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Abstract 

Sulfides and sulfur oxyanions, including thiosulfate, sulfate, and polythionates, can 

impact environmental quality and have negative economic consequences for industrial 

processes. For example, anaerobic reduction can produce toxic corrosive hydrogen 

sulfide, and oxidation can lead to environmental acidification accompanied with 

mobilization of toxic metals.
 
Understanding the chemistry of various systems so that the 

reductive or oxidative processes can be curtailed requires methods to quantify key sulfur 

species. Accurate quantitation requires baseline separation and accommodation for co-

migrating interferents, such as thiosulfate which co-migrates with chloride, found in 

abundance in briny waters. A strategy was developed using two capillary zone 

electrophoresis (CZE) methods, one with direct detection and the other with indirect 

detection, for speciation analysis of charged sulfur species (sulfate (SO4
2-

), thiosulfate 

(S2O3
2-

), tetrathionate (S4O6
2-

), sulfite (SO3
2-

), and sulfide (S
2-

)) in saline water. Both 

CZE methods were developed with reverse-polarity in which the anions migrate toward 

the detector. Hexamethonium hydroxide (HMOH) was added to modify the capillary 

surface chemistry and reduce EOF toward the inlet, affording methods with shorter time 

of analysis and better peak resolution. The composition of the background electrolyte 

(e.g. pH (buffers), flow modifiers, chromophoric probes, etc.) were considered for each 

method. Also, a chromophoric probe is needed for indirect detection of non-absorbing or 

weakly absorbing anions. Pyromellitic acid (PMA) was selected because it is non-

oxidizing, has high molar absorptivity (high sensitivity), and is a good mobility match for 

thiosalts. Other factors taken into consideration include capillary length, separation 
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temperature, potential applied, and use of a stabilizing agent to limit spontaneous 

oxidation of some of the sulfur-containing compounds.  
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 Introduction and Overview of Thiosalts Chemistry and Chapter 1.

Analytical Approaches for Their Analysis  

1.1 General Introduction  

Sulfur-containing species present in the environment and in onshore and offshore oil 

processing systems (e.g., produced water) play an important role in damaging the 

environment.
1,2

 Sulfur-oxygen species are produced as a result of oxidative processes in 

natural sulfur-rich aqueous environments or during the crushing, milling and floatation of 

sulfidic ores. Sulfur is found with a wide range of oxidation states including sulfide and 

reduced organic sulfur (2-), elemental sulfur (0) and sulfate (6+).
3
 Thiosalts (SxOy

2-
), 

sulfur oxyanions containing S-S bonds, and polysulfide (Sn
2-

) are important intermediate 

species implicated in redox transformations of sulfur compounds, metabolism of sulfur-

oxidizing and sulfur reducing microorganisms. Sulfur reduction–oxidation reactions 

generate a sulfur cycle (Figure 1.1).
4
 Sulfur-oxygen species can be reduced to the toxic 

and corrosive hydrogen sulfide (H2S) in anaerobic environments as found in onshore or 

offshore oil and gas reservoirs and process streams.
2,5,6

 Hydrogen sulfide is a malodorous 

and toxic gas; it is extremely harmful to human health to life second only to carbon 

monoxide as a cause of inhalation deaths, and severely lowers air quality. Moreover, 

oxidation of sulfide to sulfur dioxide and sulfite in the presence of sulfur oxyanions can 

lead to acidification of the environment (pH depression) and mobilization of toxic 

metals.
7
  

Reservoir souring is a widespread phenomenon occurring across the petroleum 

industry, and is due to the increase of hydrogen sulfide, especially after secondary 
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recovery where sea water is injected into the reservoir to force oil to the surface.
2,8

 

Hydrogen sulfide and its ionization products, bisulfide (HS
-
) and sulfide (S

2-
), may be 

either indigenous to oil and gas reservoirs or originating from the reduction of sulfate by 

biotic or abiotic mechanism.
9,10,11,12

 Sulfate reducing bacteria (SRB) are considered the 

primary biogenic reservoir souring mechanism. On the other hand, thermochemical 

sulfate reduction (TSR), thermal hydrolysis of organic sulfur compounds, hydrolysis of 

metal sulfides, and desorption of H2S from the aqueous phase, with a decrease in 

reservoir pressure, are among the non-biogenic mechanisms.
11,13

 Souring causes many 

operational problems, such as an increase in corrosion, plugged oil field, and increased 

costs of refinement.
14,15,16

 Hence, the sulfur cycle can ultimately lead to higher 

operational costs for industrial processes whether from the cost of treatment or from the 

refit of damaged equipment.
17

 

 

 

Figure 1.1 Sulfur cycle. 
17
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The structures of the most common sulfur species are shown in Figure 1.2 including 

polythionates, which are sulfur-based molecules where a sulfur chain is terminated at 

both ends by an SO3 group.
18,19,20 

 

Understanding the chemistry and behaviour of sulfur species as contaminants in 

process infrastructure is necessary to reduce souring and this requires the understanding 

of the mechanisms causing the reservoir souring and methods to reliably measure the 

target species.  

 

Figure 1.1. Structures of key sulfur species.  
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1.2 Reservoir Souring Generation  

1.2.1 Microbial Sulfate Reduction  

Hydrogen sulfide may be generated naturally in oil and gas reservoirs or catalyzed by 

sulfate-reducing bacteria (SRB) at low temperatures. SRB live naturally in the shallow 

depths of the reservoirs at low temperatures (below 80 °C) or can be injected into the 

reservoir with the seawater used for oil and gas processing. In the environments lacking 

oxygen, these microorganisms obtain energy for growth through oxidation of organic 

nutrients (e.g., low-chain fatty acids (VFA) such as acetate, propionate, and butyrate) 

with the simultaneous reduction of sulfate to sulfide in a suitable temperature regime 

(typically ranging from 35 to 95 °C) and the presence of nutrients (e.g., phosphorus, 

nitrogen, and trace elements).
21

 SRB are considered the primary source of hydrogen 

sulfide in many oil and gas reservoirs as the injection of water contains a high level of 

sulfate (25-30 mM).
2,8,22 

Approximately 70% of reservoir souring has taken place in fields 

under seawater flooding where seawater is injected into an oil field to increase oil 

recovery from an existing reservoir.
21 

 

Limiting SRB growth reduces microbial production of sulfide. SRB growth can be 

limited naturally in high salinity media and at high reservoir temperatures (>100 °C) or 

by adding chemical additives such as oxidizers, biocides, and nitrate/nitrite.
8,21,22,23

  

1.2.2 Thermochemical Sulfate Reduction (Abiotic Sulfate Reduction) 

Hydrogen sulfide can be a product of thermochemical sulfate reduction (TSR) of aqueous 

sulfate mediated by a variety of organic compounds such as alcohols, polar aromatic 

hydrocarbons, and saturated hydrocarbons, at temperatures above 80 °C.
24,25,26

 TSR 
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occurs at a slower rate than SRB even though it appears to be a geologically relatively 

faster process under favorable circumstances. However, TSR is still a significant source 

of H2S.
9,10

 Gypsum (CaSO4·2H2O) and/or anhydrite (CaSO4) dissolution, seawater, and 

evaporitic brines are the sources of sulfate that results in a high concentration of H2S in 

TSR.
9
 The anhydrite reaction with hydrocarbons form H2S in addition to producing other 

by-products such as elemental sulfur, carbonate minerals (calcite, CaCO3), carbon 

dioxide, and water as in the reaction below:
9,10,24,27,28

 

*CO  *S  OH  SH  CaCO 2223    (1.1) nshydrocarbo  anhydrite

*Elemental sulfur and carbon dioxide may be produced in some, but not all, instances.  

The reduction of sulfate (S
6+

) to lower valence states, such as S
o
/polysulfides, 

thiosulfate, and sulfite, depends on the types of reactive organic compounds present and 

the pH of the system. However, these intermediate compounds are usually unstable and 

are further reduced to sulfide.
10,26,28

 

Crude oil and its source, kerogen, can contribute in the production of small amounts of 

H2S along with HS
-
, polysulfides (PS), gas, and gas condensate during TSR.

10
 

42 CH  PS  SH  Oil CrudeLight      (1.2) Oil Crude

1.2.3 Hydrolysis of Metal Sulfides 

Hydrolysis of metal sulfides associated with oil/rock formation is considered a source of 

the observed geological hydrogen sulfide. The common metal sulfides accounting for 

almost all of the sulfur emissions are iron, copper, nickel, zinc, and lead.
29,30

 These metal 

sulfides are reactive under various conditions: 1) in an oxidizing environment sulfate ions 
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are generated in solution; this process is partially dependent on oxidizing potential and 

pH; 2) in strongly acidic solutions H2S is generated and metal ions released. Equations 

1.3, and 1.4 show metal sulfide (MS) reactivity with the environment, where O and R are 

oxidized and reduced states of some appropriate redox couple, or for electrochemical 

experiments.
30,31

 

a) Oxidation: 

 xR8H SO M
-2

4

2



    (1.3)  xO O4H  MS 2 

 

b) Acid decomposition: 

SH  MCl 22         (1.4) 2HCl  MS

1.2.4 Desorption of Hydrogen Sulfide from Aqueous Phase 

Releasing H2S from fluids with pressure reduction during oil and gas operations is 

another potential mechanism for reservoir souring. Hydrogen sulfide solubility in water 

decreases with increasing temperature, decreasing the pressure, and at a pH lower than 

7.
32

 

1.2.5 Thermal Hydrolysis of Organic Sulfur Compounds 

The reactivity of sulfur compounds during thermal recovery of heavy oil has a negative 

effect on oil and gas operations and on the environment due to the production of H2S and 

other inorganic sulfur compounds (e.g., SO2). Hydrogen sulfide and other gases can be 

produced from hydrothermolysis reactions between oil and saturated steam at 
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temperatures below 240 °C. Above this temperature, a similar gas can form from 

thermolysis (thermal cracking) reactions. Thiophene (aromatic organosulfur compounds) 

and tetrahydrothiophene (saturated cyclic organic sulfides) are major contributors to H2S 

production during thermal processing. Time of heating and pH are the most important 

parameters controlling H2S production from thermal decomposition of sulfur-containing 

components of oil.
13

 For example, the hydrolysis rate of thiophene (C4H3S
-
) is faster in an 

acidic system than in a neutral media, which is probably due to the protons present and 

also the sulfate anions, which act as an oxidizing agent.
6
 Sulfur element hydrolysis can 

yield H2S in both alkaline and acidic solutions at high temperatures.
20

 

1.3 Generation of Sulfur Oxyanions Species 

Sulfur has a wide range of oxidation states due to its redox capability by means of sulfur- 

oxidizing and sulfur-reducing microorganism metabolism. 
3,4,8,19

 The generation of sulfur 

oxyanions and their behaviour are affected by many factors including the sulfur content 

of the ore, pH, reservoir water temperature, residence time in the reservoir, and the 

presence of air and SO2 gas.
13,19,20,33

 Sulfur oxyanion species, which are called thiosalts 

(SxOy
2-

) containing S-S bonds, are key intermediates in oxidation- reduction reactions. 

For example, H2S and metal sulfides can be oxidized to sulfate, sulfite , sulfur dioxide, 

thiosalts, and elemental sulfur.
32,34

 Sulfate can be reduced to sulfide by sulfate reducing 

microorganism. Thiosulfate decomposes to elemental sulfur, H2S, and polythionic acids 

H2SnO6 (Wackenroeders solutions) in acidic media, with subsequent volatilization of H2S 

and SO2. Hydrogen sulfide also reacts with SO2 in a water solution leading to complex 

mixtures of sulfur-oxygen species in a highly diluted aqueous solution (H2SnO6).
3,34,35,36
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Polythionates are sulfur-based molecules in which a sulfur chain is terminated at both 

ends by -SO3 groups. Sulfur oxygen species chain lengths are generally governed by the 

following equilibrium:
19,33 

 

-2

32

-2

6x OS OS   
-2

3

-2

61x SO OS         (1.5) 

Therefore, complex physical and chemical processes can take place in oil and gas 

systems, including precipitation of heavy metals and various redox reactions.
3,35,34,36 

These compounds play an important role in nature as they exhibit toxicity and affect the 

behavior of metal ions in the environment. According to aquatic environmental toxicity, 

thiosulfate (S2O3
2-

), trithionate (S3O6
2-

), and tetrathionate (S4O6
2-

) are the most important 

species amongst the thiosalts, and are a major concern to industry.
34

  

1.4 Analytical Methods for Detection of Sulfur Species 

Understanding the chemistry and behavior of sulfur species as contaminants in process 

infrastructure requires the development of analytical methods. The goal of new methods 

should be to improve and simplify current techniques in terms of sensitivity, selectivity, 

reproducibility and robustness, or to make a modification for application in different 

media. Many analysis techniques have been developed for the determination of sulfur 

species as inorganic anions in environmental matrices. Modern methods have been based 

on ion chromatography and capillary electrophoresis, since conventional methods are 

quite time-consuming and difficult to employ in the analysis of sulfur anions in very 

complex matrices.
4,37,38,36,39  
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1.4.1 Chromatographic Techniques (Ion Chromatography (IC)) 

Ion chromatography (IC) with various detection techniques has been extensively used for 

the speciation of sulfur compounds in an aqueous phase in environment matrices.
36,40

 IC 

was the first viable analytical method used for the simultaneous determination of 

inorganic anions at trace levels with good reliability.
40

 IC employs columns packed with 

either anion or cation exchange resins combined with a suitable mode of detection, such 

as spectrophotometric and electrochemical detectors. IC development for sulfur anions 

began with the awareness of the environmental impact on sulfur species, particularly, the 

thiosalts.
41,42

  

Despite IC having a good sensitivity, there are some limitations including the high 

cost of consumables. In particular, the columns can be damaged by matrix components 

which requires careful sample pre-treatment. Additionally, IC exhibits only moderate 

separation efficiency and speed. These limitations have encouraged the use of other 

techniques, such as capillary electrophoresis (CE).
38,43,44,45

  

1.4.2 Capillary Electrophoresis 

Capillary electrophoresis (CE) has emerged as a versatile and robust separation technique 

for speciation analysis of environmental and biological molecules, inorganic ions and a 

variety of other compounds. The term ‘electrophoresis’ was created by Michaelis in 1909 

after studying the migration of charged particles in an electric field. Electrophoresis was 

used for the first time as a technique to separate mixtures in 1937 by Arne Tiselius after 

applying an electric field to separate the components of a mixture of proteins.
46,47,48

 CE 

was introduced in the1960s as a separation technique for ions based on their size to 
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charge ratio.
44

 CE has grown to include several modes including capillary zone 

electrophoresis (CZE), capillary isoelectric focusing (CIEF), capillary gel electrophoresis 

(CGE), capillary isotachophoresis (CITP), micellar electrokinetic chromatography 

(MEKC) and capillary electro-chromatography (CEC).
48

 CE is considered as an 

alternative to traditional methods due to its high separation efficiency and speed, low cost 

of consumables as well as better tolerances for sample matrices with high ionic strength. 

