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Froth flotation is a commonly used method for separating valuable minerals from sulfide
ores. The presence of dissolved sulfur species has been proposed to affect the separation
process, and in turn, the recovery of minerals. Aqueous reactions of sulfur species are often
complex and not fully understood. As the operations are pursuing sustainability through

water re-use schemes the importance of monitoring process water quality becomes
highlighted.

This Master’s thesis assesses the applicability of ion chromatography for automated
quantitative determination of sulfur species in on-line measurement. In the literature review
the aqueous chemistry of sulfur species, the available analysis methods, and ion
chromatography are discussed. The experimental part first deals with method development,
and then long-term validation of the developed analysis method under process conditions.

The findings corroborate existing models on elution in ion chromatography. The results
suggest that the method is well-suited for the analysis of the chosen analytes, but that the
sampling step may induce error to the analysis due to oxidation. Decline of ion exchange
capacity is deemed to take place for the column, which is substantiated by the change in
elution times.
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Rikin oksianionit vaikuttavat sulfidimineraalien rikastuksessa erotusmenetelména
kaytettdvddn vaahdotusprosessiin ja saantoihin. Rikkilajien reaktiot vesimatriisissa ovat
usein monimutkaisia, ja prosessinohjauksen kannalta tieto veden koostumuksesta on
oleellinen. Prosessiveden laadun seurannan merkitys korostuu vesivirtoja kierritettdessi
kestdvyysmuutoksen tavoitteisiin tdhditen.

Diplomity6 tutkii ionikromatografian soveltuvuutta automatisoituun liuenneiden rikkilajien
kvantitatiiviseen mittaukseen prosessivesilinjan rinnalta eli ns. online-mittauksena.
Kirjallisuusosa kasittelee rikin lajien vesikemiaa, tdhdn soveltuvia analyysimenetelmii ja
tarkemmin ionikromatografiaa. Kokeellinen osa késittelee analyysimenetelméan kehittamisti
ja sen pitkdaikaisvalidointia prosessiolosuhteissa.

Tyon tulokset tukevat aiempia tieteellisessd kirjallisuudessa esitettyjd eluutiomalleja
ionikromatografiassa. Tulokset tukevat analyysimenetelmdn soveltumista valituille
analyyteille. Nédytteenotossa aiheutuu virhetté, joka saattaa johtua ndytteen hapettumisesta.
Kolonnin ioninvaihtokapasiteetin on esitetty laskevan, mikd ilmenee analyyttien
retentioaikojen alenemana.
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1 Introduction

Population growth, global warming and economic growth pose many challenges to
sustainability, one of them being water scarcity with devastating societal, ecological, and
sanitary effects. Driven by these causes, water scarcity is projected to increase in the
following decades. (Distefano and Kelly, 2017) Clean water and sanitation is listed as the
sixth UN Sustainable Development Goal (United Nations, 2022) with four billion people
experiencing at least a month of severe water scarcity per year which is proposed to stem
from spatial and temporal imbalances in the freshwater supply and demand (Mekonnen and

Hoekstra, 2016).

Though often assessed solely based on available quantity, quality degradation aggravates the
effective water scarcity likewise (van Vliet et al., 2021). Great efforts are made to utilize
water more efficiently. It is essential to employ a holistic approach that considers political,
decisional, economic, social, technological, and environmental factors for successful
implementation of water re-use. Ergo, life cycle assessment is an often-used tool when
comparing water re-use schemes and management systems. (Sgroi, Vagliasindi and Roccaro,
2018) New technologies are vital for implementing sustainable development, but their
economic feasibility remains a perpetual challenge which requires leverage from

policymaking (Wiesmeth, 2021).

Minerals are required in the production of most human commodities, and often even to
utilize renewable resources (Heikkinen, Noras and Mroueh, 2005). It is anticipated that the
green transition will result in a discernible rise in the demand for various raw materials
(Luukkanen et al., 2022). Minerals play a critical role in energy storage and present various
novel opportunities (Verduzco et al., 2021; Heuss-ABbichler, Amthauer and John, 2018).
Namely, electric vehicles are predicted to drive up the demand of battery metals such as Li,
Co, and Ni in the upcoming decades. (Tang et al., 2021) While the utilization of many
minerals by itself can be considered sustainable even over long periods of time due to their
high re-usability and abundance, other resources are consumed to refine the raw material

(Heikkinen, Noras and Mroueh, 2005).
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1.1 Key aspects to implementing sustainable water use in minerals processing

Substantial amount of metal mining is based in high water stress areas and the mineral
processing industry uses immense amounts of water, which creates sustainability challenges.
Dry mineral processing methods remain uncommon. (Luukkanen et al., 2022) Reducing the
need for externally supplied water serves as an incentive for water recycling, especially in
regions where it is highly sought-after, and any water recycling is generally regarded to have
a positive environmental impact. It is also argued that reagent consumption can be reduced
by recycling water containing residual reagents. (Drelich and Hwang, 2012) Water recycling
is considered an important goal in improving the sustainability of the operations (Wahlstrom
et al., 2017). Other major means to save water include mitigation of evaporation and
reducing water content in tailings and mineral concentrate (Gunson et al., 2012). Dewatering
of tailings tackles issues such as tailings containment and water management but increases
capital and operating expenditures (Luukkanen et al., 2022). Coagulants and flocculants are
often used to improve dewaterability (Drelich and Hwang, 2012). Moreover, water saving
does not come without drawbacks as various means to save water often induce its quality

alteration which has direct implications to process performance. (Michaux et al., 2020)

High-grade ore deposits have largely been depleted which drives the mining industry to low
grade ore use. In turn, larger amounts need to be mined to produce the same amount of
concentrated minerals which leads to higher water and energy use. (Luukkanen et al., 2022)
Flotation is typically carried out with 25-35 m-% solids content. (Gunson et al., 2012)
Generally, clean water yields better flotation performance, leading to higher recovery of
valuable minerals. The secondary priority is to mitigate water quality fluctuation as it results

in more complicated operating conditions. (Liu, Moran and Vink, 2013)

