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liquid nitrogen, storage in a f er. d thawing in a water bath at 20°C just prior to

analysis.

Kinetic experiments were designed and conducted with the purpose of investigating
thiosalt reaction kinetics under acidic, neutral, and basic conditions at variable
temperatures. According to the results of this study. thiosulphate decomposed to trithionate,
sulphate. and tetrathionate at pH 2. At pH 2 and 9. trithionate decomposed to sulphate,
thiosulphate and tetrathionate only at 30°C; while at pH 4 and 7, trithionate decomposed to
sulphate. thiosulphate and tetrathionate at temperatures of 15°C or  eater. At pH 9.
tetrathionate decomposed to thiosulphate. trithionate, and sulphate. In  mixture of thiosalt,
thiosulphate and trithionate reactc ~ as in the single species experiments. but tetrathionate
was more reactive. Generally. the relative rates of decomposition of thiosulphate,
trithionate, and tetrathionate were second or higher order. The decomposition rates
increased with increasir initial thiosalt concentration and temperature (except for

thiosulphate decompositionat| 9 and 30°C).
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CHAPTER 1

INTRODUCTION

Thiosalts are the salts of sulphur oxyanions produced from the interaction between
sulphur-rich ores and ox* n durii  mining processes. Important thiosalt species include
thiosulphate (SgO_;:'), trithionate (SgO(,z'). tetrathionate (S4O(,2'). pentathionate (SsO(,z'). and
hexathionate (S¢O¢”). The chemical and biological oxidation of thiosalts in natural waters
produces acid which can ha  aquatic organisms. This is a significant environmental

problem for many mining operations in Canada and worldwide.

1.1 Background

1.1.1 Thiosalt Formation and Degradation

Thiosalts are the intermediate products from the interaction between sulphur-rich ores.
such as pyrite and pyrrhotite, d oxygen durit ¢ ain mining processes. The prefix
“thio™ is used when a sulphur atom replaces an oxygen atom in the compound(s). Thiosalts
are mostly generated in the inding and flotation processes. Thiosalt species include
thiosulphate (S,0;™) and polythionate (SO . 3<n<6) ...nardo and Sally. 1998).
Thiosulphate. trithionate (S30,7). and tetrathionate (S;0,~) are major thiosalt species
produced in the typical minii  proct es. Their concentrations in mini ~ wastewater are in
the range of less than 30 to 1000 ppm. Higher polythionates are usually present at lower

concentrations. The concentration of pentathiona  which is t most common higher



polythionate, in mining wastewater is approximately 0-60 ppm (Dinardo and Salley, 1998;

Wolkoft and Larose. 1975; Gould et. al, 2004).

Factors effe ng thiosalt formation during a mining process are mineral sulphide content,
flotation period, temperature. flotation stir rate. pH. and ore particle size (Wasserlauf and

Dutrizac. 1982).

Thiosalt equilibria in different environments can be described generally by (Lyons and
Nickless, 1968):

0; +S0O; (1.1)

n+l

He
S,0; +S,0; & S
0ol

Accordingly, the overall interchange of trithionate. tetrathionate and pentathionate
under neutral conditions can be explained by a disproportionation iction (Lyons and

Nickless. 1968):
28,0.” > S,0; +S,0;" (1.2)

1.1.2 Environmental Problem

The chemical and biolc cal oxidation of thiosalts in receiving waters generates acid
that can harm aquatic organisms. Additional thiosalt impacts on natural aquatic systems are
sediment m¢ 1l leaching, and reduction of dissolved oxygen and buffering capacity

(Dinardo and Salley. 1998).
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The chemical oxidation of thiosalts in the environment is dominated by hydrolysis

reactions. Wasserlauf and Dutrizac (1982) suggested thiosalt hydrolysis reactions as

follows:
S,0; + ,0-5S,0; +SO; +2H" (1.3)
48,0, +5H,0 > 7S,0; +2SO; +10H" (1.4)

Biological oxidation of thiosalts occurs when certain bacteria species in the genus
Thiobacillus in natural waters oxidize thiosalt from contaminated mining wastewater.
Examples of these bacteria include Thiobacillus thiooxidans, Thiobacillus thioparus,
Thiobuacillus neapolitanus, Thiobacillus novellus, and Thiobacillus denitrificans (Dinardo
and Salley. 1998). The acid produced  m thiosalt biological oxidation also lowers the pH

of the natural waters. Thiosalt biologic  oxidation reactions were proposed by Kelly and

Tuovinen (1975):
S,0; +20, +H,0 »280; +2H" (1.5)
S,0; +20, +2H,0 - ~307 +4H" (1.6)
28,0, +70, 6H,0 »>8S0O; + "I (1.7)

The trend toward decreasir~ pH var  seasonally. In summer, bacteria etfectively
oxidize thiosalts ir  nir  was 1 produce acid causir~ pH drops in watercourses.
When temperatures decrease in bacterial oxidation efticiency is lower, resultit in

-
3




thiosalt accumulation in the receiving waters with a lower amount of acid produced. In
winter, bacteria inefficiently oxidize thiosalts; as a result, thiosalt concentration will be
highest with the minimum acid generated. As temperature increases again in spring,
bacterial efficiency increases. causing a reduction in thiosalt concentr:  on with an increase

in acid production. (Dinardo 1d Sally. 1998: Fyfe. 2006: Butler. 2006)

1.1.3 Mitigation and Control

At present. the widely used methc  for managing thiosalt-contaminated wastewater is
to allow ni 1ral microbial oxidation in eftluent holding ponds. To ensure the discharged
effluent is not too acidic. lime is introduced to neutralise the acid produced by the
microorgani 1s | ore discha 1 tt  effluent into natural receiving waters. However,
thiosalts re¢ aining in the effluent can undergo further oxidation to sulphuric acid after
discharge and thus can continue to posc a threat to aquatic organisms. Furthermore,
bacterial efficiency is not stable thror out the year in northern climates making it ditticult
to ensure complete oxidation of the thiosalts prior to discharge. (Dinardo and Salley. 1998:

Gould et al. 2004)

A laboratory scale study conducted for Thio s Consortium by iould et al. (2004)
investigated factors effecting microbial oxidation of thiosalts in tailing ponds. Their study
showed that temperature and oxy n are the limiting factors for microbial thiosalt

oxidation.




In work for Thiosalts Consortium - Phase I (Dinardo and Salley, 1998), many methods
of treatment for thiosalt-contamina | wastewater have been studied. Mcthods capable of
completely eliminating thiosalts contaminating mining wastewater include ozonation.
chlorination. hydrogen peroxide. SOs-air. chalcopyrite catalysis. reverse osmosis. iron
reduction and alkaline pressure oxidation. However, initial investment in infrastructure and
operating cost is a very important factor in method selection. The Thiosalts Consortium
Management Committee selected three methods for further investigation, which include
biological oxidation in rock-packed reactors. biological oxidation in rock-packed reactors
with hydrogen peroxide polishing. and hydrogen peroxide only. The results from the
investigatic indicated that biolc ‘cal oxidation in rock-packed reactors is capable of
removing thiosalts almost entirely. In addition, operation at the temperature of 1.0°C is

possible and this method is the st cost-eftective.

1.2 Purpose of the Research
This research focuses on the kinetics of thiosalt formation and degradation in aqueous
media. Experiments were designed and conducted to determine the parameters that directly

impact thios: ~ kinetics in the conditions that approximated the receiving ponds.

Chapter 2 presents a literature review of previous thiosalt studies conducted under
difterent conditions and a review of the concept of capillary electrophoresis (CE) which

was used in the thiosalt analysis.



The HSC equilibrium study, presented in Chapter 3. is a preliminary study performed
to identify major species and parameters likely to have an impact on the reactions of each
thiosalt species under equilibrium. Parameters being examined include temperature, pH.

and concent ions of thiosalts.

CE was used to analyze thiosalt concentrations throughout this research. The CE results
studies presented in Chapter 4 were performed with the intention to investigate the

reproducibility and variability associated with the CE results.