Additionally, CE is green due to its low injection volume of sample and background 

electrolyte (nL range) leading the generation of a low amount of waste. 

The successful application of the separation techniques requires that (i) the 

reaction of sulfur species should be slow compared to the separation process; (ii) there is 

no change in the reaction mechanism by the pH and other conditions used in the 

separation, that is, the reaction should occur within the capillary column in the same 

manner as in a solution; and (iii) concentrations of relevant species in the reaction 

solution are measurable within the linear range of detection. Therefore, CE is well suited 

for the analysis of unstable sulfur- containing species as CE is rapid and minimizes sulfur 

species reaction during separation. Furthermore, CE provides a better correlation between 

the analytical results and characteristics of the source, particularly with regard to 

industrial applications of the technique.
49

  

CZE separation occurs due to the differences in mobilities of analyte ions in an 

electrolyte solution under the influence of an applied electric field. Mobility is a function 

of the hydrodynamic radius and charge of the analytes. The mobility of chemical 

compounds inside the capillary is controlled by two actions: the electroosmotic flow and 

the electrophoretic migration, which is an intrinsic property of the ion; both actions are a 
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result of the applied electric field across the capillary. Electrophoretic mobility (𝜇𝑒𝑝) is 

the constant proportionality of the migration velocity, 𝑣 of an analyte in an electric field 

(𝐸) . Electric field strength is proportional to the applied voltage and inversely 

proportional to the capillary length. Therefore, applying higher voltages are needed with 

an increase in the capillary length:
48 

 

𝑣 =  𝜇𝑒𝑝𝐸 =  𝜇𝑒𝑝
𝑉

𝐿
          (1.1) 

where v is the migration velocity (cm s
-1

), µep is the electrophoretic mobility (cm
-2

 V
-1

s
-1

), 

V is the applied voltage (V) and L is the length of the capillary (cm). The µep is an 

inherent property of the charged analyte and is given by: 

𝜇𝑒𝑝 =
𝑞

6𝜋𝜂𝑟
           (1.2) 

Electrophoretic mobility (𝜇𝑒𝑝) is proportional to the net charge of the particle (q), and 

inversely proportional to its radius (r) and environment viscosity (η). This equation 

proves that electrophoretic mobility is greater for small particles with a big charge, and 

lower for larger particles with a small charge, while it is equal to zero for neutral particles 

because q= 0. Note that buffer viscosity is influenced by a change in temperature which 

causes changes in the electrophoretic mobility of particles. 

1.4.2.1 Electroosmotic Flow (EOF) 

Electroosmotic flow (EOF) is a bulk flow induced by the difference in potential applied at 

the ends of a fluid filled capillary. It requires ionization of functional groups present on 

the inner capillary surface. Silanol (Si-OH) groups of the internal wall of a fused-silica 
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capillary are deprotonated leaving negatively charged groups (Si-O-) at the surface 

depending on the pH of the electrolyte (Eq. 1.11):
48

 


H Si-O

-
       (1.6) Si-OH   

In aqueous conditions with pH > 3, silanol groups are dissociated and lead to the 

formation of an excess of negative charge on the silica narrow bore capillary surface. 

Counter ions (cations, in most cases) in the electrolyte are tightly adsorbed onto the 

surface of the capillary to compensate for the negatively charged wall which is formed 

(Figure 1.3). These attractive forces result in an electric double layer on the border phases 

of the electrolyte/capillary wall and create a potential (zeta potential) difference close to 

the capillary wall. A diffusion layer is also formed as there is still a net charge near the 

surface. The diffuse layer is a layer of solvate ions from the bulk solution weakly bound 

near the surface of the capillary. Diffusion layer ions are only mobile during the 

application of an electric field to the capillary. The excess of cations in the diffuse layer 

are attracted toward the cathode and the flow profile results in a flat profile, as opposed to 

the parabolic profile for pressure driven chromatographic techniques with laminar flow 

such as high pressure liquid chromatography (HPLC) (Figure 1.4). Electroosmotic flow 

can be modified, reversed, or eliminated by covalent or dynamic capillary wall 

modifications using surfactants or neutral or ionized polymers. 
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Figure 1.3. Diagram of creation of double electric layer with flat flow profiles of 

electroosmotic flow.  

 

 

  

Figure 1.4. Profiles of electroosmotic and laminar flow (such as in HPLC).  

 

1.4.2.2 Mechanism of Electrophoretic Separation 

In the presence of the negative charge on the internal surface of the capillary (unmodified 

capillary), electroosmotic flow moves from the anode to the cathode (positive polarity), 

where the detector is usually located. All species, including cations, neutrals and anions, 

will migrate in the presence of the EOF. In positive polarity, cations in the sample will 

migrate most quickly because of EOF and their own mobility towards the cathode. 

Neutral particles introduced to the capillary will flow toward the cathode with the EOF, 

while anions migrate in the opposite direction. Because the EOF is usually higher than the 
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electrophoretic mobility of anions (𝜇𝑒𝑜 > 𝜇𝑒𝑝), the analyte anions can migrate toward the 

cathode with the cations but with lower velocity. Cations are the first to reach the detector 

as their observed (apparent, 𝜇𝑎𝑝𝑝) mobilities are the sum of the electroosmotic mobility, 

𝜇𝑒𝑜, of the solution and the electrophoretic mobility 𝜇𝑒𝑝 (both have the same sign) Eq. 

1.3: 

 𝜇𝑎𝑝𝑝 = 𝜇𝑒𝑜 +  𝜇𝑒𝑝         (1.3) 

Neutrals are detected the second they are moving with a velocity equal to EOF: 

 𝜇𝑎𝑝𝑝 = 𝜇𝑒𝑜          (1.4) 

Anions are the last to be detected because their apparent mobilities are the difference 

between 𝜇𝑒𝑝 and 𝜇𝑒𝑜 (different sign):  

 𝜇𝑎𝑝𝑝 = 𝜇𝑒𝑜 −  𝜇𝑒𝑝          (1.5) 

As the migration time for anions tends to be long, modification of electroosmotic flow 

and reversal of the polarity are helpful in attaining shorter analysis times. Modifying 

electroosmotic flow can be achieved by surface modification that imparts a positive 

charge on the wall of the capillary. This modification can be permanent or dynamic. The 

dynamic modification is usually accomplished with cationic surfactant. Velocity and the 

direction of EOF can be manipulated by using various types and concentrations of EOF 

modifiers. Alkyl ammonium salts are commonly used in most CE applications requiring 

the reduction or reversal of EOF.
38

 Typically, modifiers are added to the separation buffer 

or are used to rinse the capillary before separation. Reversing the polarity (negative 
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polarity) then allows for the detection of anions where the anions move from the cathode 

(inlet) toward the anode (outlet), located at the detector end.  

In addition to EOF modifiers and reversing the polarity, relative to 

chromatography, there are a large number of parameters that need to be considered when 

applying CE for separations including the composition of background electrolyte (BGE), 

pH, capillary dimensions, applied voltage and capillary temperatures. 

1.4.2.3 Sample Injection 

In capillary electrophoresis, a small volume of sample is injected into the capillary by 

hydrodynamic or electrokinetic injection. Hydrodynamic injection occurs by applying 

pressure at the inlet of the capillary (or vacuum at the exit end of the capillary). Injection 

time (several seconds) and pressure (several millibars) are the factors effecting sample 

injection volume. Hydrodynamic injection sample volume can be calculated using the 

Poiseulle equation: 

𝑉𝑖 =
𝛥𝑝𝑟4𝜋𝑡

8 𝜂𝐿
          (1.6) 

where 𝜟p is applied injection pressure, r is capillary radius, t is injection time, η is 

viscosity, and L is total length of the capillary. The length of the injected plug can be 

determined from the following equation: 

𝐿𝑝 =
𝑉𝑖

𝜋𝑟2 =
𝛥𝑝𝑟2𝑡

8 𝜂𝐿
         (1.7) 

In the absence of EOF and depending on the polarity, ions can also be injected. 

Electrokinetic injection is used to inject samples into a packed column capillary 

electrochromatography, as the samples cannot be pushed into a column containing 
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stationary phase with the low pressures that are used in hydrodynamic injection. 

Electrokinetic injection is performed by applying a voltage at both ends of the capillary 

for a period of time (seconds) to induce EOF which introduces analyte into the capillary. 

The sample injection quantity is directly related to the injection time, the magnitude of 

the voltage and the electrophoretic mobility.
48

  

1.4.2.4 CE Separation Techniques for Inorganic Ions 

The use of capillary electrophoresis has grown significantly more than other methods, 

such as IC, for analysis of inorganic anions in environmental and pharmaceutical samples 

as it offers several advantages such as rapid and efficient separation, minimal sample 

pretreatment, and low running cost. All CE modes are mainly derivatives or combinations 

of three basic types of electrophoresis: zone electrophoresis, isotachophoresis, and 

isoelectric focusing.
48

 A CZE mode has been used for the separation of most sulfur anions 

with different detection techniques in a wide range of matrices.
50,51

 Polarity of electrodes, 

applied voltage, temperature, capillary (internal diameter, and length), buffer (pH of a 

buffer), concentration/ionic strength of a buffer) and EOF modifier are the most important 

parameters that have been considered in CZE optimization. Modification of these 

parameters has allowed increased efficiency and fast electrophoretic separation to be 

achieved for sulfur-containing anions. As mentioned before, a reversal electrode 

polarization and EOF direction, or EOF reduction are required to detect analytes with a 

negative charge. Adding EOF modifiers and polarity switching affords fast separation of 

these analytes.
48

 Changing buffer composition also helps to control the selectivity of 

separation by changing the mobility of the determined analytes.  
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1.4.2.5 Detection in Capillary Electrophoresis  

A wide range of detectors can be used and are selected based on sensitivity, selectivity, 

dynamic range, and commercial availability. Some of the detection systems that have 

been employed with CE include UV-Vis absorption (direct and indirect modes), 

fluorescence, LIF (laser-induced fluorescence), and mass spectrometry, as well as 

conductivity, amperometric, radiometric, and refractive index (RI) detectors.
50

 Table (1.1) 

shows the typical limit of detections (LODs) for various CE detection techniques. Some 

of them are more sensitive, which has led to lower LODs in CE (e.g., conductivity and 

mass spectrometry). 

However, indirect and direct UV-Vis spectrophotometry are the most common 

detection techniques used in CE for sulfur analysis. The fused silica capillaries used in 

CE are transparent to UV and visible light allowing for a marriage with UV-Vis, making 

it the commercial instrument standard. With UV-Vis detection, ions with or without a 

chromophore are able to absorb light in the range of 190-900 nm.
48

 CZE with indirect and 

direct UV-Vis spectrophotometry is less sensitive than other techniques that use the same 

detector, such as HPLC. This is partly due to small volume injection in CE compared 

with that for HPLC. UV-Vis detection occurs by measuring transmitted light. It means the 

optical path is equal to the internal diameter of the cell. CZE-UV-Vis detection is also 

less sensitive due to its short path length dictated by the diameter of the fused silica 

capillary. Extending the light path improves the sensitivity of CZE-UV-Vis detection at a 

low injection volume such as a ‘‘bubble cell’’ capillary, and a Z-shaped cell.
48
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Table 1.1. Detection methods in CE and detection limits.
48

 

 

 

 

 

 

 

 

 

 

 

Detection Mode Typical LOD range (M) 

Direct UV absorption 10
-5

 – 10
-7

 (standard pathlength) 

10
-8

 (extended pathlength) 

Indirect UV absorption 10
-5

 – 10
-7

 

Direct laser-induced 

fluorescence LIF (on-column) 

10
-10

 – 10
-11

 

Direct on- column LIF 10
-16

 

Post-column LIF 10
-16

 (single molecule) 

Refractive index 10
-5

 – 10
-6

 (capillary) 

10
-5

 (microchip) 

Conductivity 10
-7

 – 10
-9

 

Amperometry 10
-7

 – 10
-10

 

Potentiometry 10
-7

 – 10
-8

 

Raman 10
-3

 – 10
-6

 

(pre-concentration required) 

MS 10
-8

 – 10
-10
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1.4.2.5.1 CE with Direct Spectrophotometric Detection 

Direct UV-Vis detection in CE is sensitive for analytes with high UV absorbance, such as 

thiosulfate and polythionates. The electrolyte that is used in direct UV-Vis detection 

should have very low or no absorption at the desired measurement wavelength to ensure 

the highest detection sensitivity.
38,48

 Absorbance in direct UV-Vis appears as positive 

peaks proportional to analyte concentration and absorptivity. A strongly absorbing 

background electrolyte will can lead to a noisy baseline, which is more problematic if the 

analyte absorptivity is low. Electrolyte pH has a significant effect on analyte mobility, 

which in turn affects the selectivity. To achieve high resolution, the BGE must have ions 

with electrophoretic mobility closely matched to that of the ions of interest. LOD for 

direct UV-Vis detection is generally in the range of 10
-5

–10
-6

 M which can be decreased 

by extending the capillary pathlength.
48

 However, some inorganic anions are completely 

transparent to UV-Vis or only weakly absorbing. In such cases, the ions cannot be 

detected or sensitivity is poor, which necessitates indirect detection.  

1.4.2.5.2 CE with Indirect Spectrophotometric Detection  

CE with indirect detection is a universal technique designed for detection of those 

analytes that do not show absorption of UV-Vis light including sulfate and sulfite. For 

indirect detection, a highly absorbing chromophore is added to the carrier electrolyte to 

create a high absorbance background signal. Non-absorbing ions are separated into zones 

as a function of their electrophoretic mobilities. In these zones, the non-absorbing ions 

displace chromophore ions as a result of charge repulsion as both have the same charge. 