Many organic and inorganic compounds as well as physicochemical properties of process
water affect mineral recovery. Hence there is a great need for monitoring the process water
parameters. (Khanh Le et al., 2020) Moreover, comprehensive process water monitoring
provides beneficial information about equipment breakdowns and leaks. (Gunson et al.,
2012) For a water management system to work efficiently, constant adaptation must take
place which requires the system be fed up-to-date information about the process and

resources through on-line measurement. This could be further aided by simulation. (Michaux
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et al., 2020) Real-time process water monitoring has yet not been widely implemented in

minerals processing, and many of analyses remain in the laboratory. (Khanh Le et al., 2020)

Ion chromatography is a well-established analytical technique for wastewater analysis, with
standardized methods such as ISO 10304-2 and 10304-3 describing the analysis of sulfite,
sulfate, and thiosulfate. Furthermore, ion chromatography is considered a reference method

for anions and cations in wastewater and water analysis. (Michalski, 2018)

The aim of this thesis is to assess the performance and reliability of a novel ion
chromatographic on-line measurement method for monitoring anionic sulfur species in

extensively recycled process water of a full-scale nickel-copper concentrator plant.
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2 Sulfide ore mining, froth flotation, and water quality

Mining activity has various local effects on the natural environment, economy, and society,
which comprise numerous individual matters. Assessing the weight of each criterion always
depends on the very circumstances. (Heikkinen, Noras and Mroueh, 2005) It is not self-
evident that the benefits gained from mining activities outweigh the economic costs, and
furthermore many risks are associated directly or indirectly with human health. There are
multiple concerns related to the effect of sulfide-ore mining on natural waters and aquatic

wildlife (Pearson et al., 2020) as well as soil contamination (Panayotova, 1997).

Metal mining has a major impact on the environment with large amounts of waste material
produced as tailings, waste rock and mine spoils (Vriens et al., 2020). These wastes tend to
be reactive to varying degrees, typically due to containing sulfide minerals. Many processes
continue long after decommissioning of a site. Especially tailings are important in this sense
as they consist of fine particles. (Johnson, 2003) Legislation requires the mine sites follow
environmental quality standards throughout their lifecycle and after closure to minimize
adverse environment effects. A shift towards re-valorization and re-utilization of the mine
wastes requires development of suitable technologies and economical incentives; a lack
thereof typically results in storage on site (Vriens et al., 2020) where waste rock and tailings
are commonly used for structures such as damming. However, the tailings are a difficult
building material and susceptible to erosion. Common operational failures include damming

leakage and seepage. (Carlson, Kuula-Viisdnen and Loukola-Ruskeeniemi, 2000)

Thiosalts are incompletely oxidized sulfur species that are formed in the oxidation of sulfide
ores (Bhagya and Hawboldt, 2019). While it is plausible for thiosalts to be present in
sufficient concentrations in mining effluents to have direct toxic effects to certain aquatic
wildlife such as Daphnia magna, indirect toxicity through acidification resulting from the
oxidation reactions is a more common concern (Schwartz, Vigneault and McGeer, 2006) as
it may lead to toxic levels of dissolved metals and hydrogen sulfide. The primary reason for
acid mine drainage is the oxidation of sulfide minerals (var der Perk, 2014) which continues
as weathering of tailings, waste rock and the open pit walls takes place (Carlson, Kuula-
Viisdnen and Loukola-Ruskeeniemi, 2000). Present silicate and carbonate minerals can

counteract acidification, where they are abundant (Heikkinen, Noras and Mroueh, 2005).
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With pyrite the acidification is mediated by acidophilic Thiobacillus ferrooxidans below
pH 4 which continue lowering the pH to around 2. The overall process of pyrite oxidation is

as follows (var der Perk, 2014):
FesS + %40, + 7AH,0 2 Fe(OH); + 4H' + 2S04* (1)

Ferric ion (Fe**) acts as the main oxidizer of pyrite in low pH whereas oxygen predominates

around neutral pH (Miranda-Trevino et al., 2013).

Thiosalts account for a significant portion of the chemical oxygen demand (COD) and are
even close to unity in lower concentrations in mill effluents (Kuyucak, 2014). Thus they need
to be regulated to comply with the set environmental permit, to avoid oxygen depletion in
aquatic basins (Johnson, 2003). As for process control, COD is unable to provide an
unambiguous picture on the concentrations of individual sulfur species. Moreover, COD also
comprises excess organic reagents. (Jing et al., 2020) Mine effluents also often contribute to
high salinity due to their high cation and sulfate content, (Johnson, 2003) and when brought
into contact with organic sediment material, sulfate may reduce to sulfide and in low pH
turns into toxic hydrogen sulfide (Wahlstrom et al., 2017). Various methods for sulfate
removal have been proposed based on precipitation, membrane filtration, biological

treatment, adsorption, and ion exchange (Dou et al., 2017).

2.1 Froth flotation of sulfide minerals

Froth flotation aims to separate and concentrate valuable material. The mined ore material is
often a heterogeneous mixture of various minerals. Crushing and grinding is carried out to
reduce particle size in order to liberate valuable mineral species. (Leja, 1982) Following
comminution, the separation of the minerals is carried out through flotation. It is based on
the selective attachment of mineral particles onto air bubbles, which is used to separate
valuable minerals and gangue. Separation is based on polarity of the particle surfaces, or the
lack thereof. Hydrophobic particles have affinity to air bubbles whereas hydrophilic ones
have affinity to water. In direct flotation, the bubbles subsequently act to lift the particles on
top of the mineral slurry to form a froth which can be then collected. Respectively, the

resulting gangue-rich slurry on the bottom is referred to as tailings. (Hukki, 1964)
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Most sulfide minerals do not intrinsically exhibit sufficient hydrophobicity for flotation
(Aghazadeh, Mousavinezhad and Gharabaghi, 2015). Collector agents are used to convert
surfaces of polar compounds into non-polar so that the particles can be separated using the
bubbles. To achieve this, the collector reagents must selectively attach onto minerals that are
to be separated, thus providing a new surface layer. Frothing agents are also used to promote
foam formation. Both frothing agents and collector agents are amphiphilic; for example, tall
oil can be used as a collector agent due to its fatty acid content. (Hukki, 1964) Thiol collectors
are the most prevalent for sulfide minerals (Yekeler and Yekeler, 2004) as well as for oxide
minerals, for instance. (Park et al., 2016) In addition to collectors, modifying agents are used
to improve flotation selectivity by many mechanisms, most notably through pH control.
(Hukki, 1964) Also more specific additives are used. Activators are used to modify the
surface to enable collector adsorption whereas depressants inhibit collector adsorption on

unwanted surfaces. (Leja, 1982)

