by electrode reaction and then analyze them. Therefore, in the voltammetry,
we can analyze the species after electrode reaction even if we cannot directly analyze
them in potentiometry.

In this study, we carried out the voltammetry in the aqueous solution and
suspension with electrochemically active species such as Fe*” and S* to estimate the
potential of ferrous ion peak and sulfide ion peak using a platinum-silver

twin-electrode. Electrochemistry with the twin electrode belongs to the field of

thin-layer electrochemistry. The thin-layer electrochemistry was first studied in the
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early1960's, and potential step methods and potential sweep methods were studied
extensively [">7*. Therefore, theoretically the voltammetry with the twin electrode
can estimate the concentrations of ferrous ion and sulfide ion in the aqueous solution.
On the basis of this principle, we assume that the concentrations of ferrous ion and
sulfide ion in the suspension can be also determined using the linear sweep
voltammetry with the same Pt-Ag twin electrode.

The common methods for the determination of AVS are colorimetry >
gravimetry, ion-selective electrode or photoionization detection "7, in which the first
step of each method involves converting the sulfide in the sample to H,S by reaction
with 1 or 3 mol L™ hydrochloric acid (HCI), purging the system with purified inert
gas and trapping the evolved H»S in a suitable solution (purge-and-trap procedure).
The first two methods are time consuming and complicated. The ion-selective
electrode method is somewhat unreliable due to the problems in the electrode
performance although simple to use, and the photoionization detection is expensive
and inadequate for the samples with concentrations higher than 10umol g "7,
However, inorganic sulfur species can easily be determined by voltammetric methods

using a mercury drop electrode, namely by linear sweep voltammetry (LSV) [7*7

80,81] or polarography [80], Using cathodic

cathodic stripping voltammetry (CSV) !
stripping voltammetric methods nanomolar concentrations of sulfide species may be
easily assessed. The reported procedures for the voltammetric determination of AVS
involve the determination of sulfide, pre-collected in the sodium hydroxide trap
solution, using polarography ™" or linear voltammetry at low scan rates, e.g. 50mVs™
78] 10 An important drawback to these electroanalytical techniques is often attributed
to the frequent necessity of using a hanging mercury drop electrode (HMDE), but its
use has been limited to analytical procedures due to the hazardous effects of mercury.
Having the main objective of avoiding the use of mercury in such analysis, several
modifications of electrodes have been proposed *%). Therefore, an alternative
analytical approach for the sensitive and rapid determination of AVS is envisaged.
This work presents a re-optimised methodology for the determination of iron

sulfide, where the electrochemically active species is generated from the electrolytic
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oxidation of iron sulfide in suspension, and the linear sweep voltammetric
determination of these species is readily performed using a new developed Pt-Ag twin
electrode. This kind of electrode has experimental advantages such as more stability
and repeatability than other thin-film electrodes, resulting in a continuous
measurement of objective components on the electrode surface, which reduces the
cost. Additionally, the twin electrode has a limited domain, which makes the sample
electrolysis and the simultaneous determination possible on two electrode surface in
the same electrochemical analysis procedure. This feature increases their applicability.
When this methodology was applied to the determination of iron sulfide in mixture
suspension samples, the charge amounts from ferrous ion and sulfide ion generated
from mixture suspension samples were determined and the iron monosulfide content
and iron disulfide content were calculated.

In this chapter, we will report about the electrochemical technique by which we can
directly determine the contents of FeS and FeS, by the measured concentration of
ferrous ion in the suspension samples with the twin electrode. This method includes
three features described as follows:

1. With a Pt-Ag twin electrode, the ferrous ion in the iron sulfate solution can be
detected by linear sweep voltammetry measurement.

2. We perform electrolytic oxidation of iron sulfide in the suspension with the Pt
electrode at 1.3V (vs. SCE) for a given time, converting insoluble iron sulfide into
soluble ferric ion and elemental sulfur.

3. On Pt electrode, the ferric ion is reduced to the ferrous ion with a reductive
potential, which can be detected by linear sweep voltammetry. Based on the peak
charge of voltammogram, the concentration of ferrous ion in the suspension can be
calculated.

Finally, the contents of FeS and FeS, can be evaluated from the measured
concentration of ferrous ion. We will also explore the feasibility of the proposed

technique in the mixture suspension in Chapter 5.
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3.2 Experimental Section

3.2.1 Reagents and Sample Preparation

All the reagents, including FeSOy4, Na,S, NaCl, poly-vinylpyrrolidone (PVP) and
iron monosulfide (FeS), except for iron disulfide (FeS,), were purchased from Nacalai
Tesque, Inc. and used without further purification. Reagent FeS; was purchased from
Kishida Chem. Inc.. Solutions were prepared using deionized water by Milli-Q system
(Millipore Corp.).

For the preparation of FeSOy4 solution, 0.5M NaCl aqueous solution was used as a
supporting electrolyte solution. Suspension samples were made by uniformly
dispersing FeS and FeS, powder into a disperse medium. The reagent of FeS has been
crushed for 3 minutes before use; the disperse medium consisted of 0.5 mol L
sodium chloride (NaCl) and 0.4 mol L™ poly-vinylpyrrolidone (PVP) in aqueous
solution. Standard suspension samples of ferrous ion used for quality assurance and
calibration were prepared by adding FeS or FeS, in the concentration interval of
0.01wt% to 0.4wt% to the disperse medium respectively, using the analytical-grade

reagents for all chemicals.

3.2.2 Apparatus

A conventional electrochemical cell was used containing a platinum-silver (Pt-Ag)
twin-electrode as the working electrode, a reference electrode of saturated calomel
electrode (SCE) and a platinum wire ring as an auxiliary electrode. The Pt-Ag
twin-electrode was polished with alumina (0.3 pm), washed with water, and purged
by oxidation potential of 1.0V on Pt electrode and reduction potential of -1.2V on Ag

electrode respectively in the 0.5 mol L' NaCl aqueous solution before each
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electroanalysis process. The electrolysis and voltammetric measurements were carried
out in an ALS CH Instruments Electrochemical Analyzer Model 701C.

All potentials are quoted against this SCE reference electrode. All experiments

were conducted at room temperature (ca. 25°C).

3.2.3 Electroanalysis Procedures

The analytical methodology for releasing ferric ion and elemental sulfur from the
electrolysis of FeS and FeS, was the following: The electrolytic oxidation was applied
at 1.3V for 1 min on the Pt electrode in the FeS and FeS, suspensions which was
previously deaerated with argon gas for 15 min, to generate soluble ferric ion and
elemental sulfur. We performed electrolytic oxidation with twin electrode, so that the
dissolved ferric ion and elemental sulfur were confined to an interval space between
two working electrodes without diffusion to outside and variety with time during the
process of measurement.