When the zone of non-absorbing analyte reaches the detector, the decrease of absorbance 
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is observed (negative peak). The negative peaks produced can be inverted to produce a 

“normal” electropherogram by using a reference wavelength. The following background 

chromophore ions are commonly used for detection of non-absorbing anions including 

chromate, pyromellitic acid, phthalates, and naphthalenesulfonic acid while 1-

naphthylamine, quinine, or malachite green are used for cations.
48

 The background 

chromophore ions must be compatible with the analysis conditions and feature similar 

mobility to the mobility of the analyte, have high molar absorption coefficient at chosen 

detection wavelength which provides large absorbance drop after the chromophore ions 

are displaced by the sample ions, and be unreactive toward the analytes. The 

concentration of the chromophore probe affects the peaks shape. The optimal 

concentration should be a compromise between high linearity range and low noise level, 

and achieving symmetrical peak shape. 

1.5 Research Objectives and Organization of Thesis  

The development of fast and sensitive methods using CE with direct and indirect methods 

was the primary objective of this research. These methods were employed for the analysis 

of different sulfur species such as, sulfide (S
2-

, HS
-
), sulfate (SO4

2
), sulfite (SO3

2-
), and 

thiosalts (SxOy
2
) in produced water and reservoir water. Another requirement in analysis 

of sulfur-containing anions was to assess their stability under different conditions (e.g., 

temperature, pH) that represent in situ and laboratory conditions. Detecting and 

quantifying these species in the oil and gas reservoirs will provide information that will 

lead to a better understanding of hydrogen sulfide and thiosalts chemistry, which is 

needed to develop the best treatment protocols. During CZE with direct and indirect UV 



21 

 

detection, several parameters affecting the selectivity and sensitivity such as 

electroosmotic flow modifiers, selection of chromophoric probes, pH, and cassette 

temperature were optimized. The introduction of hydrogen sulfide and thiosalt generation, 

as well as an overview of the analytical approaches for their analysis is presented in this 

chapter. Chapter 2 is a report of studies of the influence of several method parameters, 

such as the type and concentration of BGE chromophoric probe and EOF modifiers, pH 

and separation temperature. The method was also applied to the analysis of real samples 

in Chapter 2. Chapters 3 and 4 focus on the challenges presented during the development 

of an indirect CZE method for sulfur species analysis; Chapter 3 describes the reactivity 

of sulfite and tetrathionate and the effect of sulfide; Chapter 4 illustrates oxidation- 

reduction reactions for sulfur-oxygen species during sulfur species analysis with CZE-

UV-Vis method.  
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 Indirect and Direct Capillary Electrophoresis: Method Chapter 2.

Development for the Determination of Sulfide Anions and 

Sulfur Oxyanions in Oil Reservoir Fluids 

2.1 Introduction 

Sulfides and sulfur oxyanions (e.g., thiosulfate, sulfate, polythionates, etc.) play an 

important roles in the environment, in a number of industrial processes, as well as in the 

metabolism of organisms. In particular, some of these compounds can impact 

environmental quality, exhibit toxicity, and can have negative economic consequences.
1
 

They are related by various oxidation and reduction reactions which are generated in a 

sulfur cycle.
2-6

 Sulfur-oxygen species entering the environment due to industrial activities 

can be reduced to corrosive and toxic forms such as sulfide in anaerobic environments.
6,7

 

Partially oxidized forms of sulfur are undesirable as they can acidify the environment 

upon oxidation, and mobilize toxic metals. Perhaps the most negative impact of the sulfur 

cycle in terms of offshore oil and gas operations is the increase cost of production due to 

the cost of treatment or refit of damaged equipment.
2-4

 Comprehensive data about sulfur 

speciation in environmental samples is essential to better understand many environmental 

processes and to monitor reduction or oxidation reactions in offshore oil and gas 

operation. Analysis of sulfur-containing ions has traditionally been difficult as the 

mixture can be very complex, often accompanied by other anions, inorganic and organic 

compounds, and typically occur at low concentrations.
1,5

 The chemistry of such solutions 

is quite complicated since certain species react with each other, decompose or become 

oxidized by air. Sometimes the analytical technique used and sample storage can cause 

changes in the composition of the samples.
2,8,9

 Therefore, fast analytical methods that 
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give specific and sensitive determination of the substances of interest are required. IC and 

CZE with various detection techniques have been applied to determine sulfur-containing 

anions. Separation techniques are chosen for their selectivity, low limit of detection, and 

good tolerance to sample matrices. CZE is used as an attractive method of separation and 

as an alternative to IC because it is more efficient, faster, more operational, and more 

economical. CZE methods can also conduct the analysis in a complex matrix such as 

saline water and identify all of the ions of interest. Though CZE methods are typically 

less sensitive (e.g., low sample volume injection and small capillary diameter), they are 

efficiently wrapped due to coupling with direct and indirect UV-Vis detection.
1,5,10,11,12,13 

 

CZE is frequently coupled with UV-Vis with either indirect or direct detection to 

provide fast electrophoretic separation for sulfur species. Direct UV detection allows for 

the detection of absorbing anions such as thiosulfate, sulfide, and polythionate, while 

indirect UV detection is used for the detection of non-absorbing species or for anions that 

show little direct UV absorbance such as sulfate. To provide fast separation, to achieve 

optimal peak shape and sensitivity, a strategy that combines CZE methods with both 

direct and indirect detection has been expanded for the detection and quantification of 

charged sulfur species; SO4
2-

, S2O3
2-

, S4O6
2-

, SO3
2-

, and HS
- 
in high salinity of real 

samples (e.g., produced water) that were obtained from an offshore oil and gas 

operator.
1,3,14

 The components of the background electrolyte (e.g., pH (buffers), flow 

modifiers, chromophoric probes, etc.) have been studied and optimized for each method. 

For example, indirect detection requires a chromophoric probe to enhance detection 

sensitivity for some sulfur-containing species.
1
 The most common chromophoric probes 

for the analysis of sulfur oxyanion species in CZE are chromate (CrO3
2-

) and 
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pyromellitate, where they are both in the fully ionized form of chromic acid solution 

(H2CrO4) and pyromellitic acid (PMA, benzene-1,2,4,5- tetracarboxylic acid (Figure 

2.1)), respectively. Probes such as chromate (CrO3
2-

) can interact negatively as an 

oxidizing agent for some sulfur species. As demonstrated during the method optimization 

process (Section 2.3.2), pyromellitate is non-oxidizing, has high molar absorptivity (high 

sensitivity), and is an ideal mobility match for thiosalts, which reduces dispersion. 

Electrophoretic mobility of the background ion and sulfur species should be the same to 

achieve optimal peak shape and sensitivity. However, the existing methods do not work 

for saline water and have not been applied to analytes of interest in this work, specifically 

thiosulfate and chloride.
1
 This problem was solved by applying a direct method of 

analysis as this method involves less interference from non-absorbing species present in 

saline water. The CZE methods were developed in negative polarity, which usually leads 

to long migration times because the anions migrate towards the detector, and oppose 

EOF. HMOH is added as an EOF modifier to influence the chemistry of the capillary 

surface, yielding shorter times of analysis and characteristics. pH systems have been used 

to change migration time by modifying the charge of the analytes, to maximize the 

resolution between co-migrating ions, and to control the ionization of PMA.
1,12,15,16

  

Other required features of the method that affect separation time and efficiency 

include capillary length, separation temperature, applied potential, and use of a stabilizing 

agent to limit spontaneous oxidation of some of sulfur-containing compounds. 
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2.2 Materials and Methods 

2.2.1 Materials 

All chemicals used for this work were of analytical grade and obtained from Sigma-

Aldrich unless otherwise noted. Chromic acid (H2CrO4), was prepared by dissolving 

chromium trioxide CrO3 in water, and PMA were investigated as a chromophoric probe in 

indirect CZE. Since EOF increases with pH values greater than 3, an EOF modifier, 

hexamethanium hydroxide (HMOH 0.1 M) was introduced to the running buffer solution 

to reduce the surface charge on the capillary and suppress EOF. BIS [2- 

hydroxyethylaminotris[hydroxymethyl]methane (BIS-TRIS >98% purity) at pH 7.0, 

triethanolamine (TEA) at pH 8.0, ammonium hydroxide (NH4OH >99% purity) at pH 9.0 

were used for pH control in the various BGE systems. Formic acid (CH2O2 pKa=3.75) 

was used to adjust pH to 9.0 in the BGE containing HMOH and NH4OH in the direct 

detection method. Diethylenetriaminepentacetic acid (DTPA > 99% purity) was used as a 

stabilizing agent for sulfur oxyanion species (Figure 2.2). CE grade sodium hydroxide 

solution (1.0 M) was purchased from Agilent Technologies Canada Inc., Mississauga, 

ON. All water used for this work was optima LC/MS water (suitable for UHPLC-UV, 

Fisher Chemical, UK). Stock solutions of 1000 mg/L of sulfur oxyanion salts dissolved in 

nitrogen- bubbled deoxygenated LC water containing DTPA 0.1 mM were prepared from 

sodium sulfate anhydrous (Na2SO4 ≥ 90.0%), sodium thiosulfate (Na2S2O3 ≥ 99.9% 

purity), potassium tetrathionate (K2S4O6 > 99.9% purity), sodium sulfite anhydrous 

(Na2SO3 ≥ 90.0%), sodium sulfide (Na2S), sodium hydrosulfide hydrate (HNaS. xH2O) 

and sodium chloride (NaCl ≥ 99.0). These solutions were kept in amber bottles at 4°C, 
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except when being analyzed.
3,17

 Working solutions were prepared fresh daily. 

Deoxygenation solutions with nitrogen and addition of DTPA were key to the preparation 

of stable solutions of sulfur-oxyanions, as these anions are easily oxidized in the presence 

of oxygen and other impurities such as iron(III) or copper(II).
3,17,18

 DTPA increases sulfur 

species stability by chelating trace metals, which otherwise catalyze the oxidation in air.
17

 

At low concentrations (0.1 mM), DTPA does not interfere with spectrophotometry.
19

 All 

solutions were degassed and filtered with a 0.22 µm nylon syringe filter (Canadian Life 

Science, ON). 

 

Figure 2.1. Ionized form of pyromellitic acid (PMA). 

 

 

Figure 2.2. Diethylenetriaminepentaacetic acid (DTPA). 
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2.2.2 Instrumentation  

All experiments were performed with an Agilent 7100 
3D

CE System (Agilent 

Technologies Canada Inc., Mississauga, ON) equipped with a UV-Vis diode array 

detector (DAD). The system DAD allows for monitoring at different wavelengths (200, 

230, 214, and 254 nm) which provides for selection of wavelengths that give the highest 

sensitivity. The reason for selecting these wavelengths was to gain more information 

about sulfur anion species. Signals were monitored at 360 nm with a reference of 

wavelength of 214 nm for indirect detection (using λmax for the reference wavelength will 

invert the negative peaks), while signals at 214 nm with 360 nm as the reference 

wavelength were collected for direct detection. Standard bare fused-silica capillaries (50 

μm i.d. (internal diameter) and 360 μm o.d. (outer diameter)) were obtained from 

MicroSolv Technology Corporation (NJ, USA), and cut to total lengths of 64.5 cm (56 

cm to the detector), and 48.5 cm (40 cm). A MicroSolv Window Maker™ (N.J. USA) 

was used to burn the external polyimide coating from the capillaries at 8.5 cm to create a 

detection window and also at the last 2 mm of the ends. The potential was ramped over 1 

min from zero to a constant -30 kV for the separation. Corrected peak areas, peak widths 

and heights, and migration times were determined using Agilent OpenLAB 

Chromatography Data System (CDS) ChemStation. 

Initial capillary conditioning was as follows: flushing at ~ 940 mbar with 

methanol for 10 min, water for 5 min, 1.0 N NaOH for 20 min, water for 20 min and BGE 

for another 30 min. Daily capillary conditioning was with 0.1 N NaOH for 3 min, water 

for 3 min and BGE for another 6 min. Between consecutive runs, the capillary was 

flushed with 0.1 N NaOH for 1 min, water for 1 min and BGE for 3 min. Samples were 
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injected hydrodynamically by an overpressure of 20 mbar for 5 s from the inlet vial 

(cathodic end). The temperature of the capillary loading was maintained at 25 °C for all 

experiments. A Varian Cary 6000i UV-Vis-NIR spectrophotometer (Agilent 

Technologies Canada Inc., Mississauga, ON) with 1 cm quartz cuvettes (International 

Crystal Laboratories, NJ, USA) was used for UV-Vis analysis to determine λmax and 

molar extinction coefficients of the sulfide, thiosalt species and the chromophoric probe. 

2.3 Results and Discussions 

The method parameters (chromophoric probe, pH, EOF modifier, capillary length and 

temperature) were optimized in a univariate approach (one factor at a time) with ranges 

chosen according to methods reported in the literature, along with previous experiments 

on thiosalt standards done by Pappoe et al. (2014).
1,5,10-13,20

 Optimum concentrations 

might be determined be values either lower or higher levels than reported in the literature; 

hence they are included to avoid unwarranted constraints.  

2.3.1 UV-Vis Analysis of Sulfide and Thiosalts Species 

UV-Vis analysis of the sulfide, thiosalt species and PMA was used to determine their 

molar absorptivities at the absorbance maxima (λmax). Ideally, with indirect detection, a 

wavelength is chosen at, or close to, the absorption maximum of the chromophoric probe 

to obtain the largest signal and in which the analyte does not absorb. The maximum 

absorption of PMA is 214 nm, as shown in (Figure 2.3). The maximum absorption is 

 230 nm for S
2-

 and HS
-
, 214 nm for S2O3

2-
 and S4O6

2-
, while there is no absorption for 

SO4
2-

, SO3
2-

, and Cl
-
 (Figure 2.4). Different wavelengths have been used (200, 230, 214, 

and 254 nm) to achieve the highest sensitivity since CE is equipped with DAD. The most 
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sensitive results for non-absorbing species showed at 214 nm in the indirect method. To 

invert the negative peaks and register them as positive peaks, absorbance was measured at 

360 nm with the reference wavelength at 214 nm. When non-absorbing ions displace the 

PMA, the decrease in absorbance at 214 nm will be greater than that at 360 nm. 