In order to determine the stability of thiosalt species under freeze and thaw conditions,
a stability study was performed for each thiosalt species at pHs of 2, 4, 7, and 9. The

freeze-thaw stability study is presented in Chapter 5.

In addition, experiments were conducted to determine thiosalt reaction kinetics at
acidic (pH 2 and 4). neutral (pH 7) and basic (pH 9) conditions at temperatures ot 4°C.
15°C. and 30°C. The thiosalt examined were thiosulphate, trithionate, tetrathionate.
and a mixture of these three thio t species. The thiosalt kinetic study is presented in

Chapter 6.

Chapter 7 provides the conclusions of thiosalt studies conducted in this research and

recommendations for future work.



1.3 Research Method

For the HSC equilibrium study presented in Chapter 3, HSC Chemistry software
(Version 3.1, Outokumpu Technology) was used to calculate equilibrium compositions of
thiosalt species under equilibrium. Des™ 1-Expert software (Version 6.0.3. Stat-Ease, Inc.
2000) was used to statistically analyse the results from the HSC software to determine

significant factors effecting thiosalt formation under equilibrium conditions.

Chapter 4 presented the reproducibility and variability studies of the CE results. The
reproducibility of the CE method was determined by comparing the results of replicate
analyses of the same sample solutions for each of the thiosalts. CE results of different
sample solutions with the si : thiosalt concentration were use to determine the
variability. The CE results investiy ed in the variability study were collected from the data

for the thios:  kinetic study | sen  in Chapter 6.

The freeze-thaw stability study presented in Chapter 5 was performed by comparing the
thiosalt concentrations determined by CE from samples analysed immediately to samples

frozen then analysed.

The thiosalt kinetic study presented in Chapter 6 was conducted by determining thiosalt

and sulphate concentration as a function of time un«  different pHs and temperatures.




Druschel et al. (2003a) studied tetrathionate rearrangement under acidic conditions at
temperature range of 4-70°C. The results showed that at pH 1. tetrathionate undergoes a
disproportionation reaction to form trithionate and pentathionate. The ratio of trithionate to
tetrathionate to pentathionate is 25: 50: 25. On the other hand. when the pH is in the range

of 1-2, tetrathionate rearrangement to trithionate and pentathionate proceeds very slowly.

Xu and Schoonen (1995) studied thiosulphate decomposition in buffered solutions at
pHs between 2.9 and 5.2 at 20°C. Their study illustrated that the thiosulphate
disproportionation rate is greater than the rate of oxidation by oxygen. Sulphite and
elemental sulphur are the major products from thiosulphate disproportionation. while
sulphate was found as a minor product. Thiosulphate decomposition reaction was

suggested as follows:

28,07 + H" — HSO7 +SO; +2S Q.1h

Sulphate forms from sulphite oxidation by oxygen. Therefore. sulphate concentration
increases with increasing dissolved oxygen concentration. Xu and Schoonen (1995) also
noted that the (perimental soluti w cloudy as a result of eclemental sulphur
formation. Moreover. Xu: 1 Scho (1995) reviewed thiosulphate decomposition from

several studies as summarized in Table 2.1.






product. The primary stages of trithionate and tetrathionate disproportionation were

suggested as follows:

S,0. +H,0 HSO, +S,0; + (2.4)

28,0;" - S,0; +S.,0;" (2.5)
hl Rl I ]

35,0, = S,0; +2S0; +2S0, + ng (2.6)

~

Mizoguchi et al. (1976) studic the disproportionation of thiosulphate. trithionate,
tetrathionate, and sulfite under acidic conditions at a temperatures ranging from 70-150°C

|
l Their results showed that thiosulp! decomposes to elemental sulphur, tetrathionate, and

sulphite under acidic conditions  a temperature of 70°C, but barely decomposes at higher

pHs and temperatures. Thiosulphate decomposition reactions under acidic conditions were

1 proposed:

\

1

58,07 +6H® —»2S+ 3,0, +3H,0 2.7)
S,0; + = —>S+HSO; (2.8)
38,07 +2H" - 4S+2S0; +H,0 (2.9)

It was observed that the amount of tetrathionate formed (Equation 2.7) increases with an

in ase  solution acidity, tt ¢ :a reachi a peak . ount; wh as the
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amount of sulphite (Equation 2.8) formed continually increases with an increase in solution
acidity. As temperature increases from 70°C to 130°C, the amount of tetrathionate formed
increases, the amount of sulphi decreases, while the amount ¢ sulphate is stable.

Tetrathionate decomposes at temperatures higher than 130°C.

Under acidic conditions at the temperature from 70 to 110°C. trithionate disproportionates
to thiosulphate and sulphate. and then thiosulphate formed decomposes to elemental
sulphur, tetrathionate. and sulphite. Trithionate decomposition in solutions with

intermediate pHs can be illustrated by:

S,03 +H,0 58,07 50 +2H (2.10)

At temperature h™ 1er than 130°C unc  an acidic condition. tetrathio e decomposes to
p p

elemental sulphur and sulphate. The de  mposition reaction can be represented by:

3S,0;" +2H,0 - 7S 5SO; +4H" Q2.11)

Thiosulphate is found as an intermediate product; the following equation illustrates

tetrathionate decomposition formit  thiosulphate.

4S8,0;” +5H,0 — 78,07 +2S0; +10H" (2.12)

However, it was noted that at 150°C, tetrathionate concentration v most stable at pH 2-3.






products are elemental sulphur. thiosulphate. and sulphite. Polythionate decompostion

reactions can be described by (V. lauf'and Dutrizac.1982):
28,0, +60H —S,07 +4SO;7 +3H,0 (2.14)
3,07 +60H™ — 58,07 +2S,0;” +3H,0 (2.15)
28.0; +60H — 58,07 +3H,0 (2.16)
28,0 +60H™ —5S,0: + "3+3H,0 (2.17)

Sulphate forms from sulphite oxidation by oxygen.

1

SO§+;OzaSOf (2.18)

Elemental s Hhur and sulphite “at 2 produced may react and generate thiosulphate. The
order of susceptibility to decomposition from low to high rate is trithionate, tetrathionate.
pentathionate, and hexathionate. ..cir decomposition rates incre ¢ with increasing

temperature, pH, and presence of nucleophils.

Rolia and Chakrabarti (1982) also investigated the decomposi n of thiosulphate,
trithionate, and tetrathionate in alkaline solutions. As with Wasserlaut and Dutrizac, their
study showed that the products frc rathionate decompositions at pH > 10 are

thiosulpha and  hionate, whereas trithionate decomposition in a pH range of 5.5-12
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However, at pH > 1.7, ferric ion is less available so thiosulphate decomposition by H™ is

faster than tl H»sulphate decompos on by Fe®* (Williamson and Rimstidt. 1993).

Druschel et al. (2003a) investiga 1 thiosulphate, trithionate, and t¢  thic ite oxidation
at the pH range of 0.4-2.0 in the presence of the ferric ion (Fe'") and oxygen. The oxidation
rates from I h to low are thiosulphate. trithionate, and tetrathionate. The major oxidation
product of ' “sulphate oxidation is tetrathionate, while that of trithi ate and tetrathionate
is sulphate. Tetrathionate oxidation reaction by Fe’* and oxygen under an acidic condition

can be show as:
S,0; +3Fe™ +2.750, +4.5H,0 — 4S0;” +3Fe’" +9H" (2.24)

Borda et al. (2003) reported that hydroxyl radical formed on pyrite surfaces from a
reaction between water and ferric ion may participate in sulphur oxidation reactions.
Accordit 'y, Druschel et . (2003b) investigated trithionate and tetrathionate oxidation
under acidic conditions (pH 0.5-2.0) by hydroxyl radicals generated utilizir  Fenton’s
reagent. The results illustrated that the rate of trithionate and tetrathionate oxidation with

hydroxyl radical under acidic conditions is higher than with ferric ion or ox; n.