In this case, the ferrous ion were formed by subsequent electrolytic reduction of
ferric ion, and measured by linear sweep voltammetry on Pt electrode. The
accumulation step lasted 120 s at potential of 0.3V for ferrous ion accumulation. After
a 2 s quiescent time, the sweeping step was performed from 0.3 to 0.7V for ferrous
ion analysis. The scan rate was 10mV s™. A current-potential curve can be obtained in
linear sweep voltammogram. We can evaluate the ferrous ion concentration which is
calculated from the charge amount of the curve and proportional to the measured
charge amount. Calibrations were carried out with FeS and FeS, standardized
suspensions. Finally, the contents of FeS and FeS, can be evaluated from the
measured concentrations of ferrous ion by the calibration curves.

In the linear sweep voltammetric experiments using FeS and FeS, standardized
suspensions (concentration of 0.1wt%), linear sweep scanning was also used with an
accumulation time varying from 0 to 120 s at potential of 0.3V for ferrous ion

accumulation and scan rates from 10 to 500mV s™'.
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When 70.0 mL of the suspension sample was transferred to the voltammetric cell
and analyzed using the linear sweep voltammetric techniques, the voltammograms

were obtained.

3.3 Results and Discussion

3.3.1 Identification of Ferrous Ilon Peak Generated from Iron Sulfide

in Suspension

The importance of sulfide minerals as metal-binding components in anoxic
sediments has been elucidated recently. Usually iron sulfide is the main component of
sulfide minerals as reductive pollutant due to the existence of ferrous ion. It will be
useful to investigate the extent of sulfide pollution if the iron sulfide can be analyzed
electrochemically. We applied our Pt-Ag twin electrode into iron sulfide suspension
containing 0.5M NaCl aqueous solution and 0.4M PVP disperse medium to perform a
cyclic voltammetry. The experimental results are shown in Figure 3.1. The
concentration of electrochemically active species in the suspension is so low that the
distinct trace can not be observed by the cyclic voltammetry without pretreatment.
However, we observed a well-defined oxidation wave from the cyclic voltammetry
after applying the oxidation potential of 1.3V (vs. SCE) to the Pt working electrode

for one minute.
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Figure 3.1 Cyclic voltammograms of ferrous ion peak in 0.1wt% iron sulfide suspension

samples after electrolytic oxidation at 1.3V for one minute at 25°C. (a) FeS; (b) FeS,.
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To confirm the wave of this species, the following experiments were carried out.
We performed a similar cyclic voltammetry in the iron sulfate of 0.5M NaCl aqueous
solution as in the suspension sample with the same twin electrode. We observed the
potential response of ferrous ion from the iron sulfate solution (see Figure 3.2a) same
as that in the iron monosulfide suspension (see Figure 3.2b). The peak consists with
that in the voltammogram of ferrous ion, suggesting that the ferrous ion may originate
from ferric ion, which is generated from the electrolytic oxidation of iron sulfide in
the suspension, and can be determined in the subsequent electroanalysis procedure.
This result indicates that the proposed electrochemical method can be applied to
determine the iron sulfide in the suspension by the measurement of ferrous ion

concentration.
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Figure 3.2 Linear sweep voltammograms of ferrous ion peak in different samples at 25°C.

(a) iron sulfate solution; (b) iron monosulfide suspension.
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3.3.2 The Mechanism of Ferrous Ion Analysis in Suspension by Linear

Sweep Voltammetry with Twin Electrode

Iron sulfide can be transformed into the dissolved ferric ion and elemental sulfur
after electrolytic oxidation in the suspension. We performed electrolytic oxidation
with twin electrode, so that the dissolved ferric ion and elemental sulfur were
confined to an interval space between the two working electrodes without diffusion to
outside. In this case, the concentrations of ferric ion and elemental sulfur do not vary
with time during the process of measurement, and we can measure the concentrations
of ferrous ion and sulfide ion by linear sweep voltammetry with the twin electrode.
The following shows an example of ferrous ion measurement.

We disperse the crushed FeS in a 0.5M NaCl aqueous solution containing 0.4M
polyvinylpyrrolidone (PVP) to prepare the suspension sample of 0.1wt% FeS. The
twin electrode is placed into the suspension at 25°C, and is applied the oxidation
potential of 1.3V (vs. SCE) for one minute. After electrolytic oxidation, the ferric ion
is generated and dissolved into the suspension. We apply a relative reduction potential
of 0.3V to reduce the generated ferric ion to ferrous ion which is measured by the
linear sweep voltammetry with the twin electrode. On the Pt electrode, during the
negative sweep, a well-defined oxidation wave of ferrous ion was observed at ca.
0.5V vs. SCE (see Figure 3.2b). The analysis of this figure shows that the ferrous ion
is oxidized to ferric ion in the voltammetric process by the transfer of one electron,
which generates a measurable current.

The trace of ferrous ion peak is detected by linear sweep voltammetry with the
twin electrode. A current-potential curve can be obtained in linear sweep
voltammogram. Based on the charge of the curve, we can determine the ferrous ion

concentration by calculating from the charge value.

3.3.3 Optimization of the linear sweep voltammograms for ferrous ion
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analysis

Before application of the voltammetric measurement in ferrous ion analysis, we
evaluated the effect of the accumulation time and the scan rate in the linear sweep
voltammograms of ferrous ion in the FeS suspensions.

The charge of ferrous ion peak depended linearly on the accumulation time, within
the interval 0—120 s (slope = 0.0054 mC s™'; » =0.9887; N = 6), as shown in Figure 3.3.
The linear dependence indicates that the charge value is not saturated on electrode
surface at accumulation time less than 120 sec. Therefore, within the concentration
range 0.01-0.4wt% of iron sulfide, accumulation time of 120 sec for ferrous ion is

suggested.

1.6

1.4- -

Ah/10°C
X

1.0-

0. 8 T T T T T I
O 20 40 60 80 100 120
Accumulation time/s

Figure 3.3 Dependency of generation of ferrous ion on accumulation time with

accumulation potential at 0.3V in 0.1wt% FeS suspension samples.
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Another important instrumental parameter in linear sweep voltammetry is the scan
rate. Figure 3.4 shows the linear sweep voltammograms of ferrous ion with different
scan rate from 10 to 500mV s™ in 0.1wt% iron monosulfide suspensions, and the
dependence of the peak charges on scan rates. Although /, of ferrous ion peak
increased with the scan rate as showed in Figure 3.4, the peak width at half height and
the background current also largely enhanced. In this case, the scan rate was decided

at 10 mV s for ferrous ion analysis.
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Figure 3.4 Linear sweep voltammograms of ferrous ion with different scan rates in
0.1wt% FeS suspension samples (from inner to outer curve: 10, 20, 50, 100, 250 and

500mV/s) and the effect of the scan rate on the current of ferrous ion peak.
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In conclusion, linear sweep voltammetry with the following conditions can be used
for the determination of ferrous ion, providing good quality ferrous ion peak:
accumulation potential is 0.3V; accumulation time is 120 s; scan rate is 10mV s™.

Therefore, an effective methodology of the determination of FeS and FeS, in
suspensions by ferrous ion analysis is obtained which is especially important to
provide a prospective possibility in total content analysis whenever the FeS and FeS,

are simultaneously being considered.