Absorbing sulfur species such as S
2-

, HS
-
, S2O3

2-
 and S4O6

2-
 decrease the sensitivity for 

the indirect mode, hence direct detection is possible.  

 

Figure 2.3. UV-Vis absorption spectra of PMA (0.06 mM). 
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Figure 2.4. UV-Vis spectra of a) absorbing anions HS
-
 (0.143 mM), S

2-
 (0.103 mM), 

S2O3
2-

 (0.064 mM), S4O6
2-

 (0.026 mM), b) non-absorbing anions SO3
2-

 

(0.063 mM), SO4
2-

 (0.056 mM), all anions in DTPA solution 0.1 mM. 
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2.3.2 Influence of PMA 

The presence of a chromophoric probe in the separation buffer in indirect CZE provides a 

background signal and improves detection sensitivity for anions that do not absorb 

enough for CE with direct detection. During electrophoretic separation in the CZE, the 

analyte ions form zones (termed eigenzones) as a function of their electrophoretic 

mobilities. In eigenzones, the composition of the BGE is slightly different from the 

surrounding buffer environment because of the charge repulsion between analytes of the 

same charge, which causes displacement of the chromophoric probe ions and reduces 

their concentration in the analyte zone. This competitive process leads to a reduction in 

the background absorption that results in negative peaks. The peak area is proportional to 

the molar concentration of the analytes in the eigenzone. For a high-resolution separation 

to occur, an electrolyte optimal for common inorganic anions must have a chromophore 

with electrophoretic mobility closely matched to that of the anions of interest. Chromate 

anions (CrO3
2-

) and pyromellitate anions are the most common chromophoric probes for 

the analysis of sulfur oxyanion species in CZE as both are the conjugate base of chromic 

acid solution (H2CrO4) and PMA, respectively. Both probes were titrated with TEA to pH 

8.0. Chromate has some limitations as it is an oxidizing agent which makes it unsuitable 

for use with some sulfur-oxygen species.
9,21

  

In Figure 2.5 (a, b), 2.0 mM of PMA and CrO3
2-

 probes were tested on a mixture 

of non-absorbing SO4
2-

 and SO3
2-

 in which the pH was adjusted to 8.0 using TEA. In both 

probes, a system peak appeared. With PMA, SO4
2-

 was identified, while SO3
2-

 was 

oxidized to SO4
2-

 due the fact that SO3
2-

 is oxidized in the presence of oxygen and metal 

impurities (Section 3.5.1).
14

 With chromate, both SO3
2-

 and SO4
2-

 completely disappeared 
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and precipitation was observed, causing deterioration of the baseline. Although the nature 

of the precipitation was not identified, its presence provides evidence that chromate 

catalyzed the reaction causing a decline of the slope and loss of the analyte. However, 

PMA is non-oxidizing, has high molar absorptivity, and demonstrates a close mobility 

match with the sulfur oxyanions, which results in good peak characteristics because of 

reduced electromigration dispersion. Hence, PMA was chosen for this work.
1,22 

 

 

 

Figure 2.5. Mixture of 1) SO4
2-

 0.70 mM, 2) SO3
2-

 0.79 mM, BGE: a) PMA 2.0 mM, b) 

CrO3
2-

 2.0 mM, HMOH 0.8 mM, adjusted to pH 8.0 with TEA, CE 

conditions: capillary length 64.5 cm, injection 50 mbar for 5 s, applied 

voltage -30 kV at 25 °C. Spectra acquired at wavelength 360 nm with 

reference at 214 nm. 
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ideal for the analysis. Pappoe et al. (2014) reported the use of PMA at 2.00 mM. The 

range in this project was expanded and studied at five concentrations ranging from  

2.00 mM to 8.0 mM to ensure that optimal signal intensity was obtained.
1,20

 These ranges 

were prepared by mixing PMA with HMOH in different ratios (1:4, 1:2, 1:1, 2:1, 5:1). 

The solution injections were 20 mbar for 5 seconds followed by injected water at 50 mbar 

for 10 seconds with an auxiliary applied pressure of 50 mbar. As would be expected with 

increasing the concentration of PMA, the absorptivity of the BGE increased as shown in 

Figure. 2.6. From these results, it can be concluded that a linear response with respect to 

the concentration is stable up to about 7.0 mM and the molar displacement of the 

chromophoric probe by analyte ions should be linear. Increasing PMA concentration 

causes increased ionic strength which negatively impacts migration time; hence 6.0 mM 

of PMA was chosen as the optimum value.  
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Figure 2.6. PMA 2.0, 3.0, 5.0, 6.0, 8.0 mM. Capillary length 64.5 cm, injection 20 mbar 

for 5 s. Auxiliary applied pressure 50 mbar, temperature 25°C. 
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(sulfite and sulfide) is also significantly increased since the pH is above the analyte pKas 

(HSO3
-
/SO3

2-
 1.89, 7.21, HS

-
/S

2-
 6.9, 12.9), and leads to the ionization of solutes.

1,9,23,24
 

Furthermore, complete ionization for PMA occurs at pH >6 (pKa1= 1.92, pKa2= 2.87, 

pKa3= 4.49, pKa4= 5.63) which provides a stable absorbance profile and reproducible 

migration behaviour. For these reasons, the performance of three different bases including 

bis[2 -hydroxyethyl]aminotris[hydroxymethyl]-methane (BIS-TRIS, pKa= 6.5) pH 7.0 

(Figure. 2.7), triethanolamine (TEA, pKa= 7.74) pH 8.0 (Figure 2.8), and ammonium 

hydroxide (NH4OH, pKa= 9.25) pH 9.0 were studied. For the BGE, the probe was titrated 

to pH 7.0 with BIS-TRIS, to pH 8.0 with triethanolamine, and to pH 9.0 with ammonium 

hydroxide to form buffered background electrolyte solutions containing 2.0 mM PMA 

and 0.8 mM HMOH. Figure 2.9 shows that better separation and optimal peak symmetry 

for the separation of the S2O3
2-

, Cl
-
, SO4

2-
, S4O6

2-
, and SO3

2-
 mixture was obtained by 

using the ammonium buffered background electrolyte. However, there was co-migration 

between S4O6
2-

, and SO3
2-

.  

 

Figure 2.7. Bis[2 -hydroxyethyl] aminotris[hydroxymethyl]-methane (BIS-TRIS). 
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Figure. 2.8. Triethanolamine (TEA). 

 

 

Figure 2.9. Sample: mixture of 1) S2O3
2-

 0.20 mM, 2) Cl
-
 0.86 mM, 3) SO4

2-
 0.35 mM,  

4) S4O6
2-

 0.17 mM, 5) SO3
2-

 0.40 mM. BGE: PMA 2.0 mM, HMOH 0.8 mM, 

DTPA 0.1 mM plus pH adjusted to a) pH 7.0 with BIS-TRIS, b) pH 8.0 with 

TEA, c) pH 9.0 with NH4OH. CE conditions: capillary length 64.5 cm, 

injection volume 20 mbar for 5 s, applied voltage -30 kV at 25 °C. Spectra 

acquired at 360 nm with reference at 214 nm. 
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and then varied at concentration of 28.0, and 40.0 mM; nitric acid was used to adjust the 

pH to 9.0 under these concentrations. Better separation and good peak symmetry were 

obtained at 16.0 mM of NH4OH, while baseline noise was observed with increasing 

concentrations as the moles of mobile ions increased which led to higher ionic strength in 

the buffer (Figure 2.10).
25

 

 

Figure 2.10. Mixture of S4O6
2-

 0.66 mM, SO3
2-

 0.40 mM. BGE: PMA 2.0 mM, NH4OH: 

a) 40.0 mM, b) 28.0 mM, c) 16.0 mM, pH 9.0, DTPA 0.1 mM and HMOH 

1.0 mM, CE conditions: capillary length 64.5 cm, injection 20 mbar for 5 s, 

applied voltage -30 kV at 25 °C. Spectra acquired at 360 nm with reference at 

214 nm. 

 

2.3.4 Influence of EOF 

It was observed that sulfur-containing anion migration times could be very long because 

the EOF moves in the direction of the cathode with the bulk electrolyte flow and in the 

opposite direction to the electrophoretic migration of sample anions and away from the 

-25

-20

-15

-10

-5

0

5

2 4 6 8 10 12 14

A
b
so

rb
an

ce
 (

m
A

u
) 

Migration time (min) 

b 

a 

2 

3 

4 

1 

c 

* 

* 

* 

* 

1) S2O3
2- 

2) SO4
2- 

3) SO3
2- 

4) S4O6
2- 

* unknown 

* 

1 

1 

2 

2 
4 



42 

 

detector. Thus, to determine the identity of anions, a reversed or reduced electroosmotic 

flow was applied to shorten the time of analysis.
13

 For anions to move from the inlet to 

the outlet of the capillary, the anode should be located at the detector end (negative 

polarity), and will be detected first. EOF modifiers are used to reduce EOF and increase 

apparent electrophoretic mobilities for all sulfur species (shorten the time of separation), 

but they can also improve reproducibility and resolution of inorganic anions.
13,26

  

EOF modifiers are usually cationic surfactants that are adsorbed to the silica 

capillary through electrostatic interaction by ionization of silanol groups (SiOH) on the 

surface of bare-fused silica. Deprotonation of the silanol groups on the silica surface is 

required to obtain a strong electrostatic attraction; this occurs at pH above 3. 

Consequently, as the pH increases the positive charge on the capillary surface increases 

because more surfactant adsorbs to the silica surface. The result is a surface with a net 

positive charge that greatly reduces or eliminates analyte-surface interaction as well as 

reducing or reversing the EOF as shown in Figure 1.3.
20,26

  

Alkyl ammonium salts are the most common EOF modifiers used for the analysis 

of the inorganic anions, such as tetramethylammonium hydroxide (TMAOH), 

hexadecyltrimethylammonium bromide (CTAB) and hexamethonium hydroxide 

(HMOH). HMOH has higher solubility and lower tendency to form ion-pairs than the 

other EOF modifiers (Figure 2.11).
9,11,13,20

 Therefore, it was chosen to achieve a good 

peak resolution, better peak symmetry as well as shorter analysis.
20

 The HMOH 

concentration was varied (0.6, 0.8, and 1.0 mM) with a constant concentration of the 

PMA probe of 2.00 mM based on previous work done by Pappoe et al. (2014).
2,20

 The 

EOF is reduced and the ions migration towards the detector will be faster with increasing 
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HMOH concentration. However, once the surface of the capillary is fully coated by the 

modifiers, the EOF will not be changed and an increased concentration of modifiers will 

negatively affect the separation or resolution of the analytes due to the formation of 

neutral ion-pairs between analyte anions or PMA as well as the excess of EOF modifier 

(HM
+
).

1,9,11,20
 Thus, the optimum concentration of HMOH was found to be 1.0 mM, with 

this concentration allowing for good separation with little impact on other performance 

characteristics (Figure 2.12).  

 

Figure 2.11. Hexamethonium hydroxide (HMOH). 

 

 

 



44 

 

 

Figure 2.12. Mixture of S4O6
2-

 0.66 mM, SO3
2-

 0.40 mM, BGE: PMA 2.0 mM, adjusted 

to pH 9.0 with NH4OH, DTPA 0.1 mM plus HMOH: a) 0.6 mM b) 0.8 mM c) 

1.0 mM. CE conditions: capillary length 64.5 cm, injection 20 mbar for 5 s, 

applied voltage -30 kV at 25 °C. Spectra acquired at 360 nm with reference at 

214 nm. 

 

2.3.5 Capillary Temperature and Length 

The capillary temperature was also optimized in this work as a lower temperature can 

reduce Joule heating and dispersion. The effect of temperature on the separation was 

examined at 15 °C and 25 °C. In this study, the optimum temperature was found to be  

25 °C. At the lower temperature (15 °C), the viscosity is higher than at 25 °C which leads 

to a decrease in the mobility of the analytes and therefore an increase in migration time 

(Figure 2.13). The improvement in the peak shape and width was negligible because the 

longer migration times meant more time for dispersion related broadening. All further 

experiments were carried out at 25 °C. 
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Figure 2.13. Mixture of 1) S2O3
2-

 0.20 mM, 2) Cl
-
 0.86 mM, 3) SO3

2-
 0.35 mM, 4) S4O6

2-
 

0.17 mM, 5) SO3
2-

 0.40 mM. BGE: PMA 2.0 mM, HMOH 0.8 mM, and 

adjusted to pH 8.0 with TEA, CE conditions: capillary length 64.5 cm, 

injection 20 mbar for 5 s, applied voltage -30 kV. Spectra acquired at 360 nm 

with reference at 214 nm. 

 

Given that increasing the length of the capillary increases the number of theoretical plates 

and resolving power, but increases migration time and band broadening, capillary length 

was also optimized to achieve complete separation of sulfur anions in the shortest time. 

Capillary lengths were investigated for two lengths at 48.5 cm and 64.5 cm. Complete 

separation of a mixture of S2O3
2-

, Cl
-
, SO4

2-
, S4O6

2-
 was achieved with 64.5 cm; this could 

not be attained with the shorter capillary (Figure 2.14).  
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Figure 2.14. Mixture of 1) S2O3
2-

 0.20 mM, 2) Cl
-
 0.86 mM, 3) SO4

2-
 0.35 mM, 4) S4O6

2-
 

0.17 mM, * unknown. BGE (HMOH 0.8 mM, PMA 2.0 mM, and adjusted to 

pH 8.0 with TEA, DTPA 0.1 mM), CE conditions: capillary length a) 64.5cm, 

b) 48.5cm, injection 20 mbar for 5 s, applied voltage -30 kV at 25 °C.  

 

2.5 Analysis of a Real Samples 

The optimum composition of the BGE was 6.0 mM PMA and 1.0 mM HMOH adjusted to 

pH 9.0 with 16.0 mM NH4OH, where all were dissolved in 0.10 mM of DTPA. 