Additionally, according to W serlauf and Dutrizac (1982). several chemical reagents
have been ed to oxidize thiosalt to sulphate. These chemical reagents are iodine,
potassium permanganate. potassium « hromate. ceric sulphate (Cerium (IV) Sulphate),

bromine. hypochlorite, chlorine. and hydrogen peroxide.
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Suzuki (1999) suggested the following thiosulphate oxidation reactions by iodine and

chlc e:
28,07 +1, »S,0; +2I (2.25)
S,07 +4Cl, + 5H,0 » “30; +8Cl” +10H" (2.26)

2.1.4 Thiosalt stability study

Wasserlauf and Dutrizac (1982) reviewed thiosalt stability under acidic. neutral and
basic conditions. Thiosalt species studied were thiosulphate. trithionate. and tetrathionate.
The pHs of the solutions were 3. 4. 7. and 10. Thiosalt solutions were prepared and purged
with nitrogen. One sample bottle was kept in the dark at room temperature. The other
sample bottle was frozen. Thiosalt concentrations were analyzed every week for the period
of five weeks. The frozen samples were thawed before the analysis. The results indicated
that concentrations of total thiosalt were 7-15% lower " in the initial concentrations for the
samples that were kept at room temperature: while total thic ~ concentrations were 1-10
% lower tt  the initial concen ions for the samples that were ozen. It was noted that
elemental sulphur was formed in the sample bottle kept at room temperature, concluded

from the observation that the ¢ 1ple  :ame cloudy during the experiment.

Druschel et al. (2003a) conducted a thiosalt stability experiments for trithionate and
tetrathionate oxidation by the ferric ion (Fe’*) at pH of 0.4 0. The results demonstrated

that concer ations of sulphur species during hionate ox rriments do not
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significantly change after stori : in  4°C refrigerator for several days. However. the

trithionate oxidation reaction is very fast at low temperature (4°C).

2.2 Capillary Electrophoresis (CE)

Capillary electrophoresis is a sepa :ion technique that can be used for the separation of
ionic species based on their mobility in an electrolyte solution under the influence of an
electric field. A factor affecting the mobility of charged species is their charge to size
(hydrodynamic volume) ratio; a small ion with high charge will migr. : faster than a large
ion with low charge (Wein  er, 2000; Dean. 1995). This type of' s ration based on ion

mobility is often called capillary zone electrophoresis (CZE).

A bare | ed silica capillary is treated with sodium hydroxide (~1.0 M) to activate the
silanol groups. which leads to electrokinetic or electroosmotic tflow (EOF) in the capillary
when a potential is applied. ..e « oillary is then equilibrated with background electrolyte
(BGE) before sample injection. The BGE is usually composed of a bufter solution with a
fixed pH. The pH influences the speed of EOF. fastest at pH > 9.0. nearly non-existent at
pH < 4.0, and whether specific analytes are ionized. For example weak acids are only fully
ionized at pHs sufficiently above their pK,. A high voltage power supply is used to apply
potential to the inlet and outlet v 5 (Figure 2.3). In positive mode EOF is toward the
cathode (detector end). anions travel toward the anode, while cations travel toward the
cathode. In negative mode, the EOF is away from the detector because the anode and
cathode pos ons are switched: thus the anions m’--ate toward the detector because the

anode is now at the ou = "": tor 1 of the capillary. Separation occurs due to the
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difference in the mobility of each cha :d species in the background ¢lectrolyte. A detector
near the capillary outlet detects  h charged species as it reaches the detector window;
differentiation between species requires migration times to be different. Each detected
species is represented by a peak in an electropherogram (Weinberger. 2000: Dean. 1995).
The concentrations of thiosalt v : subsequently calculated by comparing the peak arca

produced using a standard solution.

CE methods can be tailored to provide very high resolution separations. Compared to
HPLC (high performance liquid chromatography). capillary electro] oresis is superior in
terms of speed. efticiency. selectivity. relative ease of method development. flexibility. and
reagent consumption. On the other hand. the disadvantages of capillary electrophoresis
compared to HPLC are detection sensitivity because of low volumes (mass loading).

precision. and durability of : capill: _ (Weinberger, 2000).

Figure 2.3 shows a basic di  am of capillary electrophoresis. The main components of
a CE system are (Weinberger ~100; Dean. 1995; Millner. 1999):
- Capillary
The capill | isnc  lly made of fused silica with a polyimide coating. The advantage
of fused silica is its UV transp: 1cy and ability to transter heat. The polyimide coating
enhances the stability and flexibility of the capillary. Typical ¢ illaries have inner
diameter of 25 to 100 pm.

- Backgroun :lectrolyte (BGE)




Background electrolyte can be very complex or simple; the composition can influence
ionization, EOF, migration behavio  sensitivity, and peak shape. In CZE the BGE is
often a simple buffer solution which is des 1ed to maintain cor stent EOF and
ic " ation of the analytes. To minimize joule heating. the conductivity (c.  nt)m tbe
kept low, thus the typical buffer solution concentration range is 10-100 mM.

- High voltage power supply
To induce igration of analytes and EOF. a h 1 voltage power supply is used to apply
potential across the capillary at electrodes placed in the inlet and outlet vials containing
BGE. The maximum voltage supply for conventional CE is approximately 30 kV.

- Detector
Commercially available detection systems use fluorescence, UV-vis absorption,
conductivity detection and mass spectrometry. Among these techniques. ultraviolet-

visible absorption is ci ly the st widely used.

Power Supply

-

Electrode Electrode ‘_
L. _" (Cathode) (Anode) "=____=1?
BGE BGE ]
Outlet Inlet

Figure 2.3 CE system dia_ m for positive mode (Adapted from Weinberger, 2000)
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CHAPTER 3

HSC . QUILIBRIUM STUDY

A prelii nary study was des =d and performed to identify major species and
parameters likely to have an impact on the reactions of each thiosalt species under
equilibrium conditions. Parameters examined included temperature, | ., and concentrations

of thiosalt.

3.1 Materials and Methods

The equilibrium compositions of thiosalt species under different conditions were
computed by HSC Chemistry (Version 5.1, Outokumpu Technology. Finland). The results
from the H¢  software were then statistically analysed by Design-Expert (Version 6.0.3.
Stat-Ease. Inc. 2000, USA) to de mine significant factors affecting thiosalt formation

under equilibrium conditions.

3.1.1 “»ftware

3.1.1.1 HSC Chemistry

HSC Chemistry is designed to calculate probable chemical reactions and equilibrium
compositions using thermodynamic properties of chemical elements or compounds. Major
properties of chemical compounds used in these calculations are enthalpy (H). entropy (S),
and heat capacity (Cp): accord  y. the ni > of the software is derived from these

thermodynamic paramete  The ftware provides several calculation functions; for

o
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example, chemical reaction equations, heat and material balances. heat loss calculations,
and equilibrium compositions. Additionally, it contains a thermochemical database of more
than 17,000 chemical compounds. Typical characteristics of chemical compounds in the
HSC Chemistry database are molecular weight, enthalpy. entropy, heat capacity, density.

colour, and water solubility (HSC Chemistry, 2000).

HSC Chemistry computes chc cal equilibria using thermody mic properties of
elements or compounds. The Gibbs energy minimization v used to calculate the
equilibrium compositions. A system reaches the most stable phase when the Gibbs energy
reaches its 1 nimum point at a fixed mass balance. constant pressure. and temperature.
Consequently. at this point, the equilibrium compositions can be calculated (HSC
Chemistry, 2000). However, it should  noted that the software does not consider reaction
kinetics. The :fore, the equilibrium analysis is simply a tool to aid in later experimental
design as the results from this analysis will su st potential facte : affectii thiosalt

kinetics reac ns.