3.3.4 Determination of Ferrous Ion from the Electrolytic Oxidation of

Iron Sulfide in Suspension

After optimizing the experimental conditions, the correlation between the
concentration of ferrous ion and the weight percent of iron sulfide was obtained for
the quantificational analysis in the suspension. We performed this experiment at the
following the electroanalytic procedure (see Figure 3.5):

(1) The electrolytic oxidation on Pt electrode at 1.3V (vs. SCE) for one minute;

(2) The accumulation of ferrous ion on Pt electrode at 0.3V for 2 min;

(3) The linear sweep voltammetry for the ferrous ion analysis on Pt electrode

scanning from 0.3V to 0.7V.
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Figure 3.5 The potential profile of the proposed electroanalytic procedure for the ferrous

ion analysis.

When the twin electrode parameters and the electrolytic oxidation conditions were
preset, the produced ferric ion concentration was only dependent on the iron sulfide
content. The ferrous ion originated from the reduction of ferric ion, therefore also
depended on the iron sulfide content. With increasing of iron sulfide wt%, the ferrous
ion concentration increases linearly, as shown in Figure 3.6 and Figure 3.7. There
were two good linear correlations obtained for the analytical curve of the ferrous ion
in the FeS and FeS; standard suspensions.

The parameters of the concentration vs. peak charge were calculated using the
linear sweep voltammetry technique. The analytic curves were linear with correlation
coefficient (R?) of 0.9965 and 0.9822 for ferrous ion of FeS and of FeS, respectively.
The regression analysis data were calculated for ferrous ion as shown in the following

equations:
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An (1e-3C) = -0.035 + 22.454 C (wt%) (Figure 3.6)

A (1e-3C) = 0.2294 + 5.8386 C (wt%) (Figure 3.7)

Although the concentration of hydrogen peroxide which is produced from the
electrolysis of water is extremely high, the actual amounts of ferric ion are lower
enough than those should be produced by hydrogen peroxide and iron sulfide
according to eqgs 2.2, indicating that the generated hydrogen peroxide can not oxidize
all of the iron sulfide in the suspension within the given electrolytic oxidation time.
That is, not all of iron sulfide in the suspension is oxidized. However, if we prolong
the electrolytic oxidation time more than certain extent, the more hydrogen peroxide,
the more oxygen gas is produced between the twin electrode. Thus, the amount of
ferric ion depends on the rate of reaction between hydrogen peroxide and iron sulfide,
and the reaction rate is in proportion to the concentration of hydrogen peroxide and
the amount of iron sulfide in the suspension. For an unknown suspension sample, we
can estimate the content of FeS or FeS, from the measured concentration of ferrous
ion after electrolytic oxidation at 1.3V for one minute when we regard these two
curves in Figure 3.6 and Figure 3.7 as the calibration curve a and the calibration curve
b. For an unknown mixture suspension sample, the contents of FeS and FeS, may also

be evaluated from the total measured concentration of ferrous ion.
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Figure 3.6 Voltammograms and dependency of generation of ferrous ion on the FeS wt%

in the suspensions using linear sweep voltammetry.
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Figure 3.7 Voltammograms and dependency of generation of ferrous ion on the FeS,

wt% in the suspensions using linear sweep voltammetry.
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3.4 Conclusions

Voltammetry methods can be used to analyze electrochemically active species in
the solutions and suspensions and have high sensitivity for the determination of
concentration of the species. In this chapter, according to cyclic voltammetry, we
found that the ferrous ion can be detected with our Pt-Ag twin electrode in the iron
sulfate solution. Because iron sulfide is slightly soluble in water, it is difficult to
analyze it directly by electrochemical method. However, after being electrolytically
oxidized in twin electrode, insoluble iron sulfide can be transformed into soluble
ferric ion and elemental sulfur. This makes it possible to determine the iron sulfide
using voltammetry method. We investigated the mechanism of the ferrous ion
analysis in the suspension by linear sweep voltammetry with the twin electrode.
Moreover, the optimization of the linear sweep voltammograms was explored and
found that accumulation time of 120 s at 0.3V for ferrous ion accumulation and scan
rate of 10mV s™' are the optimal voltammetric conditions for ferrous ion analysis. We
applied this electroanalytic procedure in the FeS and FeS, standard suspension
samples and obtained two calibration curves with good correlation coefficient. When
the proposed method was applied in an unknown suspension sample, the content of
FeS and FeS, can be evaluated from the measured concentration of ferrous ion by
these two calibration curves.

Therefore, we can determine the FeS and FeS; contents by the measured amount of
ferrous ion in the independent suspension samples by our proposed electrochemical
method with Pt-Ag twin-electrode, and will report the determination of FeS from the
measured amount of silver sulfide and the calibration of the method in the next

chapter.
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CHAPTER 4

DETERMINATION OF IRON MONOSULFIDE BY ANALYSIS

OF SULFIDE ION WITH TWIN ELECTRODE IN SUSPENSIONS

4.1 Introduction

The sulfur cycle in the environment is complex due to the wide variety of
naturally-occurring forms and oxidation states ). Sulfur-containing minerals are
precipitated and accumulate under different physicochemical conditions and through
several pathways, in marine, lacustrine and riverine sediments. During early
diagenesis of sediments, bacterial sulfate reduction occurs under anoxic conditions
and produces hydrogen sulfide as a byproduct . On the other hand, ferrous iron is
produced from reducible minerals such as iron oxides and silicates in buried
sediments, and reacts with dissolved sulfides to give authigenic iron sulfides P*#**,
usually present in the form of pyrite (FeS;), or mackinawite (FeS), which is the most
common metal sulfide in sediments. This may lead to the deposition of insoluble
metal sulfides. The acid volatile sulfides (AVS) can be considered as a measure of
mobilizable sulfides, mainly iron monosulfide **. The relationship of AVS:free metal
ion has been used as an indicator of sediment quality *”) since metal ions are present
as insoluble sulfides, as long as excess AVS is present (.

Industrial processes, domestic effluents and the lack of sufficient wastewater
treatment plants can lead to high sulfide concentrations in aquatic sediments. Thus,
the determination of sulfide, such as iron sulfide, is important, not only for knowledge
of the sulfur cycle, but also for the identification of trace elements in the aquatic
environment. The AVS fraction and insoluble iron sulfide should be routinely

analyzed in sediments. Accordingly, reliable analytical methods for iron sulfide

monitoring should be easily available, providing good sensitivity, reproducibility and
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accuracy and automatic methods for continuous monitoring are necessary.

Methods described for the determination of AVS in sediments use acidification at
high temperature, followed by trapping of the resulting hydrogen sulfide by
precipitation with metal solutions **. Final measurements are normally carried out by

colorimetry *”), gravimetry, potentiometry using ion-selective electrode %,

or a
chromatographic system ', Although analysis methods for AVS determination are
well established, nevertheless, there is no method available for AVS and insoluble
iron sulfide simultaneous determination in sediments that permits the analysis of a
large number of samples per day, with good precision and accuracy.