Separation of S2O3
2-

, SO4
2-

, SO3
2-

, and S4O6
2-

 in the presence of chloride was achieved 

within 7 minutes (Figure 2.15) at a potential of -30 kV. The order of migration was 

estimated by the mass-to-charge ratio. However, since the trend in hydrodynamic ratio 

can diverge from the mass trend, positions were confirmed by spiking with individual 

standards. Although sulfate and thiosulfate have the same charge and mass, thiosulfate 

migrates faster as it has a smaller hydration sphere. 
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Figure 2.15. Mixture of 1) S2O3
2-

 0.20 mM, 2) Cl
-
 0.86 mM, 3) SO4

2-
 0.35 mM, 4) S4O6

2-
 

0.17 mM, 5) SO3
2-

 0.40 mM. BGE: PMA 6.0 mM, HMOH 1.0 mM, NH4OH 

16.0 mM, pH 9.0, DTPA 0.1 mM, CE conditions: capillary length 64.5 cm, 

injection 20 mbar for 5 s, applied voltage -30 kV. Spectra acquired at 360 nm 

with reference at 214 nm.  
 

All sulfur species were well-resolved in a standard solution with good peak intensity 

using the final BGE composition and instrument parameters of indirect UV-detection at 

360 nm with a reference at 214 nm. The migration order was thiosulfate, chloride, sulfate, 

bisulfide, sulfite, and tetrathionate. However, when the undiluted produced water was 

injected, it was impossible to resolve thiosulfate from the high concentration of Cl
-

naturally present in real samples (Figure 2.16). This problem was observed previously by 

Chen et al. (2003).
1
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Figure. 2.16. a) mixture of S2O3
2-

 0.20 mM, Cl
-
 0.86 mM, SO4

2-
 0.35 mM, S4O6

2-
  

0.17 mM, and SO3
2-

 0.40 mM, b) S
2-

 0.64 mM plus mixture (a), c) produced 

water, d) produced water spiked with SO3
2-

 1.59 mM, SO4
2-

 1.41 mM, S2O3
2-

 

0.81 mM, S4O6
2-

 0.66 mM, Cl
-
 3.42 mM, S

2-
 2.56 mM. 

 

2.6 Development of CE with Direct UV Detection to Overcome Matrix 

Interferences for Thiosulfate  

Since S2O3
2-

, S
2-

, HS
-
 and S4O6

2-
 have relatively strong UV absorptivity, and Cl

-
 is non-

absorbing UV, as are SO4
2-

 and SO3
2-

 (Figure 2.2, a, b), it is possible to use the more 

selective direct detection mode to determine the thiosulfate in produced water. However, 

this required that a new BGE be optimized. Alkaline conditions are still required to keep 

sulfur-containing species stable, hence ammonium hydroxide (16.0 mM) was used and 

adjusted to pH 9.0 with formic acid (CH2O2, pKa=3.75). No chromophoric probe was 

used but hexamethonium hydroxide HMOH (1.0 mM) was still needed to reduce EOF 
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and allow for the detection of all anions with good peak resolution, better peak symmetry, 

as well as shorter analysis time. Because Cl
-
, SO4

2-
 and SO3

2-
 exhibit no absorbance, they 

do not interfere with the detection of sulfur anions (Figure 2.17) and the UV-Vis spectra 

(Figure 2.3 b). However, SO3
2-

 shows in Figure 2.17 (d) as a peak around 6 minutes 

which indicated a further reaction inside the capillary. This will be explained in Chapter 

4, Section (4.3). There is a decrease in the pH of the electrolyte during the time of the 

analysis due to the redox reaction inside the capillary which transforms SO3
2-

 into 

bisulfite HSO3
-
 and further to SO2 that has an absorbance.

27
 

 

Figure. 2.17. a) SO4
2-

 1.41 mM, b) Cl 
-
 3.42 mM, c) S4O6

2-
 0.66 mM, d) SO3

2-
1.59 mM, e) 

S2O3
2-

 0.81 mM, f) S
2-

 2.56 mM. BGE: 1.0 mM HMOH, 16.0 mM 4 , NH OH

CH2O2, pH 9.0. CE conditions: capillary length 64.5 cm, injection 20 mbar 

for 5 s. applied voltage -30 kV, temperature 25 °C. Spectra acquired at  

214 nm with reference at 360 nm 
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Figure 2.18 shows the electropherograms obtained for standard solutions and for 10-fold 

diluted produced water by direct UV detection. Figure 2.19 shows that both direct and 

indirect methods were successfully applied to the analysis of sulfide and thiosalt species 

in produced water, and effectively surmounted the challenges posed by the high salinity 

of the produced water. 

 

 

Figure. 2.18. Direct CE analysis of: a) standard mix of SO3
2-

 1.59 mM, SO4
2-

 1.41 mM, 

S2O3
2-

 0.81 mM, S4O6
2-

 0.66 mM Cl
-
 3.42 mM, S

2-
 2.56 mM, b) produced 

water. BGE: 1.0 mM HMOH, 16.0 mM NH4OH, CH2O2, pH 9.0. CE 

conditions: capillary length 64.5 cm, injection 20 mbar for 5 s. applied 

voltage -30 kV, temperature 25 °C. Spectra acquired at 214 nm with reference 

at 360 nm. 
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Figure. 2.19. Produced water with 1) S2O3
2-

 0.81 mM, 2) Cl
-
 3.42 mM 3) SO4

2-
 1.41 mM, 

4) HS
-
 2.56 mM, 5) S4O6

2-
 0.66 mM, 6) SO3

2-
 1.59 mM. BGE: a) direct 

method: 1.0 mM HMOH, 16.0 mM NH4OH, CH2O2, pH 9.0, b) indirect 

method: 1.0 mM HMOH, 16.0 mM NH4OH, 6.0 mM PMA, pH 9.0. Spectra 

acquired at 214 nm with reference at 360 nm. 

 

2.7 Linearity of Method, Sensitivity, and LOD Determination 

The linearity, detection limit and reproducibility for analysis by the CZE indirect method 

are listed in Table 2.1. Calibration curves have been used to establish the relationship 

between the concentration and the electrophoretic peak area. Each standard sample was 

injected in triplicate and the standard deviation of the peak areas and migration times was 

determined. The integrated areas of the peaks for thiosulfate, chloride, sulfate, bisulfide, 

and tetrathionate were found to exhibit excellent linear correlations over the concentration 
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2.20). The limit of detection (LOD) values were obtained at signal to noise (S/N) ratios of 
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3 by sequential dilution of thiosalt mixtures until the S/N value of the peak of interest 

reached 3, while the limit of quantitation (LOQ) is 10 times the S/N ratio. The data 

showed that electrophoretic separations of these analytes could be carried out with high 

reproducibly and accurately. However, the indirect method failed to identify S2O3
2- 

in 

high salinity of produced water. Hence, the direct method was investigated in this work to 

solve the interference problem between S2O3
2-

 and the high concentration of Cl
-
 presented 

in the produced water. The direct method successfully separated S2O3
2-

 with excellent 

linearity over the range 0.5 mg/L to 25 mg/L and correlation coefficient better than 0.99 

(Figure 2.21). The detection limit for S2O3
2-

, HS
-
, S4O6

2-
 ranged from 0.059 to  

0.465 mg/L, and LOQ from 0.316 to 1.549 mg/L (Table 2.2).  

Both the indirect and direct methods can be used to identify S2O3
2-

, HS
-
, and 

S4O6
2-

. However, the direct method is required to detect S2O3
2-

 and eliminate non-

absorbing Cl
-
 interference in real samples and it was also preferable to detect S4O6

2-
 

because of the lower limit of detection of this method compared to that of the indirect 

detection since the molar absorptivity was closed for PMA and S4O6
2-

. The limit of 

detection for HS
-
 in both methods was high because it was a weak acid. 
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Table 2.1. Figures of Merit for Indirect Analysis. 

 

 

Coefficient of regression 

(R
2
) 

LOD (mg/L)  

(n=3) 

LOQ (mg/L)  

(n=3) 

Cl
-
 0.9994 0.0361 0.120 

SO4
2-

 0.9986 0.0403 0.134 

S2O3
2-

 0.9995 0.110 0.366 

HS
-
 0.9978 0.354 1.181 

S4O6
2-

 0.9951 0.144 0.479 

 

 

Figure. 2.20. Standard calibration curves obtained from indirect analysis of a mixture of 

standards (HS
-
, S4O6

2-
, S2O3

2-
, SO4

2-
, Cl

-
) in concentrations of 0.5, 1.0, 2.0, 

5.0, 10.0, 25.0 mg/L each. 
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Table 2.2. Figures of Merit for Direct Analysis. 

 

Coefficient of regression 

(R
2
) 

LOD (mg/L)  

(n=3) 

LOQ (mg/L) 

(n=3) 

S2O3
2-

 0.9997 0.059 0.197 

HS
-
 0.9995 0.465 1.549 

S4O6
2-

 0.9989 0.095 0.316 

 

 

 

Figure. 2.21. Standard calibration curves obtained from direct analysis of a mixture of 

standards (S2O3
2-

, HS
-
, S4O6

2-
) in concentrations of 0.5, 1.0, 2.0, 5.0, 10.0, 

25.0 mg/L each. 
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2.8 Conclusions 

When considering the aspects indicated above, there is now a solid basis of knowledge 

and techniques available for quantitative CZE of sulfur-containing anions. By combining 

indirect and direct methods into a single analytical strategy, a sensitive, selective and 

reliable methodology was achieved that features complete separation of hydrogen sulfide 

(as HS
-
), sulfate (SO4

2-
), sulfite (SO3

2-
), and thiosalts (thiosulfate (S2O3

2-
), tetrathionate 

(S4O6
2-

)) in produced water/reservoir water. The use of a stabilizing agent (DTPA) and 

purging samples with nitrogen was required to minimize analyte degradation as the 

sulfide and thiosalt species are easily oxidized by impurities and air. Optimization of the 

indirect BGE involved study of several parameters including concentration and nature of 

chromophoric probe (PMA), concentration of EOF modifier (HMOH), nature and pH of 

the base system and indirect UV detection at λmax= 214 nm. Conversely, the BGE for 

direct detection was more straight forward requiring only optimization of the EOF 

modifier (HMOH), buffer system (pH 9.0) adjusted with formic acid, and direct UV 

detection at λmax= 214 nm. The optimized methods were successfully applied to the 

analysis of sulfide and thiosalt species in reservoir samples, and solved the challenges 

presented by the high chloride concentration in the produced water. 
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  Reactivity of Sulfite and Tetrathionate and the Effect of Chapter 3.

Sulfide Presence  

3.1 Introduction 

The chemistry of sulfide and sulfur oxygen anions is complex and easily influenced by 

changes in the system conditions; most importantly pH and temperature changes can shift 

equilibria and speciation. Furthermore, the presence of oxygen, metals and 

microorganisms can cause an additional speciation.
1,2

 The complexity of sulfur species 

chemistry and reactions is due to the possibility of multiple reaction pathways and 

products. Contributing to the challenges and ambiguity of the systems is that reaction 

mechanisms change with the reaction conditions (e.g., changes in pH) and can generate 

complex mixtures of metastable sulfur species. For example, thiosulfate is most reactive 

in acidic conditions (pH 2), while tetrathionate decomposes when the pH goes above 9, 

though they are both relatively stable between pH 2 and pH 9 for temperatures up to  

30 
o
C.

1,3
 Sulfite stability is higher in basic media than in acidic.

4
 Hydrogen sulfide is an 

acid with pKa values of 6.9 and 14, so the extent of ionization of hydrogen sulfide (HS
-
) 

and sulfide anion (S
2-

) varies with pH. Tetrathionate and sulfite can react not only with 

explicit oxidants like Fe
3+

, but also with each other, making their reactivity mechanisms 

particularly complicated.
5,6

 According to the reactions proposed in the literature, a good 

understanding of the chemistry of the thiosulfate, sulfide, and polythionate is critical for 

control and treatment of reservoir souring. With multiple reactions pathways, it is difficult 

to separate and quantify sulfur species accurately. Since the composition of these 

mixtures can change relatively quickly, fast separation technologies are required to 

determine the relevant species simultaneously. Where the classical titration methods are 



59 

 

quite time-consuming and difficult to employ in the presence of multiple similar species, 

capillary electrophoresis (CE) has advantages in separation efficiency and speed, 

tolerance to sample matrices (especially high pH), cost of consumables, and selectivity. 

Furthermore, because the separation does not rely on any interactions with a solid-phase, 

as with traditional separation methods, CE is increasingly being used in studies of the 

sulfur species and their reactions.
7,8

 In this work, an attempt has been made to study the 

complex relationships in mixtures of sulfur anions, with interconversion occurring 

spontaneously in weakly basic conditions over time. 

3.2 Instrumentation 

All experiments were performed with the Agilent 7100
3D 

CE System (Agilent 

Technologies Canada Inc., Mississauga, ON) equipped with a diode array UV-Vis 

detector. Separation occurred inside bare fused- silica capillaries (50 μm i.d. (internal 

diameter)) were obtained from MicroSolv Technology Corporation (NJ, USA) and were 

accurately cut to the desired length (64.5 cm). A MicroSolv Window Maker™ (N.J. 

USA) was used to burn the external polyimide coating from the capillaries at 8.5 cm to 

create a detection window and at the last 2 mm of the ends. Indirect UV detection at  

360 nm with a reference wavelength at 214 nm (to invert the negative peaks) was 

employed. Corrected peak areas, peak widths and heights, and migration times were 

calculated using Agilent OpenLAB Chromatography Data System (CDS) ChemStation. 

Initial capillary conditioning and conditioning between consecutive runs are the same as 

in Chapter 2. Samples were injected hydrodynamically by overpressure 20 mbar for 5 s 

from the cathodic compartment inlet. A negative potential (-30 kV) for the separation was 
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ramped up to a constant potential over 1 minute. The temperature of the capillary 

compartment was maintained at 25 °C for all experiments. 

3.3 Chemicals and Reagents  

All chemicals used for this work were of analytical grade and purchased from Sigma-

Aldrich unless otherwise noted. Pyromalitic acid PMA in pyromallitate form was used as 

a chromophoric probe in indirect CZE to provide a background signal and improve 

detection sensitivity for non- absorbing anions in the direct CE mode. As the 

electroosmotic flow (EOF) increases with the pH, in neutral and basic conditions a 

modifier, hexamethanium hydroxide (HMOH) was introduced to the running buffer 

solution to reduce EOF flow and decrease separation time. BIS-TRIS (BIS[2-

hydroxyethyliminotris[hydroxymethyl]methane) >98% was used to control pH for pH 7.0 

runs, triethanolamine (TEA) for pH 8.0, and ammonium hydroxide (NH4OH) for pH 9.0. 