The following equations are to calculate thermodynamic properties of elements or

compounds in the HSC Chemistry (HSC Chemistry. )00).

e Enthalpy (H) calcu ion

T
H(T)=H,(298.15)+ [C,dT+ Y H, (3.1)

298.15

H; = Enthalpy of formationat _ 18.15 K




H, = Enthalpy of phase transformation
Cp = Heat capacity
T = Temperature

e Entropy (S) calculation

S =S(298.15) + If (Sl)dT+ H, (3.2)
= Z . - T L T"‘ Jd.Z

20815
S (298.15) = The standard entropy at 298.15 K.
e Heat capacity (Cp) calculation

C,=A+107"BT+10°CT~ +10°DT" (3.3)

A. B. C, and D are heat capacity coefticients
e Gibbs energy (G) calculation
G= -TS (3.4)
3.1.1.2 Design-Ey_zrt
Design  xpert performs statistical analysis for design of experiments. It is a registered
trademark of Stat-Ease. Inc. The software provides many statistical functions including

(Design-Expert. 2000):

e Two ‘el factorial: Used to investigate important factors w  numerical values

affecting a process or sys

e General factorial: Used to examine important categorical factors affecting a process

or system.



e Response surface method: Used to identify proper conditions/factors to obtain an

optimal process or product.

3.1.2 Experimental Method

In order to identify important factors effecting thiosalt formation. an equilibrium study
was perfor 1 on HSC Chemistry. Factors examined included temperature, pH. and
concentrations of thiosulphate. ~ hionate, tetrathionate. and pentathionate. Table 3.1 lists
the ranges of these factors used in this work. ...e ranges were based on those typically

encountered in the receiving pond at a mine.

HSC C mistry calculated equilibrium compositions of each thiosalt species and other
possible chemical species in a system with primary elements of  Iphur. oxygen and
hydrogen. The thiosalt species under investigation are thiosulphate. trithionate.
tetrathionate, and pentathionate. Based on the Eh-pH diagram of intermediate sulphur
species constructed by Druschel et al.  103a) with suppressing sulphate. the other possible
species which contain sulphur, oxygen and hydrogen are SO3. Sy $20,7. HS™. HaS,
H>SO;. HSOj3™, and HSOs™. However.  phate was included in tl  equilibrium calculation

of the current study.

The results from HSC Ch  stry were statistically analysed by ‘esign-Expert using
two-level factorial with one center point method to identify significant factors likely to

have impa . on the formation ot :h thiosalt species.


















that thiosulphate and polythionate are usually related in kinetics as illustrated by (Lyons

and Nickless, 1968):

1- 2- i 2- 2-
S,05"+5,057 = §,,,05 +S03
OH (3.1)

Temperature and initial thiosalt concentrations produce positive effects on thiosalt
formation as thiosalt formation is h™ "1 at high temperature. and igh initial thiosalt
concentration. On the other hand, pll creates a positive effect on thiosulphate formation but
a ne ative effect on polythionate formation. Accordingly. at hi;  pll. thiosulphate

formation is high, but polythionate formation 1s low.

The results from HSC Chemistry equilibrium study are compatible with the studies of
Mizoguchi et al. (1976), Wasserlauf and Dutrizac (1982). Xu and Schoonen (1995) and
Rolia and Chakrabarti (1982) which = posed the instability of thiosulphate under acidic

conditions and the instability of polythionate under 1sic conditions.

Since the HSC Chemistry equilibrium calculation does not consider reaction kinetics:
the equilibrium analysis is simply a tool to aid in later experimental des™ 1. Although these
results may not trans’ : directly to the experimental study of kinetics due to the reaction
rates which could be slow as equilit 1m 1s approached. they remain a useful tool for
design of ¢ »erin  ts. ] tr  tion Kinetic study would focus on temperature and
pH as the results of this study su e 1t these factors have strong effects on thiosalt

formation.

LI
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CE RESULTS, REPRODUCIBILITY, AND VARIABILITY

Thiosalt can be determined by various methods including titr etric method. ion
exchange, i 1 capillary electrophoresis (C..). Titrimetric method determines bulk thiosalt,
while ion exchange metod can be used for thiosalt species separation but it is relatively
time-consuming and is not as sensitive. CE was used to analyze thiosalt concentrations in
this research due to its advant:  : in speed. efficiency, and sensitivity. CE was used in the
tfreeze-thaw stability study presented in Chapter 5 and in the thiosalt Kinetic study presented
in Chapter 6. This chapter provides analyses of the results obtained from CE including a

reproducibility study and a determination of the variability of CE results.

4.1 Reproducibility of CE res °ts

Reproducibility was examined by comparing the peak area (Absorbance (mAU) x time

(s)) of thiosalt analyzed by CE from two analyses of the same thiosalt sample solution.

1 terials ndM | 1

4.1.1.1 . uiosalt Compounds
Thiosalt compounds utilised in this study were thiosulphate. trithionate. and
tetrathionate. Thiosulphate and tetrathionate are commercially available. Trithionate is not

commercially available and was synthesized by a method modified from Kelly and Wood

I
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(1994). Pentathionate was not investigated in this research because it is usually found in

trace concentrations and is difficult to synthesize.

Sodium thiosulphate (Na>S.03-5H>0) was obtained from Merck. The molecular weight
is 248.18 g. The purity is 99.5-101.0%. Potassium tetrathionate (K.S40¢) was obtained

from Sigma-Aldrich. The molecular weight is 302.46 g. The purity is more than 98.0%.

Sodium trithionate (Na;S30¢) was synthesized by a method adapted from Kelly and

Wood (199¢ as follows:

Dissolve 15 g of Na>$:03-5H,0 in 9 mL of water. Cool the solution to 1°C with

continuous stirring.

e Slowly add 14 mL of 30% hydrc :n peroxide to the solution.

e Stop stirring. Keep the solution in ice for 1-2 hours. Sodium sulphate will crystallise.

e Remove the crystallised sodium sulphate by suction filtration. Wash with 10 mL
ethanol.

e Transfer the solution to a be :er. cool to 3°C. Add 25 mL of ice-cold ethanol. Leave
the solut  nat 0-3°C for 1 hour. Sulphate will crystallise.

e Remove the crystallised suly’ "¢ by suction filtration. Wash with 20 mL of ice-cold
ethanol.

e Transfer the solution to a beaker with 100 mL cold ethanol. Stir and leave the solution

at 3°C for 1-2 hours.



e Sodium trithionate (Na>S;0,) will crystallize. Remove the crystallized sodium
trithionate by suction filtration. wash with 5 mL ethanol. 5 mL of acetone. and lcave in
a desicc or.
This me od provides 6  of Sodium trithionate with 96-100 % purity. The molecular
weight is 238.17 g. Thiosalt sample solutions were prepared in nanopure water (purified by

NANOpure Diamond Analytical and UV Systems Deionization, Bi  itead International).

4.1.1.2 Thiosalt Analysis

O'Reilly et al. (2003) develo  1a method for the separation of thiosulphate. trithionate,
tetrathionate. pentathionate. 1d the gold (I) thiosulphate complex (Au (8303)3}' ) by
capillary electrophoresis with UV ¢ >ction. The method used to analyze thiosalt

concentrations in this research was modified from O’Reilly et al. (2003) as follows.

CE: Agilent 1602 capillary electrophoresis equipped with an onboard UV-visible

diode-array detector

e Capillary: Simplus brand, MicroSolv Technology Corporation made of bare fused silica

rea  1). 50 pm inner diameter, 48.5 ¢m total length, and 40 - eftective length

e Bacl Hund electrolyte: 50 mM BIS-TRIS adjusted to ptH 6 with concentrated
sulphuric acid and filtered with a 0.2 um nylon filter before use

e CE vial: I mL polypropylene vial with polyurethane snap cap. Agilent Technologies

e C(Capillary flushing solution

— 1 N Sodium Hydroxide (NaOH) for I3 nutes

(U]
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—  BGE for 10 minutes
e Injection: Pressure 50 mbar for 10 seconds
e Voltage: 30 kV
e Voltage supply polarity: Ni tive
e Temper 1re: 23°C
e Detection wavelength/Slitwidth:
—  Thiosulphate and tetrathionate : Signal 2 10 nm
—  Trithionate: S™ 1al 195/4 nm
e Reference:
—  Thiosulphate and tetrathionate : 320/5 nm

—  Trithionate: Off

4.1.2 Experimental Method

The CE reproducibility study was conducted by preparing 500 ppm thiosalt solutions in
nanopure water. The solutions v ¢ filtered using a syringe with 0.2 um nylon filter and
transferred to a C~ v" ' ° ly * of thiosalt concentrations was performed twice. The
difference in thiosalt peak area (mAl ) obtained from the first d second analysis was

subsequently calculated.