Sulfide minerals occur in many kinds of deposits, such as massive, disseminated, stockwork,
and veinlike, in ore. (Ren, Zhong and Zhang, 2020) Often particles break along grain
boundaries forming particles consisting of a single mineral. However, composite particles
comprising many minerals are also formed and they become more abundant the smaller the
disseminations are. The presence of composite particles that consist of both gangue and
valuable minerals presents a challenge. If included, they reduce the quality of the concentrate
and if not, then valuable minerals are lost in tailings. Partly in attempt to overcome this,
sulfide mineral flotation circuits are often quite complex. (Lynch et al., 1981) For low-grade
ores it is usually cost-effective to first perform the flotation on coarsely ground ore particles
between gangue mineral and partially liberated valuable minerals, and then perform
regrinding and re-flotation on more concentrated stream, provided that the disseminations

are suitable i.e., not very fine. (Leja, 1982)

2.2 Water recycling in froth flotation

Various oxidation, precipitation, and dissolution reactions may take place when water is
brought into contact with sulfide minerals in flotation, crushing and classification processes.
(Sinche-Gonzalez and Fornasiero, 2021) Mineral processing waters contain various kinds of

contaminants such as ions, process chemicals and fine solids. Water can be recycled from
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tailings ponds and thickener overflows for example. When recycled it is possible that
contaminants remain present, or even accumulate, in the process water which may cause
detrimental effects to the flotation process. Decomposition and precipitation processes may
also take place in appropriate conditions. (Bigak et al., 2012) For example polythionates are
proposed to build up in flotation process water when it is recycled by short-circuiting i.e.,
without passing through the tailings pond. (Mhonde et al., 2021) Sulfur oxyanions are also
of interest due to their corrosive potential. (Kokkonen et al., 2004) Through dividing the
water into sub-streams based on its quality it would be often possible to use and dispose the

it more efficiently. (Bicak et al., 2012)

2.2.1 Formation and removal of thiosalts

As discussed earlier, thiosalts in the oxidation of sulfide minerals are generated as
intermediate products. Negeri et al. (1999) observed the sulfide content, temperature,
residence time and the pH to linearly affect the formation of thiosalts in flotation and milling
in processing of pyritic Cu-Zn ore and pyrrhotite-rich Cu-Ni ore. In grinding and flotation
of sulfide ores containing pyrite and pyrrhotite sulfur content of the ore, pulp agitation rate,
grind size, may additionally affect thiosalts generation, though it varies from site to site.
(Kuyucak and Yaschyshyn, 2007) However, according to Miranda-Trevino et al. (2013) the
effect of pH on thiosalts generation in flotation is likely neglectable. Nevertheless, flotation
and grinding of pyrite and pyrrhotite containing ores in alkaline conditions are proposed to
inevitably generate thiosalts. (Kuyucak, 2014) Stabilities of thiosulfate, trithionate and
tetrathionate are seen to depend on temperature and pH in ideal solutions (Bhagya and

Hawboldt, 2019).

While there are many plausible ways to lower thiosalt content the expenses vary greatly
(Wasserlauf and Dutrizac, 1984). In the tailings pond sunlight UV radiation and exposure to
air work to oxidize sulfur oxyanions. Thiosalts management can be implemented by allowing
a sufficiently long retention time in the tailings pond and by optimizing pH for oxidation.
Chemical and biological oxidation are also feasible. (Kuyucak and Yaschyshyn, 2007)
Complete oxidation in a reasonable time requires sufficient temperature, strong oxidants, or
catalysts, and the climate is an important factor on the bacterial activity. (Tan and Rolia,

1985) There is often seasonal variation in the tailings pond water quality (Kuyucak, 2014;
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Luukkanen et al., 2003). The natural remediation is more sluggish in low temperatures and
in lack of sunlight due to diminished chemical and biological reactivity (Bhagya and
Hawboldt, 2019). External factors such as evaporation, rainfall and runoff also affect the
water composition (Liu, Moran and Vink, 2013). Many metals such as Mn, Cu, Co, Ti, Zr,
Ni and W act as catalysts in oxidation of sulfur compounds (Bhagya and Hawboldt, 2019).

Microbial activity likely plays a large role in the water chemistry (Khanh Le et al., 2020).
Typical naturally occurring mesophilic thiosalt-oxidizing thiobacilli work optimally in
slightly acidic conditions (Silver and Dinardo, 1981). Overall, the accumulation of various
micro-organisms is suspected to increase as closed loop water systems become prevalent.
Micro-organisms can affect flotation by attaching onto mineral surfaces selectively and by
producing extracellular polymers which can coat particles and lead to different surface
interactions. Furthermore, the pH and redox characteristics of the water may be altered by
microbial activity and organic reagents may be degraded. (Kinnunen, Miettinen and

Bomberg, 2020)

2.3 Effect of sulfur oxyanions on the flotation process

Various batch or laboratory scale studies have been performed to elucidate the effect of sulfur
oxyanions on the flotation process. Sulfide in the form of thiosulfate and sulfate has been
associated with depressing Cu—Zn sulfide mineral surfaces and increasing froth stability.
(Bigak et al., 2012) Similarly, the presence of thiosulfate is suggested to depress Cu—Pb—Zn
sulfide ore and to promote froth stability together with sulfate in high concentrations (Ozturk
et al., 2018). Sulfate is suggested to activate gangue minerals (such as pyrite) in flotation of
copper ores while depressing some minerals, but also depending on its concentration

(Sinche-Gonzalez and Fornasiero, 2021).