CE grade sodium hydroxide solution (1.0 M) was purchased from Agilent (Agilent 

Technologies Canada Inc., Mississauga, ON). All water used in this work was optima 

LC/MS water (suitable for UHPLC-UV, Fisher Chemical, UK). Stock solutions of  

1000 mg/L of sodium thiosulfate (Na2S2O3 > 99.9%), sodium tetrathionate  

(Na2S4O6 > 99.9%), sodium sulfide (Na2S), sodium hydrosulfide hydrate (HNaS.xH2O) 

were prepared fresh daily in nitrogen- bubbled deoxygenated LC water containing a 

stabilizing agent, diethylenetriamine-pentacetic acid (DTPA > 99%) at 0.1 mM and kept 

in amber bottles at 4 °C, except when being analyzed. 
9,10

 All solutions including 

standards, samples, and background electrolytes were deoxygenated with nitrogen and 

DTPA added to limit oxidation by oxygen and other impurities (e.g., iron(III) or 
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copper(II)).
10

 At this concentration, DTPA does not show absorption.
11

 Solutions were 

also degassed by sonication and filtered with a 0.22 µm nylon syringe filter (Canadian 

Life Science, ON) prior to CE analysis. In the indirect CZE method, the running buffers 

were composed of 6.0 mM PMA and 1.0 mM HMOH and titrated with NH4OH to pH 9.0 

as was explained in detail in Chapter 2.
10

 

3.4 Reaction Pathway Considerations 

3.4.1 Reactions Involving Thiosulfate 

Thiosulfate is reactive in acidic media, and the reactivity increases with temperature. 

While stable in neutral and alkaline aqueous systems at temperatures below 70 °C, it 

decomposes above 70 °C to produce sulfate.
5,13

 Thiosulfate can be one of the oxidation 

products of sulfide in the presence of the air and sulfite, where sulfide as HS
−
 reacts as 

shown in the following equation:
14

 

2

-2

3 0.5O SO HS 
 

OH OS
-2

32       (3.1) 

Thiosulfate disproportionation is a key process in the sulfur cycle.
14

 In a basic solution, 

thiosulfate can react in the absence of explicit oxidizing agents to form polythionates, 

mainly tetrathionate and trithionate (Eq. 3.2). If additional oxidizing agents are present, 

such as oxygen (O2) or by copper(II) or iron(III) in these conditions, thiosulfate can 

undergo complete oxidation to sulfate (Eq. 3.3): 
3,5,15

 
16,17

 


 6OH O5S

-2

32 O3H OS O2S 2

-2

64

-2

63       (3.2) 
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
 2OH  2O  OS 2

-2

32 OH   2SO 2

-2

4        (3.3) 

Thiosulfate can be a byproduct in almost all the solutions containing polythionate, either 

as an impurity or as generated from other reactions.
5
 It is notable that polythionates start 

to decompose and reduce to regenerate thiosulfate under similar alkaline conditions.
5,15

 

For example, thiosulfate, in addition to trithionate, is the product from a sulfitolysis 

reaction as sulfite reacts with tetrathionate when they exist together: 

-2

3

-2

64 SO OS 
-2

32

-2

63 OS  OS         (3.4) 

Thiosulfate simultaneously acts as a catalyst in the rearrangement reaction for the 

production of polythionates and other S-compounds in the aqueous system as shows in 

the general disproportionation reaction:
1,5,15,18

 

-2

32

-2

6x OS  OS 
-2

3

-2

61x SO  OS         (3.5) 

For example, the tetrathionate rearrangement reaction is catalyzed by thiosulfate to 

generate sulfite and pentathionate followed by their further reactions:
3,5

 

-2

32

-2

64 OS  OS 
-2

3

-2

65 SO   OS         (3.6) 

-2

32

-2

65 O4S  O2S 
-2

66

-2

64 OS  O3S       (3.7) 

Zhang and Jeffrey (2010) showed that S2O3
2-

 can also form from S3O6
2-

 hydrolyzation:
5
 


 6OH  O2S

-2

63 O3H  4SO  OS 2

-2

3

-2

32      (3.8) 

OH  OS 2

-2

63 


 2H  SO  OS
-2

4

-2

32      (3.9) 

Moreover, pentathionate decomposition in alkaline media also produced thiosulfate:
5,15,18
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
 6OH  O2S

-2

65 O3H  O5S 2

-2

32       (3.10) 

3.4.2 Reactions Involving the Tetrathionate and Sulfite Ions 

A mixture of sulfur-oxygen species show a complex relationship in which the 

concentration in one species can disrupt equilibrium for a host of other species. For 

example, polythionate as tetrathionate decomposes to trithionate and pentathionate when 

the pH goes above 9, while it is relatively stable between pH 2 and pH 9 as shown in the 

overall reactions:
5,15

 

-2

6xO2S
-2

61x

-2

61-x OS  OS        (3.11) 

-2

64O2S -2

65

-2

63 OS  OS         (3.12) 

Either of the following reactions can describe the overall decomposition of tetrathionate 

in alkaline solutions: 


 6OH  O4S

-2

64 O3H  O5S  O2S 2

-2

32

-2

63      (3.13) 


 6OH  O2S

-2

64 O3H  O3S  2SO 2

-2

32

-2

3      (3.14) 


10OH  O4S

-2

64 O5H  O7S  2SO 2

-2

32

-2

4      (3.15) 

Eq. 3.13 is the predominant reaction in weakly alkaline solutions where the pentathionate 

is not observed as it is not a stable end product due to its fast alkaline degradation.
1,5,6,15,16

 

Relative amounts of sulfite were formed during tetrathionate decomposition, and subtle 

amounts of sulfate were formed with increasing pH as shown in (Eq. 3.14). Trithionate 
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further hydrolyzes to S2O3
2-

 and SO3
2-

 or SO4
2-

 in basic condition as in equations (3.8) 

and (3.9).
5
 

Tetrathionate also undergoes a complicated rearrangement reaction that might be 

catalyzed by thiosulfate (Eq. 3.5).
1,3,5,15,18

 Existing tetrathionate and sulfite together cause 

a reaction, to produce thiosulfate and trithionate (Eq. 3.4) (Figure 3.1). 

According to the reactions proposed in the literature, tetrathionate is the only species that 

does not react directly to form sulfate. Therefore, the tetrathionate reaction must go to 

either thiosulfate, sulfite or trithionate, and or pentathionate before completing its 

oxidation.
5,15,13

 

3.4.3 Reactions Involving Hydrogen Sulfide 

Hydrogen sulfide is the predominate species at pH <6, while dissolved hydrogen sulfide 

(HS
-
) is the dominant sulfur species at the pH >7. As this work was preformed under 

basic conditions, the predominant species was therefore HS
-
. Bisulfide can react with 

other sulfur species. For example, sulfite can react with HS
-
 to form thiosulfate: 


OH  OS

-2

32       (3.16) 2

-2

3 0.5O   SO HS 


Elemental sulfur can also be produced from the decomposition of HS
-
: 


HS


 2e  H  S         (3.17) 

Elemental sulfur reacts with sulfite and sulfide to form thiosulfate, tetrathionate, also 

polysulfide as HSn
-
: 

-2

3SO  S  
-2

32OS        (3.18) 
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-2

32SO  2S
-2

64OS         (3.19) 

  
 HS  S 1-n



nHS         (3.20) 

The bisulfide anion can also oxidize rapidly in the presence of oxygen, or other 

contaminants such as Fe(III) and Cu(II) in the samples:
10,14

 

2O  2HS 
 

 2OH  2S        (3.21) 




3
Fe 2HS 


S  2H 2Fe

2
      (3.22) 




2
S  S 1)-(n

-2

nS         (3.23) 

Polysulfides (HSn
-
, Sn

2-
) are not stable in the presence of oxygen and rapidly decompose 

to thiosulfate and elemental sulfur.
14

 

 

Bisulfide can also oxidize to form sulfate as the overall reaction: 

22O HS 
 

 H  SO
-2

4        (3.24) 

Sulfite is usually the first product formed from the oxidation of sulfide: 

-

3HSO         (3.25) 
21.5O HS 



The sulfite is formed then it oxidizes rapidly to form a sulfate that is commonly observed 

during sulfide oxidation experiments:
14

 

2

-2

3 0.5O   SO     
-2

4SO       (3.26) 
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3.5 Results and Discussion 

The chemistry of sulfur species in an aqueous mixture can be very complex. Sulfur 

species composition changes over time due to redox and nucleophilic displacement 

reactions in the mixture.
12

 In this study, the focus has been on the transformation of the 

sulfur species over the time period relevant to analysis. Thiosulfate, chloride, sulfate, 

bisulfide, sulfite and tetrathionate were identified by comparing their migration time to 

that of a standard, and the peak areas are proportional to the various species 

concentrations at the time of injection. Once the individual standards are mixed, reactions 

begin to occur. Concentrations of sulfate and thiosulfate were observed in the first run, 

which was initiated 15 minutes after mixing, even though only sulfite and tetrathionate 

standards were present in the stock solutions (Figure 3.1). 
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Figure. 3.1. a) SO3
2-

 1.59 mM, b) S4O6
2-

 0.66 mM, c) mixture of S4O6
2-

 0.66 mM and 

SO3
2-

 0.40 mM. BGE (PMA 6.0 mM, HMOH 1.0 mM, NH4OH 16 mM, 

DTPA 0.1 mM) pH 9.0. CE conditions: injection 20 mbar for 5 s, capillary 

length 64.5 cm, applied voltage -30kV, temperature 25°C. 

 

Although the sulfur balance cannot be fully closed, as there are species that we do not or 

cannot measure during these experiments, it can be seen that the concentrations of all the 

species vary with time (Figure 3.2). This is related to the complex nature of the reactions 

between the various sulfur-containing anions. Nevertheless, the system appeared to begin 

to reach an equilibrium around 2 hours, with thiosulfate, sulfate and sulfite reaching a 

plateau (Figure 3.3). 
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Figure. 3.2. Mixture of S4O6
2-

 0.66 mM, SO3
2-

 0.40 mM, BGE: PMA 2.0 mM, HMOH  

0.8 mM, NH4OH pH 9.0, DTPA 0.1 mM. CE conditions: capillary length 

 64.5 cm, injection 100 mbar. s., applied voltage -30 kV, temperature 25 °C. 

Spectra acquired at 214 nm with reference at 360 nm. 
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Figure 3.3. Changing of peak area (PA) with injection time (15 min) to (150 min) over 10 

runs (Figure 3.2) with the same sample (sulfite, tetrathionate), and no 

replenishment for the BGE. * starting material. 

 

During the rearrangement reaction between tetrathionate and sulfite, sulfur, sulfide, or 

other intermediates which may be formed depending on the particular conditions as pH 

and the relative nucleophilicity of sulfur oxyanions which are affected by these 

mechanisms.
5,15,18

 

Tetrathionate initiated decomposition in alkaline media via scission of the inner S-S bond 

yields thiosulfate and S2O3OH
-
. The formation of the adduct, S4O6OH

3-
, is probably 

followed by heterolytic inner S-S bond cleavage resulting in the nucleophilic 

displacement of thiosulfate by hydroxide ion (Eq. 3.16): 


OH OS

-2

64


 OHOS OS 32

-2

32       (3.28) 

The intermediate product HOS2O3
-
 can decompose into thiosulfate and sulfite: 
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
 4OH OHO2S 32 O3H  2SO  OS 2

-2

3

-2

32      (3.29) 

Decomposition of HOS2O3
- 
, according to the report of Varga et al. (2007), is not 

elementary and probably proceeds via the following consecutive processes where the 

formation of an intermediate disulfite, S2O5
2-

 occurs:
15

 


OHO2S 32


 2H  OS  OS

-2

52

-2

32       (3.30) 

OH  OS 2

-2

52 


 2H  2SO
-2

3       (3.31) 

S2O3OH
-
 can also react with tetrathionate and forms sulfate and pentathionate. The 

amount of pentathionate and sulfate formed increases with the increasing initial 

tetrathionate concentration: 


 OHOS  OS 32

-2

64


 H SO  OS

-2

4

-2

65      (3.32) 

The well-known reversible rearrangement of tetrathionate occurs in the presence of 

thiosulfate as a catalyst, providing a sufficiently low level of pentathionate (not a 

detectable amount), and sulfite as shows in (Eq. 3.6).
5,7,15

 

The sulfitolysis step is the following reaction as sulfite and tetrathionate are in the 

mixture. Trithionate is only produced from this step and may as well appear as a final 

product with increasing sulfite concentration from alkaline decomposition of tetrathionate  

(Eq. 3.4).
7,15,6,18

 

Sulfite experiences hydrolysis reaction as well:
5
 

OH  SO 2

-2

3 


OH HSO
-

3       (3.33) 
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In alkaline solutions, pentathionate decomposes very quickly to thiosulfate and S3O3OH
-
 

where it is attacked by hydroxide ion at the γ-sulfur atom.
15,19

 The S3O3OH
-
 intermediate 

can undergo further hydrolysis to form other intermediates such as S2O3OH
-
, and S(OH)2: 


OH  OS

-2

65


 OHOS OS 33

-2

32      (3.34) 


 3OH OS

-2

65 O1.5H O2.5S 2

-2

32       (3.35) 


OH  OHOS 33 2

-2

32 S(OH)  OS       (3.36) 


 OHOS  OS 33

-2

64


 OHOS  OS 32

-2

65     (3.37) 

Sulfoxylic acid S(OH)2, in Eq. 3.36, decomposes very fast to produce sulfite and soluble 

sulfur HS(OH) as it is a short- lived intermediate under alkaline conditions: 

O2H  HS(OH)  SO 2

-2

3      (3.38) 


 2OH  2S(OH)2

Soluble sulfur in the form of HS(OH) reacts with sulfite to produce thiosulfate, while it 

decomposes to form sulfur precipitation in the lack of sulfite:
5,7,15

  

HS(OH)  SO
-2

3  OH  OS 2

-2

32        (3.39) 

OH  S 2        (3.40) HS(OH)

At the same time, pentathionate S5O6
2-

 ions experience a rearrangement reaction in the 

presence of a high concentration of S2O3
2-

 to give S4O6
2-

 and hexathionate (S6O6
2-

). 