4.1.3 Results and Discussion
Peak areas of thiosulphate, trithionate, and tetrathionate from the first and second CE

analysis v e comp ed. T diffe ces = peak areas of each thic 1t species were






X; = Observations

Il

n Number of observations
The standard deviation (s) evaluates the distribution of the data around the mean. The

more broadly spread out of the data. the larger the standard deviation. The standard

deviation of a data set can be calculated by (Iversen and Gergen, 1997):

NGRS W)
n—1

The coefficient of variation (CV) determines the extent of relative variability of a data
set and dem strates the standard deviation as a percent of the mean an can be calculated

by (Sanders. 1990):

CV = 100) 4.3)
X

4.2.1 Experimental Method

Peak areas (mAU*s) of different sample solutions with 500 ppm thiosalt concentration
obtained by CE analysis in the thiosalt kinetic study presented in Chapter 6 were collected
and are presented in Table 4.2. A1 yses were done on different days. with solutions and
capillaries rc laced as needed. Means, standard « iations, and coefficients of variation of

these data were calculated using equations 4.1, 4.2, and 4.3.
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4.3 Summary

The reproducibility study was performed by examining the differen . in peak areas of
thiosalts from two CE analyses of the same thiosalt sample solution. Generally. the average
percent diffi :nce in peak arc  between the first and the second analysis is in the range of
2-4% for thiosulphate, trithionate. and tetrathionate. Thiosulphate provides the maximum

CE analysic  producibility, while trithionate shows the minimum value.

The var »ility of CE results study was conducted to examine the distribution of
thiosalt peak areas obtained frc  CE analysis of different samples with the same thiosalt
concentration. Means, standard deviations, and coefficients of variation of the peak areas of
thiosulphate. trithionate, and tetrathionate from CE analysis were calculated and
investigated. The coefticients of variation of thiosulphate. trithionate. and tetrathionate are
within the i ge of 6-10%. Peak a  : of thiosulphate have the minimum variability. while
peak areas of tetrathionate have the maximum variation. Compared to the reproducibility
study more factors contribute to the st lard deviation, which considered to be a measure
of the errors, including changes in capillaries, BGE solutions., and fluctuations in lamp
output. These factors can account for the slight differences in trends regarding

reproducibility for these two studies.
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C APTERS

FRouvznw-« HAW S AGlILLE Y S1JDY

The freeze thaw cycle in natural systems and in laboratory conditions has shown that
the process can change speciation. thus a stability study was performed for each thiosalt
species in order to determine the stability of thiosalt species under freeze and thaw
conditions in acidic (pH 2 and 4), neutral (pH 7). and basic (pH 9) solutions. In addition.
the results from this study may be used to facilitate thiosalt analysis in further thiosalt
studies by p  viding a means to store samples for lo 1 periods of t ¢ without impacting
the speciation. The thio t s| ies investigated were thiosulphate. trithionate, and
tetrathionate. Pentathionate and hexathionate were not investigated in this study because
they are usually present at lower concentrations. they are not commercially available. and

they are difficult to synthesize.

5.1 Materials and Method

The 1 re-thaw stability study involved the comparison of thiosalt concentrations
between samples analysed imn iately and those frozen then thawed and analysed.
Materials required for this study were the thiosalt compounds. pH 4. 7. and 9 buffered

solutions. and a solution acidified to pH 2.




5.1.1 Thiosalt Compounds
The thiosalt compounds utilized in the freeze-thaw stability study were thiosulphate.
trithionate. and tetrathionate. The details and synthesis method of these thiosalt species

have been described in Chapter 4.

5.1.2 Buf ‘ed and Non-Buffered Solutions

The freeze-thaw stability .dy was designed to determine thiosalt stability under
acidic, nev al, and basic conditions. The pH values of the solv ons used in these
experiments were 2, 4, 7. and 9. Xu and Schoonen (1995) investigated thiosulphate reaction
kinetic with and without 1, te. The solutions used in their study were 0.1 M acetic acid
(pH 2.9), 0.1 M boric acid (pH 5 7. 0.1 M acetic acid-sodium acetate (pH 6.6). and 0.1 M
sodium bicarbonate (pH 8.6). The solutions used in the current study were modified from
Xu and Schoonen (1995). Buffer solutions were used for experiments  pH 4. 7. and 9. For
experiments at pH 2, 1 acidic, non-buffered solution was employed. All solutions were
prepared with nanopure water (purified by NANOpure Diamond Analytical and UV
Systems Deionization, Barnstead International). Chemical compou . used in preparing
experimental solutions were as follows:

e pH 2: acetic acid

Glacial acetic acid was diluted with water until pH 2 was reached. measured using a

calibrated pH meter.

e pH 4: 50 mM ammonium acetate/ acetic acid















concentrations were 1-10 % lov  than the initial concentrations for the samples that were
frozen. Thiosalt concentration significantly decreased in the solution of pH 7 and 10 for the

samples that were at room temperature.

The study of Druschel et al. (2003a) on thiosalt stability of trithio e and tetrathionate
oxidation by ferric ion (Fe'") at a pH range of 0 2.0 indicated that concentrations of
sulphur species during tetrathionate oxidation experiments do not significantly change after
storage in a 4°C refrigerator for several days. However, the trithionate oxidation reaction is
very fast at lower temperature. ..aer re, sample storage in a 4°C refrigerator cannot

preserve thiosalt concentrations.

The results obtained from the  ent freeze-thaw study are compatible with the results
presented in Wasserlauf and Dutrizac (1982) . | Druschel et al. (2003a). After sample
storage at low temperature, the char s in thiosalt concentration in acidic or neutral
solutions are lower than the changes in thiosalt concentrations in a basic solution.

Additionally, freezing maintains the stability of thiosalt concentrations.

5.3 Summary

The thiosalt stability study un  freeze and thaw conditions in acidic, neutral. and
basic solutions was performed. Concentrations of thiosulphate, trithionate. and tetrathionate
from the freezing samples without liquid nitrogen (normal freeze) and with liquid nitrogen
(fast freeze) were compared with thiosalt concent ions obtained om the immediate

analysis.
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The results from the freeze-thaw  Hility study are generally in agreement with the
results presented in Wasserlauf and  itrizac (1982) and Druschel et al.. (2003a). The
results from the current study illus. e that under acidic and neutral conditions, most of the
thiosalt concentration changes were limited to less than + 6% (with the exception of the
tetrathionate at pH 2) after t  :zing in liquid nitrogen, storage in a frcezer and thawing
in a water bath at 20°C. Therefore, this method may be used to provide a means of storing
samples befi : analysis. Concent ions of thiosalt in acidic and neutr solutions change to
a lesser degree than those in al sic solution after storage at low temperature. Moreover.
fast freezing seems to be the best approach to maintain the stability of thiosalt
concentratic  during stor: :  ticularly if analyses cannot be completed immediately
after sampling. Further, given the stability of the thiosalt species seems to be best between
pHs 4 and 7. it would likely be best to  ljust the pH of very acidic or alkaline sample prior

to freezing and storage.
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Figure 6.1 Temperature and pH ranges for previous and current thiosalt kinetic

studies

6.1 Materials and Method

The thiosalt kinetic study was performed to determine thiosalt behaviour under
different pHs and temperatures. Experiments performed involved dissolving thiosalts in
buffered or non-buftered solutions with different pHs, storing experimental solutions at

designated temperatures, and analyzing the reaction products periodically.