Moreover, presence of electrolytes compresses the electrical double layer thickness around
particles reducing electrostatic repulsion which in turn could increase bubble-particle
interaction (Liu, Moran and Vink, 2013). However October et al. (2019) found increasing
ionic strength to decrease pyrrhotite attachment to air bubbles and collector adsorption
possibly because of increased cation adsorption. Mhonde et al. (2021b) observed that
xanthate degrades rapidly over a wide range of pH conditions when exposed to tetrathionate.

In addition, tetrathionate is suggested to change the chemical composition of the surfaces of
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sulfide minerals leading to passivation which subsequently reduces collector adsorption, thus

depressing the minerals (Mhonde, Johansson et al., 2021a).

However, mainly as a result of their metastability, the final sulfur oxyanion constitution in
these studies is ambiguous. To draw conclusions about the real process conditions a reliable
analysis measurement must be established, for which purpose ion chromatography is

evaluated.

2.4 On-line water quality measurement

On-line and in-line analyses provide information about the process via automation. As many
time-consuming steps preceding analysis are omitted, on-line and in-line measurement
ideally provide more accurate feedback for process control. On-line analysis refers to
automated analysis of a fraction of the process stream, while in-line refers to analyzing the
stream as a whole without sampling or pretreatment. (Figure 1.) On-line measurement may
therefore convey a non-representative picture of the process if the measured process stream
is heterogeneous, through poor sampling, e.g., if the stream if split incorrectly (Dagge et al.,

2009).

on-line

- <

Figure 1. In-line and on-line measurement.

On-line ion chromatographic method was studied by Hodge (2000) for monitoring common
inorganic anions in the wastewater of a radioactive liquid waste treatment process and was
found provide useful data in real-time fashion for process optimization. 10'-10? ppb range
detection limits were achieved for the analytes using suppressed conductometric detection.

On-line ion exchange chromatography has been likewise successfully applied to measuring
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corrosive ions in nuclear power plant coolant waters (Passell, 1994) and to quality control in

pharmaceuticals manufacturing (Patel et al., 2017).

On-line measurement has previously focused on pH and conductivity measurement, but
these methods are very unselective and provide little information for process control
(Kokkonen et al., 2004). Automatic process titrators can be used to satisfy many on-line
measurement purposes in minerals processing. Common ions and xanthate could be
monitored this way. For instance, sufficient precision to detect diurnal variation of sub-100
ppm carbonate levels from water originating from tailings pond water in apatite flotation has

been achieved. (Stén et al., 2003; Luukkanen et al., 2003)

Automated on-line analysis using capillary electrophoresis has been implemented based on
flow injection analysis (O’Reilly et al., 2001). On-line capillary electrophoresis has been
studied for determination of major anions in kraft pulping liquor (Kuban and Karlberg,
2000), common anions and cations in pulp and paper mill water (Sirén et al., 2000) and more
specifically for sulfate, sulfite, and thiosulfate determination (Sirén et al., 2004) . On-line CE
was found to perform satisfactory anion analysis for paper machine waters within five

minutes for near real-time monitoring (Kokkonen et al., 2004).
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3 Anionic sulfur species

Sulfur oxyanions — or sometimes sulfoxy anions — are compounds with a formula of [SO,]"".
Polythionates are compounds with a structure of [03S-S,—SO;]*". (Greenwood and
Earnshaw, 1997) However, the term sulfur oxyanion is also used in a broader sense to refer
to polythionates etc. (Moses et al., 1987). Sometimes partially oxidized more complex
species, polythionates and thiosulfate, are specifically referred to as thiosalts. Reaction
pathway of these species largely depends on the pH. (Miranda-Trevino et al., 2013; Silver

and Dinardo, 1981) Some of the prevalent species are listed in Table 1.

Table 1. Examples of anionic sulfur species

Average sulfur

Name Formula N,
oxidation state
Sulfide S* -2
Bisulfide HS™ -2
Thiosulfate [S20:]> +2
Dithionate [S206]* +5
Trithionate [S;06)* +34
Tetrathionate [S406]*> +2Y
Pentathionate [SsO06]*> +2
Hexathionate [S606]*> +1%
Sulfite [SO;* +4
Sulfate [SO4]> 6

(Suzuki, 1999; Greenwood and Earnshaw, 1997)

Aside from minerals, atmospheric deposition resulting from anthropogenic and volcanic
activity is another major source of sulfur in soil and water. The redox reactions of sulfur
species are often slow unless mediated by microbial activity. In anoxic conditions sulfate-
reducing bacteria produce hydrogen sulfide. Sulfur appears in oxidation states between —2
to +6. (var der Perk, 2014) With sulfide being the most reduced form and sulfate being the
most oxidized form, many compounds are formed as partial oxidation products in between
(Suzuki, 1999). This chapter will attempt to elucidate the various compounds and reactions

involved.
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3.1 Reactions in aqueous conditions

Many anionic sulfur species are metastable, and their reactions depend on the prevailing pH
and redox conditions and the present metals (Choudhary, Macdonald and Alfantazi, 2015).
Likewise, the oxidation reactions between sulfide minerals differ and depend on the £, and
pH which can be depicted with Pourbaix diagrams (Hu, Sun and Wang, 2009). Sulfide ion
exists mainly in very basic conditions (Kuhn, Kelsall and Chana, 1983) and hydrogen sulfide
(H2S) at pH’s below 6 (Chen and Morris, 1972b) according to the following equilibria:

H,S 2 HS +H" (2)
HS 2 H"+S* (3)