In this chapter, we present a new electroanalytic procedure that can determine the
solid FeS content by the measured sulfide ion amount in the suspension by
electrochemical method with a Pt-Ag twin electrode. This technique has three features
described as follows:

1. On Pt electrode, we perform electrolytic oxidation of iron sulfide in the
suspension at 1.3V (vs. SCE) for one minute, converting insoluble iron sulfide into
soluble ferric ion and elemental sulfur.

2. Before the determination of FeS, we optimize the linear sweep voltammogram
for silver sulfide analysis in the suspension and decide the suitable experimental
conditions.

3. After the measurement of ferrous ion, the concentration of silver sulfide is
determined on Ag electrode by linear sweep voltammetry measurement. According to

this, FeS content in the suspension can be evaluated from the measured silver sulfide

concentration.

4.2 Experimental Section

3.2.1 Sample Preparation and Apparatus

All the reagents, except for iron disulfide (FeS,), were purchased from Nacalai
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Tesque, Inc. and used without further purification. Reagent FeS; was purchased from
Kishida Chem. Inc.. All solutions were prepared using deionized water by Milli-Q
system (Millipore Corp.). Suspension samples were made by uniformly dispersing
FeS and FeS, powder into a disperse medium. The reagent of iron monosulfide (FeS)
has been crushed for 3 minutes before use; the disperse medium consisted of 0.5 mol
L sodium chloride (NaCl) and 0.4 mol L' poly-vinylpyrrolidone (PVP) in aqueous
solution. Standard suspension samples of sulfide ion used for quality assurance and
calibration were prepared by adding FeS and FeS, to the disperse medium
respectively, using analytical-grade reagents for all chemicals. A conventional
electrochemical cell was used containing a platinum-silver (Pt-Ag) twin-electrode as
the working electrode, a reference electrode of saturated calomel electrode (SCE) and
a platinum wire ring as an auxiliary electrode. The Pt-Ag twin-electrode was polished
with alumine (0.3 pum) and washed with water, and purged by oxidation potential of
1.0V on Pt electrode and reduction potential of -1.2V on Ag electrode respectively in
the 0.5 mol L' NaCl aqueous solution before each electroanalysis process. The
voltammetric measurements were carried out in an ALS CH Instruments
Electrochemical Analyzer Model 701C.

All potentials are quoted to this SCE reference electrode. All experiments were

conducted at room temperature (ca. 25°C).

3.2.2 Electroanalysis Procedures

The analytical methodology for releasing ferric ion and elemental sulfur from the
electrolysis of FeS and FeS, was the following: The electrolytic oxidation was applied
on the Pt electrode at 1.3V for 1 min to generate ferric ion and elemental sulfur in the
FeS and FeS; suspensions, which were previously deaerated with argon gas for 15
min.

After the measurement of ferrous ion, the deposition potential of -1.2V was applied
to deposit iron by the reduction of ferric ion on the Pt electrode. At the same time, the
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elemental sulfur was also reduced to sulfide ion in the suspension. In this case, the
silver sulfide was formed by the oxidation of silver and the subsequent reaction with
sulfide ion on the Ag electrode, and measured by linear sweep voltammetry. The
deposition step lasted 120 s at potential of -0.4V for silver sulfide deposition. After a
2 s quiescent time, the sweeping step was performed from -0.4 to -1.2V for silver
sulfide analysis. The scan rate was 50mV s'. A current-potential curve can be
obtained in linear sweep voltammogram. We can evaluate the silver sulfide
concentration which is calculated from the charge amount of the curve and
proportional to the measured charge amount. Calibration was carried out with FeS
standardized suspensions. Finally, the content of FeS can be evaluated from the
measured concentration of silver sulfide with the calibration curve.

In the linear sweep voltammetric experiments using FeS standardized suspensions
(concentration of 0.1wt%), linear sweep scanning was also used with an deposition
potential varying from -0.2 to -0.7V for silver sulfide; an deposition time varying
from 0 to 120 s at potential of -0.4V; scan rates from 10 to 500mV s

When 70.0 mL of the suspension sample was transferred to the voltammetric cell
and analyzed using the linear sweep voltammetric techniques, the voltammograms

were obtained.

4.3 Results and Discussion

4.3.1 Identification of Sulfide Ion Peak Generated from Iron

Monosulfide in Suspension

We performed a cyclic voltammetry to explore the electrochemical characteristics
of the sulfur species in iron sulfide suspension with the Pt-Ag twin-electrode. Due to
the low concentration of electrochemically active species in the solid iron sulfide
suspension, the electrochemical response of sulfide can not be observed by normal
cyclic voltammetry. However, we observed a well-defined reduction wave from the
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cyclic voltammogram after applying the oxidation potential of 1.3V (vs. SCE) to the
Pt working electrode for one minute. The peak consists with that in the cyclic
voltammogram of silver sulfide (see Figure 2.3 Ab), suggesting that the sulfide ion
may originate from the reduction of elemental sulfur which is generated from the
electrolytic oxidation of FeS in the suspension samples, and can be determined in the
linear sweep voltammetry on the Ag electrode. However the potential response from
sulfur species can not be observed even after electrolytic oxidation in the FeS;
suspension (see Figure 2.3 Bb). To confirm this prediction, the following experiments
were carried out.

We performed a similar cyclic voltammetry in the sodium sulfide (Na,S) of 0.5M
NaCl aqueous solutions the same as in the suspension sample with Ag electrode in the
same twin electrode. We observed the potential response from sulfide ion (see Figure
4.1) same as that in the FeS suspension. That indicates that the proposed
electrochemical method can be applied to determine the FeS in the suspension by the

measurement of sulfide ion.
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Figure 4.1 Cyclic voltammograms of silver sulfide peak in different samples. (a) iron

monosulfide, (b) sodium sulfide.

57



4.3.2 The Mechanism of Sulfide Ion Analysis in Suspension by Linear

Sweep Voltammetry with Twin Electrode

Iron sulfide can be transformed into the dissolved ferric ion and elemental sulfur
after electrolytic oxidation in the suspension. The following shows an example of
sulfide ion measurement.

We disperse the crushed FeS in a 0.5M NaCl aqueous solution containing
polyvinylpyrrolidone to prepare the suspension sample of 0.1wt% FeS. The twin
electrode is placed into the suspension at 25°C, and is applied the oxidation potential
of 1.3V (vs. SCE) for one minute. After electrolytic oxidation, the elemental sulfur is
generated and dissolved into the suspension. However, elemental sulfur can not be
determined directly by the linear sweep voltammetry with the twin electrode. To
eliminate the reduction current of ferric ion in the suspension in the determination of
silver sulfide, the deposition process of iron is performed by reducing ferric ion at
-1.2V (vs. SCE) on Pt electrode surface after the measurement of ferrous ion.
Elemental sulfur is also reduced to sulfide ion in the suspension at this potential. The

processes can be described as esq. 4.1 and 4.2.