6.1.1 Thiosalt Compounds

The thiosalt compounds utilized in this thiosalt kinetic study were thiosulphate,
trithionate, and tetrathionate. The details and synthesis method of these thiosalt species

have been described in Chap 4.
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6.1.2 Buffered and Noi1 )Huffered Solutions

The pH values of the ) erimental solutions were 2. 4, 7. and 9. The details of the

composition of the experimental solutions used were given in Chapter 5.

6.1.3 Thiosalt and Sulphate nalysis

Thiosalts and sulphate were analyzed using capillary electrophoresis (CE). The method
used to analyze thiosalts was modified from O’Reilly et al. (2003) as described in Chapter
4. Sulphate analysis was perfi  :d using a CE Forensic Anion Solution Kit purchased
from Agilent Technologies. As sulphate cannot be detected by UV-vis, this kit provides
indirect detection where a signal is registered if anions that are not UV active displace the
UV background electrolyte. The details of the method used for sulphate analysis are as

follow (Agilent Technolc es, 2000):

e CE: Agilent 1602 capillary electrophoresis equipped with an onboard UV-visible
diode-array detector

o C(Capillary: Agilent Technolc ‘zs or Simplus brands (MicroSolv Technology
Corporation) made of bare fused silica with 50 um inner diameter, 112.5 c¢cm total
length, and 104 cm. effective length

e Background electrolyte: For  ic Anion solution kit buffered with basic pH
- pH(20°C): 12.17 .05
— Conductivity (20°C): 5. .5 mS/cm

Source: Agilent Technolc _



e CE vial: 1 mL polypropylene v with polyurethane snap cap. Agilent Technologies
e Injection: Pressure 50 mbar for 6 seconds

e Voltage: 30 kV

e Voltage supply polarity: Ney  ive

e Temperature: 30°C

e Detection waveler 'h: S 1al 3507 nm

e Reference: 275/10 nm

e Stop Time: 15 minutes

6.1.4 Experimental method

The solutions used in the thiosalt kinetic study were made by dissolving the specific
thiosalt compounds in buffer (pH 4. 7. and 9) or acidified deionized water (pH 2) in 100
mL volume ¢ flasks and making thesolutions up to the mark. Each thiosalt was made in
three concentrations (250, 500. and 1000 ppm of the anions) at each H of interest. The
contents of each volumetric flask solution were transferred to a 250 mL volumetric flask
sealed with a stopper. The 250 mL flask was filled less than half full (ensure maximal
surface area « solution was exposed to ) and placed on a shaker table to maintain a well
mixed solution. This solution was  urated with oxygen. The flask was placed in a cooler
for experiments at 4°C and an incubator (Innova 4230 refrigerated incubator shaker. New

Brunswick Scientific) for experiments at 15°C and 30°C.

W
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Sample i quots of 1.5 mL were periodically collected and filtere  sing a syringe with
a 0.2 um n; Hn filter (17 mm diameter, National Scientific) and transfi  >d to two 1 mL CE

vials.

Based on the results ob ned from the freeze-thaw stability study. thiosalt
concentrations in an alkaline solution change more than + 10% under freeze-thaw
conditions, while the chai s are within +6% for acidic and neutral solution; therefore
attempts were made to immediately  ilyse the samiple aliquots of pH 9 experimental
solutions. For experimental solutions « pH 2. 4. and 7, the sample vials were fast frozen
by liquid nitrogen and stored in  -80°C freezer. Additionally. the dissolved oxygen (DO)

concentration and pH of the experimental solutions were measured at the time of sampling.

Before : CE analysis, the sample vials were removed and thawed in a water bath at a
y p
temperature of 20°C. The first v° * was analysed for thiosalt concentrations. The second

vial was analysed for sulphate concentrations.

6.2 Results

Following the experimental n  10d previously described, the concentrations of thiosalt
and sulphate were determined as a function of time. The complete det " »d experimental
results are shown in Appendix C. This section provides an overview d a discussion of
these results. Throughout the experimental period. the dissolved oxygen (DO)
concentrations of the exper :n  solutions were in the range of 7.06-10.02 mg/l. the pH

of the experimental solutions did not char : »re than +0.5 for both buffered and non-
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buffered solutions, and the tem;  ures in the cooler and the incubator changed less than +

2°C.

6.2.1 Thiosulphate

Thiosulphate decomposition was investigated at temperatures of 4°C. 15°C, and 30°C,
and pHs of 2. 4. 7, and 9 with initial thiosulphate concentrations of 250 ppm, 500 ppm, and
1000 ppm in a saturated oxygen condition. The concentrations of thiosulphate. trithionate,

tetrathionate, and sulphate were determined as a function of time.

6.2.1.1 pH 2
For experiments at pH 2, thiosulphate rapidly decomposed, especially in the first 24
hours of the experiments. The decomposition products were trithionate. sulphate. and

tetrathionate. Figure 6.2 illustra  these changes.

It is important to note that the experimental solutions gradually became cloudy during
the first few hours of the experiments and afterwards a yellow precipitate formed. The

experimental solutions subsequently became clear.
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Figure 6.2 Thiosulphate experiments at pH 2 and 30°C

Effect of Initial Thiosulphate Concentration

Table 6.2 presents thiosulphate concentrations as a function of time for pH 2
experiments at 15°C with =70 ppm. 500 ppm. and 1000 ppm initial thiosulphate
concentrations. Durii  the experimental period, thiosulphate concentrations decreased by
176 ppm, 359 ppm, and 681 ppm for the experiments with 250 ppm. 500 ppm. and 1000
ppm initial thiosulphate concentrations, respectively. The rate of the thiosulphate reaction
was faster as the initial concentration inc  1sed as demonstrated by the slope of the curve in
Figure 6.3 )wever. the overall conversion was approximately the same (about 70%
thiosulphate decomposition for all three cases). Figure 6.3 illustrates graphically the

decrease in thiosulphate concentrations at variable initial thiosulphate concentrations.






Effect of Temperature

Table 6.3 illustrates the thiosulphate concentrations as a functic  of time for pH 2
experiments at 4°C, 15°C. and 30°C with the 1000 ppm initial thiosulphate concentration.
The final thiosulphate concentrations were 579 ppm. 319 ppm. and 220 ppm for
experiments at 4°C. 15°C. and 30°C. respectively. Accordingly. the thiosulphate
decomposition rate increased with increasing temperature. The final conversion of
thiosulphate was also much lower at the lower temperatures, 42%. 68%. and 78% for
experiments at 4°C, 15°C. and 30°C, respectively. Figure 6.4 illustrates graphically the

decrease in thiosulphate concen  ions  various temperatures.

Table 6.3 Thiosulphate concentrations for pH 2 experiments with varying

temperatures

Thiosulphate Concentration (ppm)

Time (hours)

4C 15°C 30°C

0 1000 1000 1000
3 892 738 507

6 866 615 385

9 816 540 330

24 646 397 262

48 609 343 244

72 579 319 220

Final conversion (%) o 42 ) 68 78
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6.2.2 Trithionate

Trithion : decomposition was investigated at temperatures of C, 15°C, and 30°C.
and pHs of 2, 4, 7. and 9 with initial trithionate concentrations of 250 ppm, 500 ppm. and
1000 ppm in a saturated oxygen condition. The concentrations of thiosulphate, trithionate,

tetrathionate. and sulphate were determined as a function of time.

6.2.2.1 pH 2
For pH 2 experiments at 4°C and 15°C, trithionate concentrations were fairly stable
since they decreased within 4%. Nevertheless, sulphate, thiosulphate and tetrathionate were

detected in trace amounts.