Many metal ions, including Cu?* and Fe?", catalyze the oxidation of sulfide. Most notably
Ni** and Co*" have been found very strong catalysts at a slightly elevated pH. (Chen and
Morris, 1972a) Various oxidation reactions for bisulfide are plausible (Nielsen, Vollertsen

and Hvitved-Jacobsen, 2006; Chen and Morris, 1972b):

2HS™ + O, + 2H" — 2H,0 + 28° 4)
2HS™ +20; — H20 + S,03* (5)
2HS™ + 30, —2S03% +2H" (6)
2HS™ + 40, —2S04> + 2H" (7)

Or, at above pH 8 thiosulfate is more specifically suggested to form following reaction (6)

through (Kaasalainen and Stefansson, 2011):
2S803% +2HS™ + 150, — $,05* + OH™ (8)

Polysulfides are suggested to form in neutral and in slightly acidic or alkaline aqueous
solutions through the following mechanism (Lefers, Koetsier and Van Swaaij, 1978; Chen

and Morris, 1972b):
2HS™ + O3 — 2S + 20H" 9)
HS +(n—-1)S—H"+S,”, where n is 2-5 (10)

These polysulfides (S,?") further vigorously react with oxygen into various intermediate

products such as sulfite and more stable thiosulfate as well as back to elemental sulfur to
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react with sulfide again, triggering a chain reaction. In turn, sulfate is formed as a final
oxidation product, although complete oxidation takes place very slowly. This pathway
applies only to chemical oxidation, and in nature biological oxidation processes are likely

more prevalent. (Chen and Morris, 1972b)
Bisulfite exists primarily in acidic to slightly acidic conditions (Brandt and van Eldik, 1995):
HSO; 2 SOs* +H' pK.=7.2 (11)

At around pH 9 thiosulfate is formed, and remains stable, in pyrite and pyrrhotite oxidation
(Kuyucak and Yaschyshyn, 2007). In highly basic or alkaline conditions thiosulfate can
experience disproportion (Choudhary, Macdonald and Alfantazi, 2015). Thiosulfate can also
form complexes with metals. (Keller-Lehmann et al., 2006) Due to nucleophilicity being
higher in sulfite than thiosulfate, and due to bisulfite formation decreasing the amount of
sulfite, the forward reaction dominates at pH’s above 7 and backward at pH’s below 5

(Suzuki, 1999):
Su+ nS03* 2 nS20:% (12)

At pH’s above 9 the auto-oxidation reaction mechanism of polysulfides is suggested to be
nonidentical to the aforementioned (Lefers, Koetsier and Van Swaaij, 1978), possibly

through unstable polythiosulfite species (Fischer, Schulz-Ekloff and Woéhrle, 1997):

Si2~+ 02 — S,0.% (13)
S:02%” + 20H™ — S(r2)>” + S$203% + H0 or (14)
S:02*" +20H™ — Sp-1)*” + S03* + H,0 (15)

Sulfite oxidizes easily in both acidic and alkaline solutions, and the reaction is strongly

catalyzed by various metal ions. The reaction stoichiometry is as follows (Contreras, 2008):
2S03% + 02 — 2S04%~ (16)

Bisulfite also oxidizes to sulfate, possibly through a disulfate intermediate (Littlejohn, Hu

and Chang, 1988):
2HSO; + 02 — $207% + H20 — 2S04 + 2H' (17)
In aqueous solutions thiosulfate is also formed through (Schweitzer and Pesterfield, 2010):

2HS™ + 4HSO3™ — 35,03* + 3H,0 (18)
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Interestingly, certain iodate—sulfite—thiosulfate (Rabai and Beck, 1988) and hydrogen
peroxide—sulfite—thiosulfate systems (Rabai and Hanazaki, 1999) can exhibit pH oscillation

or even chaotic behavior around pH 6 in CSTR conditions.

3.1.1 Polythionates

Polythionates are proposed to form through oxidation of thiosulfate (Kuhn, Kelsall and
Chana, 1983) or through hydrolysis of linear polysulfides (Silver and Dinardo, 1981). The
formation happens through various reactions that depend on the prevailing conditions such
as the temperature, pH and present reagents and catalysts (Miranda-Trevino et al., 2013;

Moses et al., 1987).

Thiosulfate catalyzes the following reactions in neutral solution (Fava and Bresadola, 1955;

Goehring, Helbing and Appel, 1947):

S506>” + $2037 2 S606% + SO3% (19)
S406%" + $203% 2 S50 + SOz (20)
S306> + $2037 2 S406% + SOz (21)
S506>" — S406> + S° (22)
S606>” — Ss06° + S° (23)
28406* — S306> + Ss06* (24)

In turn, tetrathionate is proposed decompose following reaction (24) through the following

process (Varga and Horvath, 2007). At pH above 9 pentathionate starts to decompose via:
28506 + 60H — 5S,03% + 3H,0 (25)
Followed by trithionate decomposition above pH 12 via:
S306* +20H™ — $S20:% + SO4* + H,0 (26)
28306% + 60H — S,03% +4S03%* + 3H,0 (atpH 13) (27)
Trithionate is also proposed to hydrolyze according to (Foerster and Hornig, 1922):

S306> + H20 — S04 + S,03% + 2H" (28)
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In general, like described by reaction (11) at pH’s below 7 sulfite transforms into bisulfite
which favors forward reaction i.e., lengthening the polythionate chain, and vice versa sulfite
is a stronger nucleophile than thiosulfate which favors the backward reaction at pH’s above

7 (Moses, Nordstrom and Mills, 1984), analogously to the reaction (12):
$106> + $205%” 2 Sp106% + SO3% (29)

Goehring, Helbing & Appel (1947) stated polythionate solutions undergo a slow
spontaneous decomposition. Goehring, Feldmann & Helbing (1949) proposed reactions of

polythionates with sulfite and sulfide:
S:06> + (n — 3)S03% — S30¢% + (n — 3)S203%", where nis 46  (30)
Sy06> + 8% — 28,05% + (n — 3)S°, where n is 3-6 (31)