Fe*' + 3¢ — Fe 4.1
S’ +2¢ — §* (4.2)

The generated sulfide ion has great affinity to the Ag electrode surface. Therefore
in the depositing process at -0.4V, silver sulfide is formed on Ag electrode surface
and tending to decompose to the elemental silver and sulfide ion by reducing in the
cathodic scan. The silver sulfide presents a well-defined reduction peak at ca. -0.8V vs.
SCE (see Figure 4.2). This figure shows that this peak is attributed to the reduction of
silver sulfide to elemental silver by the transfer of two electrons, which generates a
measurable current. The sulfide behavior mechanism on the silver electrode surface

can be explained by esq. 4.3:

58



S*+2Ag" = Ag,S+2¢ (4.3)

The trace of silver sulfide peak is detected by linear sweep voltammetry with the
twin electrode. A current-potential curve can be obtained in linear sweep
voltammogram. Based on the charge of the curve, we can determine the silver sulfide

concentration which is calculated from the charge amount.
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Figure 4.2 Determination of concentration of sulfide ion in the suspension containing
0.1wt% iron monosulfide by linear sweep voltammetry after the electrolytic oxidation of

sample at 1.3V for one minute.
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4.3.3 Optimization of the Linear Sweep Voltammogram for Silver

Sulfide Analysis

Before application of the voltammetric measurement in silver sulfide analysis, we
evaluated the effect of the deposition potential, the deposition time and the scan rate
in the linear sweep voltammogram of silver sulfide in the FeS suspensions.

Linear sweep voltammograms were obtained for 0.1wt% FeS in the suspensions, at
50mV s for different deposition potentials of silver sulfide (Edep), as shown in Figure
4.3, confirming that silver sulfide is produced on Ag electrode surface at the potential
more than -0.7V: a stripping peak appeared at ca. -0.8V (vs. SCE). The largest charge

of silver sulfide peak was observed with Eqe, = -0.4V.
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Figure 4.3 Linear sweep voltammogram of 0.1wt% FeS (Scan rate 50mV s™'; deposition
time 120 s at Ey., -0.4V) and the effect of the deposition potential on the charge of silver

sulfide stripping peak in the suspensions.
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Further, the charge of silver sulfide peak depended linearly on the accumulation
time, within the interval 0—120 s for silver sulfide (slope = 0.008 mC s'; R* = 0.9887;
N = 6) (see Figure 4.4). The linear dependence indicates that the charge amount is not
saturated on electrode surface at accumulation time less than 120 sec. Therefore,
within the concentration range 0.01-0.4wt% of FeS, accumulation time of 120 s for

silver sulfide is suggested.

02 I I I I I I I
O 20 40 60 80 100 120
Deposition time/s

Figure 4.4 Dependency of generation of silver sulfide on deposition time with deposition

potential at -0.4V in the FeS suspensions.
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Another important instrumental parameter in linear sweep voltammetry is the scan
rate. Figure 4.5 shows the linear sweep voltammograms of silver sulfide with different
scan rate from 10 to 500mV s™ in 0.1wt% iron monosulfide suspensions. Figure 4.5
indicates that the analytical signals of silver sulfide were improved with the increase
of the scan rate, especially for scan rates lower than 100mV s™. I, of silver sulfide
peak depended linearly on the scan rate. In this case, the scan rate was decided at

50mV s for silver sulfide.
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Figure 4.5 Linear sweep voltammograms of silver sulfide with different scan rates in

0.1wt% FeS suspensions (from inner to outer curve: 10, 20, 50, 100, 250 and 500mV/s)

and the effect of the scan rate on the current of silver sulfide stripping peak.
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In conclusion, linear sweep voltammetry with the following conditions can be used
for the determination of silver sulfide, providing good quality silver sulfide peak:
deposition potential is -0.4V; deposition time is 120 s; scan rate is 50mV s for silver
sulfide analysis.

Therefore, an improved methodology of the determination of solid FeS in
suspensions by sulfide analysis is obtained which is especially important to provide a
prospective methodology in environmental analysis whenever the seabed sludge

containing a large number of acid volatile sulfide (AVS) is considered.

4.3.4 Effect of Iron Deposition at Pt Electrode Surface on the

Determination of Silver Sulfide

After the measurement of ferrous ion, ferric ion remained between the twin
electrodes in the suspension. When we apply linear sweep voltammetry to determine
the concentration of silver sulfide on the Ag electrode, iron is also deposited on the
electrode surface at the positive scan. In this case, the iron deposition peak will cover
on the silver sulfide peak so that we can not obtain the charge amount of silver sulfide
peak (see Figure 4.6a). However, we can observe a well-defined silver sulfide peak in
the voltammogram after iron is deposited on Pt electrode surface at the negative

potential of -1.2V for 5Smin (see Figure 4.6b).
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Figure 4.6 Voltammograms of iron deposition peak and silver sulfide stripping peak in

the FeS suspensions. (a) without iron deposition; (b) after iron deposition.
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The deposition potential and deposition time of iron after ferrous ion measurement
were evaluated in the FeS suspension. Three different reductive potentials were
applied to deposit iron on Pt electrode surface. At the potential more than -1.0V, ferric
ion can not be reduced into iron, and at the potential less than -1.2V, water is also
electrolyzed into hydrogen gas which will make the measured value of silver sulfide
unstable. According to the result in Figure 4.7, we decide the potential of -1.1V to
deposit iron on Pt electrode surface and reduce the dissolved elemental sulfur to
sulfide ion simultaneously in the suspension.

The dependency of iron deposition time on the measured silver sulfide amount at
deposition potential of -1.1V in the FeS suspension was shown in Figure 4.7. The
silver sulfide amount increased with the increasing of deposition time in the time
interval of 60 sec to 300 sec. At the deposition time less than 60 sec, iron deposition
peak and silver sulfide peak overlapped with each other completely so that we can not

obtain the charge amount of silver sulfide peak.
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Figure 4.7 Effects of iron deposition potential and time on the determination of silver

sulfide in the FeS suspensions.
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4.3.5 Determination of Silver Sulfide from the Electrolytic Oxidation of

Iron Monosulfide in Suspension

After optimizing the experimental conditions, the correlation between the
concentration of sulfide ion and the weight percent of iron monosulfide was obtained
for the quantificational analysis in the suspension. We performed this experiment at
the following the electroanalytic procedure (see Figure 4.8): (1) the electrolytic
oxidation on Pt electrode at 1.3V (vs. SCE) for one minute; (2) the accumulation of
ferrous ion on Pt electrode at 0.3V for 2 min; (3) the linear sweep voltammetry for the
ferrous ion on Pt electrode from 0.3V to 0.7V; (4) the deposition of iron on Pt
electrode at -1.1V for 5 min; (5) the deposition of silver sulfide on Ag electrode at
-0.4V for 2 min; (6) the linear sweep voltammetry for the sulfide ion on Ag electrode

from -0.4V to -1.2V.
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Figure 4.8 The potential profile of the proposed electroanalytic procedure for the sulfide

ion analysis.