At 30°C. ithionate decomposed to sulphate. thiosulphate, and teti hionate. Figure 6.7
illustrates the changes in concentration of trithionate and decomposition products with time

for trithionate decomposition at pH 2 and 30°C.
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Figure 6.7 Trithionate decomposition at pH 2 and 30°C
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Effect of In al Trithionate Concentration

Trithionate concentrations as a function of time for pH 2 experim« s at 30°C with 250
ppm, 500 p; 1, and 1000 ppm initial thiosulphate concentrations are shown in Table 6.5.
By the end of the experimental period of 72 hours, trithionate concentrations decreased to
209. 419, and 806 ppm for the experiments with 250 ppm, 500 ppm, and 1000 ppm initial
trithionate concentrations, respectively. Trithionate decreased faster at higher initial
trithionate concentrations; however, the overall relative conversion w  approximately the
same for : three cases. F' e 6.8 illustrates graphically the dccrease in trithionatc

concentratio  for different initial trithionate concentrations.

Table 6.5 Trithionate concentrations for pH 2 experiments at 30°C for varying

initial trithionate concentrations

Time (hours) Trithionate Concentration (ppm)
0 250 500 | 1000
6 247 489 930
24 o 468 917
48 233 435 864
72 209 419 806
Final conv( ion (%) 16 16 19




























6.2.2.4 pH 9

For pH 9 experiments at 4°C and 15°C, trithionate concentrations decreased within 5 %
durii  the experimental period. Since the uncertainty in the measurement can be as high as
+ 10%, trithionate can be considered as fairly stable under this condition. However, small

amounts of tt sulphate and tetrathionate were detected.

As with the trithionate decomposition at the lower pHs, the decomposition products are
sulphate, thiosulphate, and tetrathionate at 30°C. However here, it can be seen that rather
than equal amounts of thiosulphate and sulphate being produced. significantly more
sulphate is produced than the other species. Figure 6.15 illustrates the changes in
concentrations of trithionate and decomposition products with time for trithionate

decomposition at pH 9 and 30"C.
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Effect of Initial Trithionate Concentration

Change in trithionate concentrations as a function of time for pH 9 experiments at 30°C

with 250 ppm. 500 ppm, and 1000 ppm initial trithionate concentrations are shown in Table

6.10. During the 72 hours experiment, trithionate concentrations decreased by 12-14%.

Trithionate decreases faster at higher initial trithionate concentrations, though. the final

conversions ¢ approximately the same regardless of the initial trithionate concentration.

Figure 6.16 illustrates graphically the decrease in trithionate concen

initial trithionate concentrations.

itions for different

Table 6.10 Trithionate concentrations for pH 9 experiments at 30°C for varying initial

Time (hours)

0 ")

24 238

48

72 216
Final conversion (%) ) —14

ncentrations

Trithionate Concentration (ppm)

500 1000
494 962
926
442 858
12 14
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concluded that tetrathionate is fairly stable under the conditions investigated. Neverhteless,

minute amounts of trithionate and thios1 >hate were detected.

6.2.3.2 pH 9

At pH 9. tetrathionate decomposed to thiosulphate. trithionate, and sulphate. However.
in contrast to trithionate. sulphate was not a major product. though thiosulphate was still
produced in significant amounts, as was trithionate. Figure 6.17 illustrates the changes in
concentrations of tetrathionate | decomposition products with time for the tetrathionate

experiment at pH 9 and 30°C.
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Figure 6.17 Tet thionate decomposition at pH 9 and 30°C

























pHs 4 and 7 within a temperati

range of 4°C-30°C. However. at pH 2. thiosulphate

decomposes to trithionate, sulphate, and tetrathionate. These results are compatible with the

studies of I zoguchi et al. (1976). Wasserlauf and Dutrizac (1982), and Xu and Schoonen

(1995) which proposed the instability of thiosulphate under acidic conditions.

Figure 6 ~ * compares thiosulphate decomposition between the current study and the

study of Xu and Schoonen (1995). The inconsistency between the results of Xu and

Schoonen (1995) and the current study presented in Figure 6.24 is possibly because Xu and

Schoonen (1995) conducted the experiments at higher pH.

Table 6.13 Thiosulphate stability and decompositi 1

30°C

Decomposes to

pH/Temperature 4°C 15°C
2 Decomposes to S 30(,2' Qe '\43’, SJ,O(,z'
4
7 Stable
9

2. 2. 2
$:067. §0F <0,









The ditference between the initial and the final concentration of sulphur can be
attributed to the uncertainty in the measurement, which can be as high as +10%. The
proposing global equation for thiosulphate reaction equilibrium at pH 9 may be described

by:

55,07 +60H — 28,07 +S,0; +3H,0 (6.2)

The difference in mass balance of sulphur between Table 6.14 and 6.15 could be
attributed to the formation of elemental sulphur at lower pH. According to Table 6.4, the
thiosulphate decomposition rate at 250 ppm initial thiosulphate concentration is faster than
at the 500 and 1000 ppm initial thiosulphate concentrations. The tinal conversion is much
higher in the 250 ppm cases as well. Rolia and Chakrabarti (190 investigated thiosulphate
kinetic reactions with oxygen in basic solutions at 75°C -87°C. Their results illustrated that
sulphate was produced but tetrathionate was not observed; it was not mentioned whether

any attempt was made tonr  1re trithionate.

6.3.2 Trithionate Reaction Kinetics

.ue results of the trithionate kinetic reaction experiments under different pHs and
temperatures are summarized in Table 6.16. At pHs ~ and 9. trithionate is fairly stable at
lower temperature (4°C and 15°C), while at 30°C. trithionate decomposes to sulphate.
thiosulphate, and tetrathionate. For pHs 4 and 7. the trithionate concentration is stable only

at 4°C. while at 15°C and 30°C trithionate decomposes to sulphate. thiosulphate, and
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solution reached its equilibrium after 26 days. Since the experimental period of the current
study was « ly 72 hours. significant changes in the tetrathionate concentration and the
decomposi n products similar to the re: ts from Meyer and Ospina (1982) were not

detected and cannot be ruled out.

6.3.4 Thiosalt Mixture Reaction Kinetics

The res s of the thiosalt mixture kinetic study at different pHs and temperatures are
summarized in Table 6.21. At pH ~ the thiosulphz concentrations in a thiosalt mixture
solution sig ficantly decrease, forming trithionate and sulphate. The tetrathionate also
decomposes to thiosulphate.  hionate and sulphate. This explains the observations that
trithionate and sulphate concentrations increase where the other species decrease. In
general, trithionate is relatively stable under these conditions; however at pH 4 and greater
the trithionate concentration in the thiosalt mixture solution decreased at high temperature.
At 4°C. pH and 7. thiosulp trithionate. and tetrathionate concentrations were stable.
Thiosulphate and trithionate in thiosalt mixture solutions react as in the pure species
experiments with reference to the ins »ility of thiosulphate under acidic conditions and
trithionate at high temperatu . wl as  athionate in thiosalt mixture solutions is more
reactive than in pure species experiments . it « ‘:omposes at . 1> 2 in the mixture but
decomposes only at pH > 9 in the pure species experiments. Table 6.22 shows the

calculated mass balance of sulphur in thiosalt mixture at pH 4.






6.4 Summary

At pH 2, thiosulphate decomposed to trithionate, sulphate, and tctrathionate. On the
other hand, thiosulphate concentrations were fairly stable at pl 4 and 7 in a temperature
range of 4°C-30°C. At pH 9. thiosulphate concentrations were stable at  C and 15°C. but

decomposed to trithionate. sulphate, and tetrathionate at 30°C.

At pHs 2 and 9, trithionate was stable at 4°C and 15°C, but decomposed to sulphate.,
thiosulphate and tetrathionate at 30°C. At pHs 4 and 7. the trithionate concentration was
stable at 4°C. but decomposed to sulphate. thiosulphate and tetrathionate at 15°C and 30°C.

Accordingly. trithionate stability decreased with increasing temperature.

Tetrathionate was fairly stable at 4°C, 15°C, and 30°C. in solutions of pH 2. 4, and 7
throughout the experimental period. On the contrary. at pH 9. tetrathionate decomposed to

thiosulphate. trithionate, and sulph:

Thiosulphate and trithionate in the thio |t mixture experiments reacted as in the pure
species exp ments, while tetrathionate in the thiosalt mixture experiments was more

reactive than in the pure species experiments.