Aqueous solutions of polythionates and thiosulfate can be synthesized through a reaction of
H>S and SO», which is referred to as the Wackenroder reaction. However, precise analytical
characterization of individual polythionate species is difficult as their physical and chemical

properties are very similar. Moreover, polythionates and sulfite react to thiosulfate. (Koh,

1990)

3.1 Analytical methods for determination of anionic sulfur species

Water analyses for environmental studies and industrial waters such as for paper mills,
offshore oil drilling and mining are typical applications for determination of sulfur species
(O’Reilly et al., 2001). Analytical methods differ in their selectivity and sensitivity, which
need to suffice the intended use (Miranda-Trevino et al., 2013). Even mineral processing
process water and mine effluent matrices are very different and thus an analysis method that
has been validated for one purpose may not suit the other. There are also great differences
between different sites which complicates finding a universal analysis procedure. (Khanh Le
et al., 2020) Methods requiring a lot of sample handling are prone to error due to the unstable
nature of the analytes (Sonne and Dasgupta, 1991). The species can react with one another,
become oxidized in contact with oxygen, or undergo decomposition. Even certain analytical

techniques may also alter the sample. (O’Reilly et al., 2001)
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Wet chemical methods exist for most common anionic sulfur species, but they can typically
determine only single analyte at a time and are furthermore time intensive (O’Reilly et al.,
2001). Titrimetric, spectrophotometric and polarographic methods can be used for
simultaneous determination of anionic sulfur species (Sonne and Dasgupta, 1991). UV—-Vis
spectroscopy typically reaches detection limits of 10°® M for anionic sulfur species, but it
can be applied to one analyte at a time. Polarography and voltammetry can reach detection
limits of 10 M, and they can be used for simultaneous determination of up to three species.

(O’Reilly et al., 2001)

FT-IR has been studied for multicomponent analysis of sulfur oxyanions in aqueous samples
(Holman et al., 1994) and in white liquor (Bandekar, Sethna and Kirschner, 1995). Meyer,
Ospina & Peter (1980) could detect mixtures and 10 different species of sulfur oxyanions
using Raman spectroscopy but some overlapping of the spectra were observed. Raman
spectroscopy was proposed for detecting sulfate and sulfamate in metal refining solutions by
Schmidt et al. (1999), who also noted a matrix effect. Zapata et al. (2018) proposed detection
of non-sulfur oxyanions, sulfate and thiosulfate using Raman spectroscopy in liquid
chromatography to increase selectivity, as simultaneous determination of many species was
possible. A downside to FT-IR and Raman spectroscopic methods has been their typically
high detection limit (10™*~1072 M) in comparison to others (O’Reilly et al., 2001).

Methods exploiting methylene blue reaction have been used as the workhorse for
determining aqueous sulfides for long and such methods can reach impressive sensitivities
(L1, Yuan and Lin, 2021; Kaasalainen and Stefansson, 2011; Silva et al., 2001; Tang and
Santschi, 2000; Francom, Goodwin and Dieken, 1989). Colorimetric methods are fast and
can reach sensitivities of 6:107—6-10"* M. However, reducing agents, such as other sulfur
oxyanions, cause interferences to the analysis. (Howard and Yeh, 1998) Various
potentiometric titration methods employing e.g., Hg-acetate and Ag-nitrate have also been
studied for sulfide determination (Kaasalainen and Stefansson, 2011; Ikeda, Satake and
Segawa, 1985; Tamele, Ryland and McCoy, 1960). Wilson et al. (1981) could reach some
ppb scale detection limits for sulfide with lead perchlorate titration using a silver/sulfide
electrode as the end-point indicator. lodometric back titration is a non-selective method that
measures the total amount of incompletely oxidized sulfur species (Bastiirk et al., 2000).
Also, various methods based on chemiluminescence, fluorescence and spectrophotometry

exist for sulfide detection (Li, Yuan and Lin, 2021). However, the available sulfide analysis
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methods are not specific for free sulfide species but instead measure the total amount of S*~
HS™ and H>S combined (Kaasalainen and Stefansson, 2011). Also the fact that sulfide forms

metal precipitates may lead to erroneous quantitative results (O’Reilly et al., 2001).

Both capillary electrophoresis (CE) and ion chromatography (IC) can detect numerous
anionic sulfur species in a single run (O’Reilly et al., 2001). CE has desirable features such
as the quickness of the analysis, high separation efficiency, sensitivity and being able to deal
with various sample matrices and the coupling possibilities with a broad range of detectors.
For CE however, in concentrations typical to mineral processing waters the samples require
dilution for sufficient ionic strength for analysis. (Miranda-Trevino et al., 2013)
Additionally, CE has been proposed suitable for detecting xanthate and its degradation
products (Kemppinen et al., 2015).

Chromatographic separation of sulfur species in the laboratory has been studied by numerous
authors (O’Reilly et al., 2001), and ion chromatography is a widely applied analytical
method for analyzing mixtures of polythionates (O’Reilly et al., 2002). Still, the use of IC
poses some limitations to the sample. For example, acidic samples may contain high levels
of dissolved transition metals and sulfur in precipitated form. (Kaasalainen and Stefansson,

2011)

3.2 Sampling

Adequate stabilization or preservation as part of the sampling procedure is crucial to ensure
a representative picture of the prevailing process conditions. Lacking stabilization, the
process water samples are likely to undergo drastic changes in the chemical composition and
physicochemical properties, such as oxidation which in turn leads to pH change. It should

be also noted that micro-organisms may be abundant. (Khanh Le et al., 2020)

It is apparent that many sulfur oxyanions are reactive to various degrees in the presence of
oxygen as well as other sulfur species until finally oxidizing into sulfate, thus improper
sampling or subjecting to oxidative conditions leads to different speciation. Temperature
controls the reactivity, and some species remain reactive even in temperatures close to zero
centigrade. Freezing, for instance, is used for preserving samples if an on-site analysis cannot

be performed immediately, with fast freezing further contributing to stability. (Miranda-
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Trevino et al., 2013) While oxidation can be mitigated by purging oxygen with an inert gas,
it does not completely abolish it, with sulfide and sulfite being notoriously susceptible for
oxidation. Oxidation is also catalyzed by some redox-sensitive transition metals such as Fe**
and Cu?". (O’Reilly et al., 2001) Difficulties in handling of even simple mixtures of sulfur
oxyanions has been prone to produce error (Holman et al, 1994). Despite various
stabilization schemes instant analysis after sampling remains the best way to ensure correct

speciation (O’Reilly et al., 2001).