69



We carried out this electroanalytic procedure to investigate the dependency of the
concentration of silver sulfide on iron monosulfide wt% in the suspension. With
increasing of iron monosulfide wt%, the silver sulfide concentration increases linearly,
as shown in Figure 4.9. The primary sulfur species generated from the electrolysis of
FeS is elemental sulfur, which can not be detected directly on Ag electrode using the
linear sweep voltammetry. However, under the high negative potential such as -1.2V,
elemental sulfur is reduced to sulfide ion so that FeS can be evaluated from the
measured sulfide ion amount. Since elemental sulfur is just partially reduced, the
measured sulfide ion amount is smaller than the generated elemental sulfur amount.

Iron disulfide has different electrochemical behavior with iron monosulfide from
the electrolytic oxidation (see Figure 4.10). Polysulfur is generated from the
electrolysis of FeS; and is the thermodynamically stable form, which can not be easily
reduced to sulfide ion and react with silver electrode. Therefore, with the proposed
electroanalysis procedure, we can not determine the sulfur species in the FeS,
suspension. That means that we can only obtain FeS content from the measured silver
sulfide amount when we regard the curve in Figure 4.9 as the calibration curve c.
Moreover, we can obtain the contents of FeS and FeS; from the measured ferrous ion
amount. Based on the above result, FeS and FeS; can be finally evaluated from the
concentrations of ferrous ion and silver sulfide respectively.

The limit of detection (3c) was 0.01 wt%. The precision of the developed method
was verified from the repeatability of 5 determinations of 0.01wt% for each FeS and
FeS; suspensions and the relative standard deviation (RSD%) was 2.68%, 1.84% and
2.85% for ferrous ion of FeS and of FeS, and for silver sulfide of FeS, respectively.

For a mixture suspension sample, the calibration curve c is also effective so that we
can estimate FeS content from the measured silver sulfide amount after electrolytic

oxidation at 1.3V for one minute by the proposed electrochemical method.
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iron disulfide.
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4.4 Conclusions

Iron sulfide is an important reductive pollutant in sediments, the existence of
which has harmful influence to the aqueous ecosystems, so that it is necessary to
determine its content to protect the quality of water body. The proposed methodology
provides a very sensitive determination of solid iron sulfide, which allows quantitative
determination of iron monosulfide and iron disulfide in the suspension respectively.
According to cyclic voltammetry, we found that insoluble iron sulfide was
transformed into soluble ferric ion and elemental sulfur after being electrolytically
oxidized in twin electrode, providing a possibility to determine solid iron sulfide
concentration at suspension condition using linear sweep voltammetry.

After ferrous ion measurement, we attempted to determine the sulfur species
generated from the electrolytic oxidation of FeS, and found that the existence of ferric
ion result in the failure of sulfide ion measurement. So the negative potential was
applied to deposit iron on Pt electrode and eliminate the influence of iron on sulfide
ion measurement. After the optimization of voltammetry conditions, the sulfide ion
was determined on the Ag electrode by linear sweep voltammetry and we found a
good calibration curve between the measured silver sulfide amount and iron
monosulfide wt%, although the method was not effective entirely in the determination
of sulfur species generated from the electrolysis of iron disulfide.

The traces of ferrous ion peak and silver sulfide peak can be detected by technique
of linear sweep voltammetry with twin electrode which was proposed in Chapter 3
and Chapter 4. Herein, there are two linear relations between the concentration of
generated ferrous ion and the iron sulfide weight percent in the FeS and FeS,
suspensions. According to these two linear relations, namely the calibration curve a
and the calibration curve b, we can determine the contents of FeS and FeS, from the
concentration of ferrous ion. On the other hand, the FeS weight percent in the
suspension can be evaluated from the concentration of silver sulfide by linear sweep

voltammetry using the calibration curve c. Therefore, a new electrochemical
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— 1.5]
technique by Pt-Ag twin electrode is developed, which including electrolysis and

linear sweep voltammetry, for the assay of FeS and FeS, in the suspensions.
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CHAPTER 5

DETERMINATION OF IRON MONOSULFIDE AND IRON
DISULFIDE CONTENTS BY FERROUS AND SULFIDE

ANALYSIS IN MIXTURE SUSPENSIONS

5.1 Introduction

In unpolluted aquatic sediments, sulfur species are found in association with iron
which is the most common metal in sediments, and are usually present in the form of
pyrite (FeS;), or mackinawite (FeS). The acid volatile sulfides (AVS) can be
considered as a measure of mobilizable sulfides, mainly iron monosulfide. Due to the
fact that AVS is metastable and pyrite is the thermodynamically stable, over time,
sedimentary FeS tends to convert into thermodynamically favoured pyrite °*), and the
replacement does not mean converting FeS into pyrite directly P*. Rather, FeS
dissolves and pyrite forms, resulting in increasing pyrite-S to AVS ratios with time ',
Pyritization in anoxic conditions often occurs by following several reactions:

FeS(s) + S” — FeSa(s) (5.1)
FeS(s) + Sy>” — FeSa(s) + Sp1™ (5.2)
2FeS(s) + 1/2H,0 + 3/40, — FeSy(s) + FeOOH(s) (5.3)
FeS(aq) + H,S — FeS,(s) + Ha (5.4)
Pyrite (FeS,) is the primary existence in the sedimentary sulfur components. Due to
slow transformation rate, AVS may persist for long time in sediment [****/.
Therefore, it is necessary to be aware of the storage and transformation of FeS and
FeS, in sediments for determination of AVS. According to the results described in
Chapter 3 and Chapter 4, we suppose that the proposed methods can be used to

quantificationally analyze the iron monosulfide and iron disulfide in the mixture

suspensions. Therefore, in this chapter, we applied the proposed electrochemical
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methods to determine the FeS content and FeS, content by the measured
concentrations of ferrous ion and sulfide ion with the same Pt-Ag twin electrode. This
electroanalytic procedure includes three features described as follows:

1. We perform electrolytic oxidation of iron sulfide on Pt electrode of twin
electrode in the suspension at 1.3V (vs. SCE) for one minute, converting insoluble
iron sulfide into soluble ferric ion and elemental sulfur.

2. By the ferrous ion analysis, the contents of FeS and FeS, in mixture suspension
were evaluated from the measured total concentrations of ferrous ion, which were
calculated by the charge amount in the linear sweep voltammograms.

3. After the measurement of ferrous ion, the concentrations of sulfide ion in
mixture suspension were determined from the charge amount in the linear sweep
voltammograms. According to this, the FeS content can be evaluated from the
measured sulfide ion concentration. We also discuss the validity and deviation of the

developed method in mixture suspension samples.

5.2 Experimental Section

5.2.1 Sample Preparation

Mixture suspension samples were made by uniformly dispersing FeS and FeS,
powder into a disperse medium. The reagent of FeS has been crushed for 3 minutes
before use; the disperse medium consisted of 0.5 mol L™ sodium chloride (NaCl) and

0.4 mol L' poly-vinylpyrrolidone (PVP) in aqueous solution.

5.2.2 Apparatus

A conventional electrochemical cell was used containing a platinum-silver (Pt-Ag)

twin-electrode as the working electrode, a reference electrode of saturated calomel
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electrode (SCE) and a platinum wire as an auxiliary electrode. The electrolysis and
voltammetric measurements were carried out in an ALS CH Instruments
Electrochemical Analyzer Model 701C.