Overall, thiosulphate was unstable w er acidic conditions. while trithionate was
unstable at igh temperature d tetratt nate was unstable under basic conditions.
However, the conditions in which thiosulpt e, trithionate. and tetrathionate concentrations
were all stable were at 4°C in solutions of pH 4 and 7. Morcover, relative rates of

decompositic  of thiosulphate, trithionate, a ~ t¢ " ‘onate are second or higher order.
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Thiosalt decomposition rates incre ed wi increasing initial thiosalt concentration and

temperature (with the exception of thiosulphate decomposition at pH 9 and 30°C).

This study provided new insights on reactions kinetic of thios phate. trithionate.
tetrathionate, and the mixture of these tl )salt species at pH and temperature ranges
different from the previous studies. These findings are critical to the development of future

remediation techniques for mining wastewater.




CHAPTER 7

CONCLUSIONS AND FUTURE WORK

7.1 Conclusions

The main objective of this study was to examine thiosalt behaviour in aqueous media
under acidic, neutral and basic conditions in the temperature range that approximated
receiving ponds. The thiosalt studies performed in this research were the HSC equilibrium

study. the freeze-thaw stability study. and the kinetic reactions study.

Based on the HSC equilibrium study. temperature and pH have strong influences on
thiosalt formation. Thiosulphate d polythionate formations were relatively independent
of each other under equilibrium conditions. Temperatt  and initial thiosalt concentrations
produced positive effects on thiosalt formation as thiosalt formation was high at high
temperature, and high initial thiosalt con tration. On the other hand. pH created a
positive effect on thiosulphate formation but a negative effect on polythionate formation,
The HSC predictio  were based on equilibrium and do not consider reaction kinetics: thus.

the equilibrium analysis was simply a tool to aid in the later :perin design.

Capillary lectrophoresis (CE) was used to analyze thiosalt concentrations for the
freeze-thaw stability 17" tic studies. The reproducibility of the CE ilts was in the
range of 2-4% for thiosulphate. trithionate, and tetrathionate. Thiosulphate provided the

maximum re| Hducibility, while trithior > shoy mi ~ aum value. Coefticients of







thiosulphate and the polythionate. as the res ts from HSC equilibrium study suggested that
thiosulphate and polythionate were relatively independent of each other, whereas the results
from the thiosalt kinetic reactions study showed the connections between thiosulphate and
the polythionate. Furthermore, with regards to the effects of temperature, the results from
the HSC equilibrium proposed the positive effect of temperature on trithionate formation.
while the results from the thiosalt kinetic reactions s1  :sted the instab ty of trithionate at

high temper re.

7.2 Future Work

The following recommendations are suy :sted for augmentation and improvement of

the reported works:

1. The results obtained from Chapter 6 can be used to rive Kinetic equations for
different thiosalt species base on the thiosalt concentration, pH. d temperature.
More experiments usit  a wider rai : of concentrations. longer experiments and at
more pHs and temperatures within the ranges studied herein may be conducted later to

fulfill the kinetic equations d  vation.

to

Further study on the parameters th: have impacts on thiosalt reaction kinetic can be
performed with natural catalysts usually presents in acid mine draini  such as ferrous

ion (Fe?) and ferric ion (Fe*).
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3. A treatmi | method and mit" tion te nology for thiosalt contaminated wastewater
can be developed based on the results derived from this study as they proposed the

reaction Kinetics under dif  ent conditic s for each thiosalt species.




REFEF ENCES

Agilent technologies (2000). Capillary electrophoresis forensic anion solution kit product

literature. ¢ “lent technologies. The Netherland.

Borda, M.J., Elsetinow, A.R.. Strongin. D.R.. & Schoonen, M.A. (2003). A mechanism for
the product n of hydroxyl radical at surface defect sites on pyrite. Geochimica et

Cosmochimica Acta., 67, 5, 935-939,

Butler. R. (2006). Brunswick mine 2005/06 thiosalt management. Presentation at annual

consortium meeting 2006, Thiosalts Consortium. CANMET-MMSL.,
Dean. J. A. (1995). Analytical ¢/ nistry ha  hook. New York: McGraw-Hill.

Design Expert (2000). Version 6 U. s Guide Design-Expert Software. Stat-Ease Inc.,

Software for design of experiments, Version 6.0.3. Educational Version.

Dinardo, O., & Sally, J. (1998). Treatme of thiosalts in milling cftfluent: A review of
treatment process. Mining and Mincral Sciences Laboratories  Report. Thiosalts

Consortium-Phase [I. CAN!._._. MMSL

Druschel, G.K.., Han . R.J.. & ._anfield, J.F. (2003a). Kinetics 1d mechanism of
polythionate oxidation to sulfate at low pH by O, and Fe*'. Geochimica et Cosmochimica

Acta. 67,23, 157-4469.
Druschel. G.K.. Hamers, R.J.. Luther., G.W.., & Banfield. J.I'. (2003b). Kinetics and
mechanism of trithionate and tetrathionate oxidation at low pH by hydroxyl radicals.

Aquatic Geochemistry. 9, 145-1

100



Fyfe, J. (2006). Falconbridge Limited-Sudbury MMBU Strathcona tailings treatment
system. Presentation at annual conso. um meeting 2006, Thiosalts  Consortium.

CANMET-MMSL.

Gould, W.D., Kawaja, J.. Bedard. P., Dinardo. O.. & Morin. K. (2004). Characterization of
natural degradation of thiosalts within a tailings pond: Spring 2003 sampling campaign.

CANMET-MMSL report. Thiosalts Consortium. CANMET-MMSL.

HSC Chemistry (2000). Chemical reaction and equilibrium software with extensive
thermochemical database. HSC  er’s guide, Version 5.1 for Windows. Outokumpu

Technology. Finland.

Iversen, G.R.. & Gergen, M. (1997). Statistics: The conceptual approach. New York:
Springer-Verlag.

Kelly. D. P.. & Tuovinen, O.H. (1975). Metabolism of inorganic sulphur compounds by
thiobacillus ferrooxidans and some comparative studies on Thiobacillus A2 and T.

Neapolitanus. Plant and Soil, . 77-93.

Kelly. D. P., & Wood. AP. (19¢ . S thesis and determination of thiosulfate and

polythionate. Merhods in .zymology. 243, <. .-501.

Luther. G.W. (1987). Pyrite oxidation and reduction: Moluc i orbital theory

considerations. Geochimica et Cosmochimica Acta, 51.3193-3199.

Lyons. D.. & Nickless. G. (1968). The lower oxy-acids of sulphur. In G. Nickless (L:ds.).
tnorganic sulphur chemistry (pp. 509-533). The Netl  lands: Elsevier.

101






Weinberger, . (2000). Practical capillary electrophoresis (2™ ed.). San diego, CA:

Academic Press.

Williamson, M.A., & Rimstidt, J.D. (1993). The rate of decomposition of the ferric-
thiosulfate complex in acidic aqueous sol ons. Geochimica et Cosmochimica Acta, 57,

3555-3561.

Wolkoff, A.W., & Larose, R.H. (1975). Separation and detection of low concentrations of’
polythionates by high speed anion excha : liquid chromatography. Analyvtical Chemistry,
47,7, 1003-1008.

Xu, Y.. & Schoonen, M.A.A. (1995). The stability of thiosulfate in the presence of pyrite
in low-temperature aqueous solutions. Geochimica et Cosmochimica Actu, 59, 22, 4605-

4622.



APPENDIX A

Results from HSC Chemistry Software

Each table shows the equilibrium ¢ 1position of thiosalt species and other

possible chemical species under d ‘erent conditions calculated by HSC
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APPENDIX B

Results from Design-Expert
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APPE DIX C

Results from . aiosalt Kinetic Study

Each table shows pH values, and concentrations of thiosalt, sulphate, and

dissolved oxygen as a fu :tion of time for each experiment
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