Sulfide antioxidant buffer (SAOB) is a mixture of ascorbic acid and sodium hydroxide used
for stabilizing sulfide containing standards and samples. Ascorbic acid oxidizes to
dehydroascorbic acid which has sufficient reducing power to prevent sulfide oxidation in
high pH solutions. Complexing agents such as EDTA have also been included. (Glaister et
al., 1984) Keller-Lehmann et al. (2006) observed the addition of SAOB to greatly increase
the stability of sulfide, sulfite, thiosulfate, and sulfate in wastewater samples versus the
control group which saw drastic changes in thiosulfate and sulfide concentrations over the
48-hour observation period at 4 °C and in absence of air. This is also corroborated by Wilson
et al. (1981) who found EDTA-containing SAOB II to markedly slow down the oxidation

rate of sulfide, reducing oxidation problems in sampling.
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4 Overview to quality and reliability of analytical methods

Validation is the process of verifying whether an analytical method suffices the intended
purpose. A thorough validation includes assessments of method specificity, accuracy,
precision, linearity, range, limit of detection, limit of quantification and robustness. Precision
refers to the reproducibility of the measurements, whereas accuracy is the correctness or
trueness of the result. Robustness describes how steadily the analytical method performs
under small changes in the operating conditions or parameters. Range refers to the
concentration range over which precision, accuracy and linearity are at a required level.

(Harris, 2010)

Selectivity of an analytical method describes how well it can distinguish the intended
species. It is sometimes also called specificity. (Harris, 2010) Selectivity can be improved
by separating or masking the interfering species — in essence chromatography can be thought

to act as a separation method for the detectors (Aboul-Enein, Stefan and Baiulescu, 2001).

Sensitivity describes the quantitation capability of a method (Harris, 2010). It depends on
the ratio of the analyte and interfering species, i.e., signal-to-noise ratio. As a principle, both
high selectivity and high sensitivity, i.e., a high level of both quantitative and qualitative

analysis, cannot be achieved simultaneously. (Aboul-Enein, Stefan and Baiulescu, 2001)

4.1 Quality control

Quality control is the act of regulating quality with set mechanisms, for example by rejection
based on statistical tools. Quality control chart is a visual tool used for monitoring property
of a process. Typical example of this is a Shewhart chart which consists of individual
measurements versus time, the targeted value as well as the warning and action lines, which
are typically set to u + 20 and u + 30, respectively. Plotting cumulative sum of deviation
from the target value is another type of control chart and one that is easy to set up. (Higson,
2004) Statistical anomalies and clear patterns on control charts indicate a need for

troubleshooting (Harris, 2010).



30

4.2 Matrix effect

In addition to the analyte in question, the sample contains other components. Everything else
that is present in the sample, besides the analyte, is collectively referred to as matrix. Matrix
may cause interference which is hence referred to as the matrix effect, and it may lead to a
major deviation in the measurement. (Harris, 2010) For complex matrices, including water
analysis, high selectivity of an analytical method is required due to the abundance of different
components. Consequently, sensitivity is reduced for complex matrices. (Aboul-Enein,

Stefan and Baiulescu, 2001)

A spike or fortification is a known amount of analyte that is added to the sample to study the

effect that the matrix may have on the analysis result (Harris, 2010).

4.2.1 Standard addition and internal standard methods

When there is a matrix effect present, standard addition method can be used for measuring
the unknown quantity. Known quantities of the analyte are added to sample aliquots
containing an unknown concentration (cx) to produce solutions with concentrations of cx+ci,
cxtcz and cxtes, ete. These are then plotted against the resulting signals to yield a curve. By
extrapolating this curve to the known blank signal value cx is observed as the deviation from
zero which is caused by the interferents. For instance, blank signal value would be zero for
absorbance due to Beer’s law. (Harris, 2010) The standard addition method is most

appropriate when the response can be assumed linear (Higson, 2004).

Like standard addition an internal standard is a known amount of analyte added to an
unknown amount, but of different analyte. When it is known how the detector responses of
the analytes relate to one another in certain conditions, it is possible to find out the unknown
amount. For instance, in chromatography this can be achieved by comparing peak areas.

(Harris, 2010)
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5 Ion chromatography

Ion chromatography is a term that comprises many types of methods used for
chromatographic separation of ions and polar molecules. (Small, 1989) More specifically
ion exchange chromatography uses ion exchangers as the stationary phase, and ion
interaction chromatography, or ion pair chromatography, relies on non-charged stationary
phase, whereas ion exclusion chromatography is based on the Gibbs—Donnan equilibrium.
(Harris, 2010) This thesis mainly focuses on ion exchange chromatography from anion

separation perspective.

5.1 Principles of ion chromatography

Partitioning of a solute S between two phases is an equilibrium process.

Smobile < Sstationary (32)

Partitioning coefficient Kp may be introduced to describe the affinity of the solute to the
stationary phase. At zero value the solute is not retained by the stationary phase at all, and
vice versa the higher the value is the more the solute is retained, which in turn leads to a

longer elution time in chromatographic separation.