Hexathionate also decomposes to pentathionate and sulfur elements:
5
 

-2

32

-2

65 O4S  O2S 
-2

66

-2

64 OS  O3S        (3.41) 
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-2

66OS S OS
-2

65         (3.42) 

Sulfur element precipitation affects capillary surface chemistry that impacts the migration 

behaviour of sulfur species, especially tetrathionate, as it has a greater mass and size as 

illustrated in Table 3.1. 

The reactants, the end products, and the solvent all play important roles in the 

reaction of sulfite and tetrathionate in alkaline media. These reactions can explain the 

amount of individual sulfur species as they increase and decrease, even to the point of 

disappearance, during the course of this study Figure (3.2, 3.3).
5,7,11,17,19
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3
 

 

Table 3.1. Peak area (PA, mAU.s), migration time (tm, minute), average, standard deviation (SD), and relative standard deviation  

(% RSD) for replicate analysis (n=10) for the same mixture (S4O6
2-

 and SO3
2-

) and no BGE replenishment, Figure (3.2). 

Analyte PA1 

(tm1) 

PA2 

(tm2) 

PA3 

(tm3) 

PA4 

(tm4) 

PA5 

(tm5) 

PA6 

(tm6) 

PA7 

(tm7) 

PA8 

(tm8) 

PA9 

(tm9) 

PA10 

(tm10) 

Mean 

PA, 

(tm) 

SD 

PA, 

(tm) 

%RSD 

PA, 

(tm) 

S2O3
2-

 1.03 

(4.24) 

3.06 

(4.19) 

2.43 

(4.25) 

1.51 

(4.18) 

1.27 

(4.28) 

3.26 

(4.25) 

4.64 

(4.18) 

4.80 

(4.17) 

5.00 

(4.15) 

4.87 

(4.14) 

3.187 

(4.20) 

1.504 

(0.05) 

47.18 

(1.08) 

SO4
2-

 4.06 

(4.80) 

7.85 

(4.81) 

6.20 

(4.90) 

4.19 

(4.81) 

3.63 

(4.93) 

6.89 

(4.89) 

11.18 

(4.80) 

10.73 

(4.77) 

11.83 

(4.75) 

11.21 

(4.73) 

7.779 

(4.82) 

3.094 

(0.06) 

39.77 

(1.30) 

SO3
2-

 14.58 

(5.97) 

19.30 

(5.84) 

10.14 

(5.98) 8.78* 

(5.89) 

8.15* 

(6.08) 

15.58* 

(6.00) 

25.52* 

(5.86) 

11.31 

(5.80) 

11.47 

(5.76) 

10.29 

(5.72) 

13.512 

(5.89) 

5.147 

(0.11) 

38.09 

(1.81) 

S4O6
2-

 9.66 

(6.03) 

14.36 

(5.90) 

8.61 

(6.02) 

12.08 

(5.90) 

9.08 

(5.94) 

7.46 

(5.99) 

6.125 

(5.96) 

5.315 

(0.05) 

86.78 

(0.90) 

 

* SO3
2-

 and S4O6
2-

 are comigrating in these experiments. 

 



74 

 

Bisulfide was successfully identified using two different standards, Na2S, and HNaS.xH2O, 

under basic conditions (Figure 3.4 (a, b)). Bisulfide in the mixture of thiosulfate, chloride, 

sulfate, tetrathionate, and sulfite can negatively affect analysis in various ways. For example, 

bisulfide reacts with sulfite to produce thiosulfate, and this was observed with an increase in the 

peak area of S2O3
2-

 from 13.34 to 43.82 mAU.s (Eq. 3.16). Meanwhile, thiosulfate can be 

hydrolyzed to sulfate and bisulfide, which maintains the presence of HS
-
 in the mixture:  

OH  OS 2

-2

32 


 2H  
-

HS  SO
-2

4       (3.43) 

Sulfuric acid dissociates to produce sulfate and protons: 


 2H  SO

-2

4        (3.44) 42SOH

Bisulfide also decomposes to elemental sulfur (Eq. 3.17) then the sulfur can react with sulfite to 

produce thiosulfate or tetrathionate (Eq. 3.18, 3.19). Elemental sulfur also reacts with sulfuric 

acid and released sulfur dioxide, which also makes full accounting in the sulfur balance more 

challenging, and explains the reduction in sulfate with time (Table 3.2):  

S  SO2H 42  O2H  3SO 22         (3.45) 

However, the participation of sulfite in these reactions caused a decreased in its amount, and this 

led to fusion with tetrathionate as shown in Figure 3.4 (d). 

 



75 

 

 

Figure 3.4. Standards: a) HS
-
 3.57 mM, b) S

2-
 2.56 mM, c) Mixture of (S2O3

2-
 0.20 mM, Cl

-
  

0.86 mM, SO4
2-

 0.35 mM, SO3
2-

 0.40 mM, and S4O6
2-

 0.17 mM, d) Mixture (c) with 

S
2-

 0.64 mM. BGE (PMA 6.0 mM, HMOH 1.0 mM, DTPA 0.1 mM, NH4OH pH 9.0. 

CE conditions: capillary length 64.5 cm, injection 20 mbar for 5 s., applied voltage -

30 kV, temperature 25 °C. Spectra acquired at 214 nm with reference at 360 nm. 
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Table 3.2. Peak area (PA, mAu.s) and migration time (tm, minute) for mixture of S2O3
2-

, Cl
-
, SO4

2-
, S

2-
, S4O6

2-
, SO3

2-
, and the same 

mixture with added sulfide anion, and sulfide alone from Na2S, Figure (3.4) 

 

Analyte S2O3
2-

 Cl
-
 SO4

2-
 S

2-
 SO3

2-
 S4O6

2-
 

 PA  tm 

 

PA  tm 

 

PA  tm 

 

PA  tm 

 

PA  tm 

 

PA  tm 

 

Without sulfide 13.34 4.77 27.45 4.93 27.73 5.56 ND ND 4.68 6.88 18.50 6.98 

With sulfide 43.82 4.85 30.95 5.00 16.57 5.61 6.64 6.15 18.14* 7.10* 18.14* 7.10* 

Sulfide alone ND ND ND ND ND ND 30.39 6.24 ND ND ND ND 

ND- not detected 

* SO3
2-

 and S4O6
2-

 are combining after sulfide addition 
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3.6 Conclusions 

Sulfur containing anions are highly reactive toward each other. From the information gathered in 

the CE experiments, and reactions previously proposed, we have proposed a few general reaction 

pathways in the reactivity of thiosulfate, sulfate, hydrogen sulfide anion, tetrathionate, and 

sulfite. Sulfite and tetrathionate reacted to each other, producing various sulfur-containing 

species over time depending on the particular conditions as pH and the relative nucleophilicity of 

sulfur oxyanions. Even though we could not measure all the species that were present during the 

experiment, some of sulfur species were identified, such as thiosulfate, sulfate, tetrathionate, and 

sulfite according to their migration time. There were many behaviours observed for some of the 

sulfur species in the system including concentrations that decreased, increased and those that did 

not change within analysis time. The bisulfide also reacted in different reactions in mixture of 

thiosulfate, sulfate, tetrathionate, and sulfite. Hence, all the component, including the reactants, 

the end products, and the solvent play important roles in the reactions between sulfur species in 

alkaline media. These pathways will be important in developing methods to control sulfur 

species in offshore oil and gas reservoirs 
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 Oxidation- Reduction for Sulfur Oxygen Species Chapter 4.

4.1 Introduction  

The sulfur compounds under study in this thesis are particularly challenging because of 

their labile nature and complex redox chemistry. It would be expected that under ideal 

and controlled temperatures and pH conditions that species interconversion would be 

minimized. Given that CZE is a electromigration technique, the system can also be 

viewed as an electrochemical cell in which electrochemical reactions will occur. This 

adds an extra measure of complexity to an already challenging chemical system. 

Consequently, a basic understanding of the principles associated with the coupling of 

electrochemistry, and electromigration phenomena is critical for the optimization 

capillary electrophoresis system.
1,2

  

In a typical CZE (Figure 4.1), the migration of the ions is initiated when a 

potential is applied to direct current (DC) electrodes inserted into reservoirs containing a 

background electrolyte (BGE). An electric field in BGE is facilitated by both electron 

transfer to and from the electrode (Faradaic current) and ionic current (Ohmic). Redox 

reactions occur at the electrode depending on its polarity and electrolyte pH. The 

reactions are driven by current and electroosmotic flow in the CE system. Of the potential 

electrochemical reactions that can occur at the electrodes during an electrophoretic run, 

water electrolysis dominantes and it is partially through this process that the charge 

balance is maintained in the system.
3,4

 Such electrolysis (Eq. 4.1, 4.2) is most efficient 

under alkaline conditions, which are also the conditions that give the highest EOF.
1,3,4

 At 
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the anode, oxygen is produced through the oxidation of hydroxyl ions from the 

autoionization of water (Eq. 4.1). Decreasing hydroxyl ion concentration leads to a 

decrease of the pH of the solutions, which affects the ionization of the chromophoric 

probe (PMA). At the cathode, on the other hand, there is an accumulation of positive 

charges that are neutralized by hydroxyl ions, resulting in an increase in the solution pH 

(Eq. 4.2):
1
 

O2H O  4e 22


      (4.1) Anode: 


4OH

Cathode: 


 2e  O2H2


 2OH  H 2       (4.2) 

The gas produced in electrolysis can have negative consequences for CE separations. The 

gases bubbles can dislodge from the electrode surface and flow from the reservoir into the 

capillary, causing blockage or oxidation of other species. The presence of the gases either 

adsorbed or in the capillary can increase interelectrode resistance, resulting in a current 

drop for potentiostatic operation.
1
 Electroosmotic flow, shapes of peaks in the 

electropherograms, and the pH of the background electrolyte can all be negatively 

impacted by such dissociation reactions (Eq. 4.1, 4.2). However, the most important 

effects are on the pH of the system and the potential for electrochemical reactions with 

the analytes, noting that thiosalts are most stable under slightly alkaline conditions, and 

that the stability of the analytes is critical for reliability of any analytical method. 
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Figure 4.1. Schematic of CE process. 

 

Acid-base equilibria and buffer properties, including pH in the electrode reservoirs and 

capillary, are strongly affected by these electrochemical reactions and redistribution of 

ions between the anode and cathode electrolytes lead to a problem in CE.
1,3,4

 

In addition to the water electrolysis reactions, many reactions can occur between 

additives or analytes, particularly for the sulfur-containing anions under study. The nature 

and extent of these reactions depend on the conditions of the experiment. For example, 

cathodic reactions can be simple electrochemical reductions, as with tetrathionate and 

sulfate, which are easily reduced according to reactions 4.3 and 4.4, noting the low 

standard reduction potentials of the half reactions:
5,6,7

 

 2e  OS
-2

64




-2

32O2S   E
o
 = + 0.17 V    (4.3) 

OH  SO 2

-2

3    E
o
 = + 0.20 V  (4.4) 


 2e  2H  SO

-2

4

The generation of oxygen at the anode can lead to a range of oxidation reactions among 

thiosalts. According to Voslar et al. (2006), the oxidation of tetrathionate in alkaline 

+ EOF 

Anode Cathode 

outlet inlet 

Detector 

– 
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solution leads to formation of thiosulfate, sulfate, and sulfite.
8
 The thiosulfate can then be 

oxidized to the reactive peroxothiosulfate intermediate HOS2O3
-
 which may undergo 

further interactions as described in Scheme 4.1:
8
 

2

-2

64 O 4OH  OS 


O2H  SO  SO  OS 2

-2

4

-2

3

-2

32      (R1) 

-2

3

-2

64 SO  OS 
-2

32

-2

63 OS  OS         (R2) 

22

-2

32 O  OH  O2S 


 2OH  O2HOS
-

32      (R3) 

22

-

32 O  O2H  O2HOS 


 2H  4HSO
-

3       (R4) 

-2

32

-

32 OS H  OHOS 


OH  OS 2

-2

64        (R5) 

-2

322 SO  O  OH  OH  2SO 2

-2

4        (R6) 

-

322 2HSO  O  OH 


 2H  OH  2SO 2

-2

4      (R7) 


 H  OH         (R8)  OH2

-

3HSO


 H  SO
-2

3         (R9) 

Scheme 4.1. Mechanism for tetrathionate oxidation reactions with subsequent oxidation 

of other thiosalts. 

 

In this chapter, an attempt was made to study redox reactions for sulfur species 

due to electron transfer and oxygen generation in alkaline solution during CE operation 

over a range of time. 
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4.2 Experimental Method  

All chemicals and reagents were of highest purity and used without further purification. 

Oxidation-reduction reactions for sulfur-oxygen species were examined in a simple 

aqueous solution with various components present (sodium sulfate anhydrous, sodium 

thiosulfate, potassium tetrathionate, and sodium chloride all purchased from Sigma-

Aldrich). The test was completed in a BGE of PMA at 2.0 mM, HMOH at 0.8 mM, and 

the pH was adjusted to 9.0 with ammonium hydroxide. The test solutions were made up 

to the required concentrations using deoxygenated LC water (Fisher Chemical, UK) 

containing DTPA (0.1 mM) to bind reactive metal impurities such as iron(III), and 

copper(II). Stock solutions of 1000 mg/L of sulfur oxyanions salts and BGE were also 

degassed and filtered with a 0.22 µm nylon syringe filter (Canadian Life Science, ON). 

All solutions were sealed in amber tubes and kept at 4 °C, except during analysis to 

minimize undesirable reactions. Test solutions were containing 0.20 mM S2O3
2-

, 0.86 mM 

Cl
-
, 0.35 mM SO4

2-
, 0.40 mM SO3

2-
, 0.17 mM S4O6

2-
 where prepared fresh daily. The 

experiments were done by using Agilent 7100 
3D

 CE System (Agilent Technologies 

Canada Inc., Mississauga, ON) using an indirect detection method based on 

measurements at 360 nm with a reference wavelength of 214 nm. The test was run for 75 

minutes with the same vial of the samples and without replenishment the BGE. 