All potentials are quoted against this SCE reference electrode. All experiments
were conducted at room temperature (ca. 25°C). When 70.0 mL of the mixture

suspension sample was transferred to the voltammetric cell, the suspension was

analyzed using the linear sweep voltammetric techniques.

5.3 Results and Discussion

5.3.1 Determination of the Contents of Iron Monosulfide and Iron

Disulfide by Ferrous Ion Analysis in the Mixture Suspension

Using the described electroanalytic method in Chapter 3 and Chapter 4, mixture
suspension samples were analyzed. We regard FeS/FeS, suspension system as the
mixture suspension samples, of which various amounts of FeS with 0.2wt% and
0.4wt% FeS,, and the various amounts of FeS and FeS, with total content of 0.45wt%
are added to the disperse medium. The linear sweep voltammetry technique was used
to determine the ferrous ion generated from three systems of mixture suspension
samples. Trace of ferrous ion was found in the mixture sample in the linear sweep
voltammogram after the samples were oxidized on Pt electrode. The total
concentration of ferrous ion can be calculated from the peak charge amount. In this
case, the calibration curve a and the calibration curve b were used to evaluate the
contents of FeS and FeS, by the comparison of the measured ferrous ion
concentration with the reference value.

We compare the measured ferrous ion concentration generated from the FeS
samples with the mixture samples of FeS and FeS, in Figure 5.1. Three linear
relationship curves were obtained, with slope of 1.1197, 0.818, 0.7749 and correlation
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coefficient (R?) of 0.9932, 0.96, 0.9574. The similar slopes indicate that the measured
concentrations of ferrous ion originated from the mixture suspension samples are
accordant with the calibration curve a despite some deviation were observed between
them. The deviation mainly occurred at the high FeS concentrations. One possibility
may be explained by the addition of FeS, will influence the ferrous ion measurement
of FeS by the competition reaction, especially at the high FeS concentrations.

In conclusion, the proposed method for ferrous ion analysis is effective for the
samples of FeS and FeS, respectively in the individually dispersed suspensions, but
for the samples of mixture suspension of FeS and FeS,, a deviation was observed
between the mixture system and the calibration curve a. It needs more work to
improve the accuracy of ferrous ion measurement in mixture suspension. Additionally,
it indicates that we may need new calibration curves using other electrochemical
methods such as chronoamperometry for the determination of the total content of FeS
and FeS, in mixture suspension samples, for linear sweep voltammetry may be not

accurate and reliable enough to obtain the total content of FeS and FeS,.
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Figure 5.1 Comparison of measured ferrous ion concentrations in the three different

FeS/FeS, suspension systems.

5.3.2 Determination of the Content of Iron Monosulfide by Sulfide Ion

Analysis in the Mixture Suspension

After ferrous ion measurement, the linear sweep voltammetry technique was used
to determine the sulfide ion generated from three systems of mixture suspension
samples. Traces of silver sulfide were found in the mixture samples in the linear
sweep voltammograms after the samples were oxidized on Pt electrode. The
concentrations of silver sulfide were calculated by their peak charge amount. In this
case, the calibration curve ¢ was used to calculate the FeS content by the comparison
of the measured silver sulfide concentration with the reference value. In hypothesis, if
we can also use the calibration curve a and the calibration curve b to determine the

contents of FeS and FeS, in mixture suspension by the total measured ferrous ion
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amount, which is introduced in Chapter 3, the FeS, content can be calculated by
subtracting the FeS content from the total content. Unfortunately, we failed in the
ferrous ion measurement in mixture suspension samples, so that we can not obtain the
FeS and FeS; contents respectively for the mixture suspension system. Therefore,
finally we can only determine the FeS content in the mixture suspension samples.

We compare the measured silver sulfide concentration generated from the FeS
samples with the mixture samples of FeS and FeS, in Figure 5.2. A good agreement
relation was obtained between the three systems of mixture suspension samples and
the reference curve. This indicates that the measured silver sulfide was only
originated from the FeS samples and the existence of FeS, has no influence on the
measurement of FeS. In conclusion, the proposed method is effective for the FeS
determination in the sample of mixture suspension of FeS and FeS,. Additionally, it
indicates that the calibration curve ¢ from Figure 4.9 is reliable in the determination of

FeS in mixture suspension samples.
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Figure 5.2 Consistency of silver sulfide concentrations in the four different FeS/FeS,
suspension systems and the reference curve between the measured FeS content and the

reference value (total content of FeS and FeS, is 0.45wt%).
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5.4 Conclusions

The proposed methods can be used to quantificationally analyze the FeS in the
mixture suspensions and obtain a good agreement between the measured FeS content
and the reference value. In this chapter, according to voltammograms, we found that
the traces of ferrous ion peak and sulfide ion peak can be detected by technique of
linear sweep voltammetry with our Pt-Ag twin electrode in mixture suspension
samples. After electrooxidation of mixture sample on Pt electrode, solid iron sulfide
was transformed into soluble ferric ion which generated from both FeS and FeS,, and
elemental sulfur which generated only from FeS and can be easily reduced. This
provides a possibility to determine the FeS and FeS, respectively using this proposed
method in the mixture suspension. We applied this electroanalytic procedure in four
mixture suspension systems and obtained two reference curves, in which a good
agreement relationship was obtained for FeS analysis. According to the calibration
curve ¢, we can determine the content of FeS from the measured concentration of
sulfide ion. However, a deviation between the measured ferrous ion concentration and
the reference value of the calibration curve a was observed in four systems of mixture
suspension samples.

After all, we can determine the FeS content by the measured concentration of
sulfide ion in the mixture suspension samples by our proposed electrochemical

method with Pt-Ag twin-electrode.
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CHAPTER 6

CONCLUSIONS

This is the first investigation of solid phase iron sulfide (FeS and FeS;) in
suspensions using platinum-silver twin-electrode after applying electrolytic oxidation
of samples. The proposed methodology provides a very sensitive determination of
solid iron sulfide, which allows quantitative determination of iron monosulfide and
iron disulfide in suspensions respectively.

The results obtained through this work are summarized as follows:

6.1 Summary and Conclusions

Iron sulfide is an important reductive pollutant because it is widespread in the
natural sediments. The detection methods for the acid volatile sulfide (AVS) are not
effective for solid iron sulfide because which can not produce electrochemically
active species to be detected by electrochemical methods.

In this thesis, we propose a new technique which can respectively determine the
FeS content and FeS, content in suspensions by electrochemical methods including
electrolysis and linear sweep voltammetry with Pt-Ag twin electrode, as shown in
Figure 6.1.

In general, the concentration of electrochemically active species in the suspension
of solid iron sulfide is extremely low. This is disadvantageous to the determination of
these species by electrochemical method. The solution to the problem is applying
electrolytic oxidation to the suspension. By electrolysis at 1.3V (vs. SCE) for one
minute, the insoluble iron sulfide is transformed into soluble ferric ion and elemental
sulfur, and dissolved in the suspension, as described in Chapter 2. According to cyclic

voltammetry, we found that ferric ion and elemental sulfur were generated from iron
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sulfide after electrolytic oxidation on the Pt electrode and reduced to ferrous ion and
sulfide ion, which provides a possibility for the determination of solid iron sulfide
content in the suspension using linear sweep voltammetry.

The effects of oxidation potential and oxidation time on the analysis of ferrous ion
and silver sulfide were studied, and the experimental conditions of voltammetry were
also optimized. The concentrations of ferrous ion and silver sulfide generated from
iron sulfide after electrolysis are dependent on the oxidation potential and oxidation
time. There are linear relationships of the amounts of the generated ferrous ion and
silver sulfide against oxidation potential and oxidation time. The ferric ion and
elemental sulfur can be reduced to the ferrous ion and sulfide ion electrochemically,
so that it is possible to determine the concentrations of ferrous ion and sulfide ion by
our proposed electroanalysis procedure. The linear sweep voltammetry was applied to
determine the generated ferrous ion and sulfide ion so that the iron sulfide content can
be evaluated from the measured concentrations of ferrous ion and sulfide ion.

Voltammetry measurements show three linear relationships between the iron
sulfide content and the concentrations of ferrous ion and silver sulfide originating
from the reduction of ferric ion and elemental sulfur. According to the calibration
curve a and b, linear relations were found between the weight percent of iron sulfide
and the concentration of ferrous ion in the suspension, as described in Chapter 3, so
that we can evaluate the weight percents of FeS and FeS, from the amount of
measured ferrous ion by linear sweep voltammetry in the suspension. After
optimizing the voltammetry conditions, the contents of FeS and FeS; in the mixture
suspension samples were also evaluated from the total measured concentration of
ferrous ion by this method, although the deviation was found between the measure
value and the reference value. It needs more future work to clarify the mechanism of
electrolytic oxidation and voltammetry applying in the mixture suspension samples.

Based on the calibration curve c that is described in Chapter 4, a linear relation was
found between the weight percent of iron monosulfide and the concentration of
sulfide ion, so that we can determine the FeS content from the measured amount of
silver sulfide in the suspension. Because the sulfur species generated from the
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electrolysis of iron disulfide can not be detected, the content of FeS in the mixture
suspension samples was also evaluated from the measured concentration of sulfide
ion after optimizing the voltammetry conditions. When the proposed technique was
employed in mixture suspension samples, the measured values presented a good
agreement with the reference values. Therefore, the FeS content in the mixture

suspension can be evaluated on the basis of the concentration of sulfide ion.

Experiment Steps Experiment Conditions Results

Electrolysis of FeS,

FeS, — 5 Fe¥*+8°

1.3V (vs. SCE), lmin

ﬂ ‘MlFe(II)=(II. FeS wi% + b[

‘;\“hFe(H)=(IZ' F382 wit% + bz

Ferrousion Measurement FeS/FeS,wt%

in suspension

[ )

Fe* 5 Fe I-t: Fe2* accumulation (0.3V)
LSV: Fe?* concentration (0.3-0.7V)
ﬂ I-t: Fe deposition (—1.1V)

. . . / =, FeS wr% + b
Sulfide ion Measurement Ahsary=ay FeS wi % + b, ‘ FeSwt%

AgS 5 Ag+s” I-t: Ag,S deposition (— 0.4V) ih suspension
LSV: S% concentration (— 0.4 -
— 1.2V)

Figure 6.1 Diagram of Determination of iron monosulfide content and iron disulfide

content in the individually dispersed suspension samples.
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In studying the possibility of determining the FeS and FeS, in the mixture
suspension using linear sweep voltammetry by Pt-Ag twin electrode, we found that
there was a good agreement of the measured FeS content calculated by the calibration
curve ¢ with the reference value established in Chapter 5.

We propose this method for measurement of iron sulfide content in the mixture
suspension (see Figure 6.2). Traces of ferrous ion and sulfide ion were found in the
mixture sample in the linear sweep voltammograms after the samples were oxidized
on Pt electrode. The amounts of the ferrous ion and silver sulfide were obtained by
calculating from the charge amounts of ferrous ion peak and silver sulfide peak. In
this case, the three calibration curves were used to evaluate the contents of FeS and
FeS, by the comparison of the measured values of ferrous ion and sulfide ion amounts
with the reference values.

The concentrations of the silver sulfide were calculated from their peak charge; in
this case, the calibration curve ¢ was used to calculate the FeS content by the
comparison of the measured values of silver sulfide amount with the reference values.
Since the ferrous ion amount of FeS can be calculated using the calibration curve a,
we can estimate the ferrous ion amount of FeS, by subtraction of the ferrous ion
amount of FeS from the measured total ferrous ion amount. Then the FeS, content can
be evaluated from the calibration curve b. However, there is a deviation between the
measured FeS, content and the reference value in the mixture suspension samples
because ferrous ion measurement in mixture system is so complicated that we can not
determine all ferrous ion generated from both FeS and FeS,. Therefore, based on the
three calibration curves, we can finally determine the FeS content and FeS, content in
the individually dispersed suspensions, respectively, and determine only the FeS

content in the mixture suspension samples.
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Figure 6.2 Diagram of Determination of iron monosulfide content and iron disulfide

content in the mixture suspension samples.

The experimental results proved that it was practicable using Pt-Ag twin electrode
cell to perform the whole determination of FeS and FeS; in the individually dispersed
suspension and the determination of FeS in the mixture suspension. This is essentially
useful to the achievement of on site measurement of FeS content in the environmental
sludge by electrochemical method.

The results mentioned above gave valuable information for the design and
construction of instrument for on site measurement of iron sulfide content in the
sludge of bay and lake. We wish that this thesis contributes to the environmental

monitoring and the protection of aquatic ecosystem.

6.2 Suggestions for Future Research
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An electrooxidation procedure is proposed at the first time for generation of
electrochemically active species from solid iron sulfide, however, the mechanism
of the electrolytic oxidation in the suspension is not clearly validated yet, which

needs more experimental evidences.

The sulfur species generated from the electrolysis of iron disulfide can not be
detected by our proposed electrochemical method with Pt-Ag twin electrode, and

we can not explain the reason exactly and needs to find the fact.

There are some deviations of the results for the determination of FeS in the mixture
suspension samples. In order to eliminate the deviations, more study should be
made on how to improve the accuracy and sensitivity of the Pt-Ag twin electrode

by modifying the structure of twin electrode and the procedure of electroanalysis.

This methodology failed in the determination of FeS, in the mixture suspension
samples due to the deviation of total ferrous ion measurement, so it may need
another electrochemical method to measure the total concentration of ferrous ion in
the mixture suspension sample. We have obtained this result from the previous

work done by Lei YAN in our laboratory.

After applying the proposed technique to the measurement of iron sulfide in the
suspension samples, the next research has to be carried out on how to improve and
utilize this electrochemical method to determine the iron sulfide from the natural

sediments of sea and lake.
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