This study shows the oxidation- reduction for sulfur oxygen species inside the CE over  

a period of time. This involved studying the reaction over short periods of time before any 

significant changes in concentration of the reactants occurred (45 mins). The reactivity of 

each species was identified by comparing peak area during different injection times. 
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4.3 Results and Discussion 

In an alkaline solution, the transient formation of thiosulfate as well as the formation of a 

significant amount of trithionate, which was attributed to reactions R1 and R2, was 

clearly visible over 5 runs. A second oxidation occurred for thiosulfate and sulfite after 

tetrathionate oxidation. Tetrathionate and sulfate were the production of the secondary 

oxidation. Figure 4.2 displays the relationship between the reactant mixture and the 

production of oxygen over time (15 min-75 min) according to the series of reactions in 

Scheme 4.1. 
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Figure 4.2. Mixture of 1) S2O3
2-

 0.20 mM, 2) Cl
-
 0.86 mM, 3) SO4

2-
 0.35 mM, 4) SO3

2 

0.40 mM, 5) S4O6
2-

 0.17 mM. BGE (PMA 2.0 mM, HMOH 0.8 mM, DTPA 

0.1 mM, NH4OH pH 9.0). CE conditions: capillary length 64.5 cm, injection 

20 mbar for 5 s, applied voltage -30 kV, temperature 25 °C. Spectra acquired 

at 214 nm with reference at 360 nm. 

 

The impact of the separation conditions on the analyte stability was assessed by plotting 

analyte peak area (Table 4.1) against the time of injection (Figure 4.3). All analytes 

showed more stable results using replenished BGE, with very slight trends toward 

consumption leading to reduced concentrations for sulfate and tetrathionate, or formation 

for thiosulfate and sulfite. These changes can be attributed to reactions occurring in the 

sample vials, and are not problematic if samples are used quickly after warming to the 

analysis temperature. Conversely, the conditions generated within the capillary when the 

run buffer is not replenished have a substantial effect. Thiosulfate formation is 

accelerated and sulfate seems to be forming rather than being slowly consumed. 
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However, the initial concentration of sulfate is also depleted relative to the replenished 

system, which may explain the sharp increases in tetrathionate and sulfite in the second 

injection, where sulfate has likely undergone a transformation that results in their 

formation. At the same time, tetrathionate and sulfite are reacting to form thiosulfate and 

reform sulfate, and this is illustrated in their decreasing concentrations at later injection 

times. These profound changes in the concentrations of the various species, are strong 

evidence for changes in redox conditions due to hysteresis when the BGE in the CE 

system is not replenished.
1,3,4
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Figure 4.3. (a, b, c, d) Comparison between non-replenishment and replenishment BGE 

for the mixture in Figure 4.1 and Figure 4.3. 
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Table 4.1. Migration time (tm) and peak area (PA) for replicate analysis (5 runs) of 

mixture of S2O3
2-

, Cl
-
, SO4

2-
, SO3

2-
, S4O6

2-
 with using non-replenishment 

BGE (PMA 2.0 mM, HMOH 0.8 mM, DTPA 0.1 mM, NH4OH pH 9.0) 

Figure 4.2. 

Run tm 

S2O3
2-

 

PA 

S2O3
2-

 

tm  

Cl
-
 

PA  

Cl
-
 

tm 

SO4
2-

 

PA 

SO4
2-

 

tm 

SO3
2-

 

PA 

SO3
2-

 

tm 

S4O6
2-

 

PA 

S4O6
2
- 

r1 4.52 4.58 4.95 12.90 5.24 9.97 6.53 13.56 6.62 5.19 

r2 4.54 5.42 4.96 14.85 5.26 12.78 6.56 12.21 6.62 5.48 

r3 4.53 6.02 4.96 16.58 5.25 13.49 6.57 17.86 6.57 17.86 

r4 4.56 6.82 4.98 15.68 5.28 14.96 6.65 11.64 6.65 11.64 

r5 4.55 7.40 4.97 18.80 5.27 17.15 6.60 4.15 6.68 10.95 

Mean 4.54 6.05 4.96 15.76 5.26 13.67 6.58 11.88 6.63 10.23 

SD 0.01 1.12 0.01 2.18 0.02 2.66 0.04 4.96 0.04 5.21 

%RSD 0.3 18.5 0.2 13.8 0.3 19.4 0.7 41.8 0.62 51.0 

 

For the analysis of high oxidation of sulfur containing anions using CE, there is a need to 

minimize gas generation during CE operation. By refilling the reservoir solutions (BGE) 

after every single run and flushing the capillary, the gas generation was minimized and its 

effects are illustrated in Figure 4.4. 
1,3

 

Table 4.2 displays the successes of reducing the generation of gases as the peak areas for 

the mixture of S2O3
2-

, Cl
-
, SO4

2-
, SO3

2-
, S4O6

2-
 were consistent in replicate runs. 

Additionally, this improvement in stability was illustrated by plotting both non-

replenishment and replenishment BGE based on electropherograms shown in Figure 4.2. 
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Figure 4.4. Mixture of 1) S2O3
2-

 0.20 mM, 2) Cl
-
 0.86 mM, 3) SO4

2-
 0.35 mM, 4) SO3

2-
 

0.40 mM, 5) S4O6
2-

 0.17 mM. BGE (PMA 2.0 mM, HMOH 0.8 mM, DTPA 

0.1 mM, NH4OH pH 9.0). CE conditions: capillary length 64.5 cm, injection 

20 mbar for 5 s, applied voltage -30 kV, temperature 25 °C. Spectra acquired 

at 214 nm with reference at 360 nm. 
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Table 4.2. Migration time (tm) and peak area (PA) for replicate analysis (5 runs) of 

mixture of S2O3
2-

, Cl
-
, SO4

2-
, SO3

2-
, S4O6

2-
. with using replenishment BGE 

(PMA 2.0 mM, HMOH 0.8 mM, DTPA 0.1 mM, NH4OH pH 9.0) Figure 4.4. 

Run tm 

S2O3
2-

 

PA 

S2O3
2-

 

tm  

Cl
-
 

PA  

Cl
-
 

tm 

SO4
2-

 

PA 

SO4
2-

 

tm 

SO3
2-

 

PA 

SO3
2-

 

tm 

S4O6
2-

 

PA 

S4O6
2-

 

r1 4.58 4.88 5.05 26.57 5.34 21.33 6.63 14.13 6.73 4.21 

r2 4.58 4.88 5.05 25.28 5.35 20.78 6.64 14.29 6.74 4.02 

r3 4.58 4.98 5.05 25.30 5.35 20.79 6.64 14.22 6.74 4.01 

r4 4.59 4.99 5.05 25.34 5.35 20.64 6.66 14.41 6.73 4.11 

r5 4.59 5.14 5.05 25.65 5.35 20.65 6.66 14.67 6.71 4.07 

Mean 4.584 4.972 5.046 25.627 5.347 20.839 6.646 14.343 6.729 4.085 

SD 0.006 0.109 0.001 0.548 0.003 0.282 0.014 0.211 0.014 0.082 

%RSD 0.133 2.195 0.018 2.140 0.052 1.354 0.205 1.470 0.208 2.012 

 

4.5 Conclusions 

Electrolyte chemistry, shapes of electropherograms, and pH of background electrolyte are 

affected by species dissociation and buffer system reactions on the electrode in typical 

capillary electrophoresis. Reduction and oxidation (redox) reaction occurrence depend on 

the pH of the solution and electrode polarity. Water electrolysis is the most dominant of 

the electrode reactions. Water electrolysis is often associated with the generation of 

hydrogen and oxygen gases. These gases can block the connection between a solution and 

electrode or be entrained into the capillary. Oxygen gas is also a strong oxidizing agent, 

leading to oxidization of the sulfur-oxygen species and producing a mix of products. 
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Redox reactions can be observed after the first three separation runs and impacts the 

performance of the entire system. Reproducible and stable currents are the keys for 

successful separations. Gas generation, along with the resulting effects, can be minimized 

by refilling the reservoir solutions (BGE) after every single run and flushing the capillary. 

Overall, the coupling between electrochemistry and electromigration phenomena have 

significant effect on analysis and optimization of capillary zone electrophoresis. 
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 Conclusions and Future Work Chapter 5.

5.1 General Conclusions 

It is accepted that the chemistry of sulfur and its contribution to reservoir souring is 

complex, however this does not mean that the mechanisms are fully understood or 

verified. 
1-5 

Understanding the chemistry of the reservoir souring process so that the 

reductive or oxidative processes can be reduced requires methods to quantify all the key 

sulfur species. CE has been used for the analysis of inorganic sulfur-containing anions in 

very complex matrices due to its high separation efficiency and speed, low cost of 

consumables, and high tolerance to sample matrices with high ionic strength.
2,6,7,8,9,13-15

 

The goals of the work presented in this thesis were to simplify and improve existing 

analytical methods in terms of sensitivity, selectivity, reproducibility and robustness, as 

well as to make modifications to the methods so that they can be used with reservoir 

fluids and produced water. The results of this research demonstrate that by using two 

CZE methods, one with direct detection and the other with indirect detection, most of the 

sulfur anions can be analyzed even in the presence of chloride, which is a common 

challenge for environmental anion analysis.    

A number of factors were considered in improving the existing CE methods. For 

example, the concentration and nature of the chromophoric probe (PMA), the 

concentration of the EOF modifiers (HMOH), the nature and pH of the pH-control system 

were optimized, as well as capillary length, and separation temperature. For indirect 

detection, pyromellitic acid (PMA= 6.0 mM) was selected as the chromophoric probe to 
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detect non-absorbing anions because it is non-oxidizing, has high molar absorptivity (high 

sensitivity), and is a good mobility match for thiosalts.
6,20

 Hexamethonium hydroxide 

(HMOH =1.0 mM) was added to modify the capillary surface chemistry and suppress 

EOF, resulting in methods with a shorter time of analysis and better peak 

resolution.
8,18,14,19

 Weakly basic conditions are favoured (pH 9.0) since thiosulfate is 

decomposed in acidic media. Furthermore, ionization of weakly acidic sulfur species 

(sulfite and sulfide) and PMA are efficiently ionized at this pH.
1,3,9,23,24

  

Indirect CZE was able to accommodate the species of interest with detection at 360 nm 

and a reference wavelength of 214 nm, but there was a challenge in separating chloride 

from thiosulfate in briny waters where chloride is found in abundance. The direct method 

was applied to solve this problem, where thiosulfate absorbs UV, in contrast to chloride 

which is essentially invisible. The BGE for direct detection was optimized through the 

EOF modifier (HMOH) concentration and buffer system (pH 9.0), that was adjusted with 

formic acid (pKa= 3.75). Formic acid was used in place of the PMA, while maintaining 

all other components at the same concentration.  This allowed pH 9.0 to be achieved and 

a similar ionic strength maintained in both methods, while providing for direct detection 

of UV active species. The use of a stabilizing agent (DTPA) and purging samples with 

nitrogen was performed to minimize analyte degradation, as the sulfide and thiosalt 

species are easily oxidized by impurities and air.
21,22,23,24

 The optimized methods 

exhibited excellent linearities, detection limits and reproducibility. The CZE methods 

were successfully applied to the analysis of charged sulfur species including sulfate 

(SO4
2-

), thiosulfate (S2O3
2-

), tetrathionate (S4O6
2-

), sulfite (SO3
2-

), and bisulfide (HS
-
) in 
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reservoir samples. The application of the methods developed in this project solved the 

challenges presented by the high chloride concentration in the produced water (Chapter 

2).  

There were many challenges encountered during the indirect CZE-UV-Vis 

method development; these are reported in Chapters 3 and 4. First and foremost, 

interconversion occurs spontaneously between various sulfur-containing species, with 

rates and pathways depending on the particular conditions such as pH and the relative 

nucleophilicity of sulfur oxyanions. For example, tetrathionate will react with sulfite to 

form thiosulfate and trithionate, and it can also decompose to trithionate and 

pentathionate. Bisulfide will also react with sulfite to produce thiosulfate. Meanwhile, 

thiosulfate can be hydrolyzed to sulfate and bisulfide. According to this study as well as 

previous studies, multiple reaction pathways have been proposed in the reactivity of 

thiosulfate, sulfate, bisulfide anion, tetrathionate, and sulfite as described in Chapter 3. 

Oxidation of some sulfur species was another obstacle in this study. During CE operation, 

hydrogen and oxygen gases are generated by water electrolysis. These gases can block the 

connection between a solution and electrode or be entrained into the capillary. Naturally, 

oxygen gas is also an oxidizing agent that is active on sulfide, thiosulfate and 

polythionate, producing a mix of products were illustrated in Chapter 4. 

5.2 Future Research  

Based on the success of the CZE methods developed in this study and their suitability 

with respect to speed, sensitivity and robustness for use in a wide range of context, the 

opportunities for future applications of this approach are abundant. In the immediate 
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future, it will be important to apply the method to other complex produced water systems. 

CZE methods frequently suffer in the presence of high chloride concentrations. Similar to 

challenges confronted in this project, the interference of chloride with thiosulfate 

detection has been encountered by Chen et al.(2003) in analysis of wastewater.
6
 The 

direct method will be a great solution to the analysis of other briny real samples in 

addition to overcoming other non-absorbing anion interference.  

Future researchers may also consider optimizing the choice of detection 

wavelength used with the PMA chromophoric probe, which could improve detection 

sensitivity for some sulfur containing anions that absorb in the same region as trimellitate 

(λmax 254 nm).
6
 

Using a stabilizing agent (DTPA), purging the water with nitrogen, and 

replenishing the BGE minimizes the presence of oxygen and keeps BGE composition 

consistent, making the method suitable for use with reactive species that are sensitive to 

condition changes. These very stable conditions provide a means to carry our further 

studies on a broader range of sulfur species while ensuring a lower probability for 

uncontrolled redox reactions.  

According to the literature, there are some side reactions that may occur in a 

mixtures of sulfur compounds, resulting in the formation of other sulfur species such as 

polythionates (e. g., trithionate, pentathionate), polysulfides, and inorganic zero valent 

sulfur. This can impact the mass balance calculation. For future work, researchers should 

consider the analysis of these compounds by using the optimized CZE methods to 

completely determine how the mass has been distributed in the mixture of sulfur species. 



98 

 

 

Such work will be key to developing a clear understanding of the mechanisms of 

transformation and impacts of sulfur species on reservoir souring.  
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