Kb = [S]s/[S]m (33)
Thus, the volume required to elute a solute through the column is (Small, 1989):

VE = Vi + KpVs (34)

Ideally Kp remains constant. However, this is typically only true for some range of
concentrations. At high concentrations, the stationary phase can become saturated. (Higson,
2004) Column overloading is the primary reason for asymmetrical peaks in ion
chromatography. Should Kp remain constant throughout the solute concentration range the
peak would closely resemble a Gaussian distribution. The composition of the mixture defines

Kbp through the selectivity of the competing species. (Small, 1989)

The Debye—Hiickel model describes behavior of ions in real solutions. (Leja, 1982) In

aqueous reactions activity of ions is an accurate measure of their reactivity rather than the



32

concentration. The activity coefficient y can be estimated in various ways, or tabulated values
can be used. However, in many cases with dilute solutions they are close to unity, hence

concentrations can be used to approximate activities (var der Perk, 2014):
ai = yici (35)

The non-ideal behavior of Kp can be described by isotherms or thermodynamically by

activity constants (Small, 1989):
Kp = as/ am (36)

As there are multiple solutes, including the eluent, competing for a limited number of ion
exchange sites in ion chromatography, competitive Langmuir isotherm most validly depicts

the separation process:
Oa = OrKpCm/ (1 + Y Kp,iCm,i) (37)

From this, it follows that concentration overloading by the solute causes fronting of the
solute peak when the eluent is held more strongly by the stationary phase. Vice versa, if the
solute is more strongly held, tailing occurs always. The analytical conditions are ideal when

the isotherm is in the linear range. (Figure 2.) (Wahab et al., 2014)

Qr
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Figure 2. Non-ideality of Kp explained by competitive Langmuir isotherms
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In practice, if Kp decreases as solute concentration increases, high concentrations elude
relatively faster than low concentrations, causing peak tailing as depicted in Figure 3.
Likewise if Kp increases with increasing solute concentration high concentrations are more

firmly retained than low, causing peak fronting. (Small, 1989)

Figure 3. Separation of an analyte versus column length, which is observed as tailing on
the resulting chromatogram; the detector measures species as they exit the column as a
function of time, thus the peak shown here is reversed in the resulting chromatogram.

The efficiency of the separation column is often calculated as the number of theoretical

plates. Number of the theoretical plates can be calculated as:

N=16(tr/ W), (38)
where fr 1s the retention time
W 1s the base width.

In light of modern knowledge, plates are not considered a physical representation of the

separation process. (Higson, 2004)
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5.1.1 Ton exchange phenomenon

Ion exchange is an equilibrium process. Anion exchange with monovalent ions can be

depicted as:
R'A"+B (aq) < R'B "+ A (ag), (39)

where R denotes the ion exchange group and A~ and B~ the competing counter-ions. The
resin has a fixed amount of ion exchange sites and therefore has a certain capacity. (Bolto
and Pawlowski, 1987) Analogy of a semi-permeable membrane can be used to describe the
interface between the resin and the aqueous phase. In equilibrium, co-ions are rejected from
the resin phase by the Gibbs—Donnan effect as the positively charged ion exchange sites are
fixed on the resin phase and thus cannot diffuse out, while non-charged species can diffuse

freely across the interface. (Sarkar, Sengupta and Prakash, 2010)

Different ionic species have different affinities towards the stationary phase, and this results
in the order in which the ions are preferred. The equilibrium coefficient K is typically

referred to as the selectivity coefficient.

KX = [B IR[A Jag/ [ATR[B Jag = Kn(B)/Kn(A) (40)
Hence the following applies also:

Kx = K3/K (41)

However, the exact selectivity coefficient value can depend on rather many factors, not only
the concentrations. (Bolto and Pawlowski, 1987) Generally the preference order of the ions
is uniform with decreasing radius, increased polarizability, and the charge through ions of
lower valence having less affinity. (Harris, 2010) The differences in selectivity lead to the
separation of the species. Increasing cross-linking of the resin typically increases the
selectivity differences between the species. (Small, 1989) It should be noted that ion

exchange and adsorption are independent retention mechanisms. (Stillian and Pohl, 1990)
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5.1.2 Displacement behavior

Considering species A and B from equation (40) respectively as eluent (E) and analyte (S):
[SIR/[S Tag = K& [E TR/ [E Tag (42)

And considering that for species S it holds that Kp = [ST]r/[S Jag, the equation becomes:
Kp=K3 [ETr/[E T (43)

If it is assumed eluent is in high excess to the solute, [E"] >> [S7], the ion exchanger capacity

which is constant, Or, can be approximated by the eluent in the resin phase, [E ]r:
Kb =~ KEOr/[E lug (44)

It follows that in a general case the partitioning coefficient is approximately inversely

proportional to the 7™ power of the eluent strength, resulting from the stoichiometric

coefficients.
YER + X8 < xR + yE'aq (45)
([S'IR/[$]aa)* = KE ([EIR/ [Eag)’ (46)
Kp ~ K]%l/xQRy/x /[Ex]y/xaq 47)
Kp = B/[E (B is a constant) (48)

However, this only applies to systems with one eluting ion such as hydroxide. Other eluents
such as the carbonate system behave more complexly due to possessing buffering capability.

(Small, 1989)

Thus, for divalent anions, here sulfur oxyanions, it follows that:

2R*SO* +20H (agq) < 2R*OH™ + SO<* (aq) (49)
Kp(SOx*") =~ B/[OH Tq (50)
Equation (34) becomes:

Ve = Vin + Ve B/[OH TPaq (51)
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5.1.3 Band broadening

In particulate material packed columns there are multiple possible paths the solutes can take
to flow through the column — some more direct, some more convoluted. As these paths are
not equal in length it follows that the elution times distribute accordingly, which is termed
Eddy diffusion. (Higson, 2004) Consequently, homogenous column packing is important to
produce sharp peaks.

5.2 Eluent systems

Generally, a high-pressure pump is used to convey the eluent with the composition
depending on the application. Elution is controlled by temperature, flow rate, pH, and eluent
counter ions. (Acikara, 2013) Isocratic elution with carbonate system is a commonplace
method for anion separation (Michalski, Lyko and Kurzyca, 2012). The elution is governed

by the HCO3 /COs* ratio as they differ in selectivity (Sunden et al., 1983).

Gradient elution in ion exchange chromatography is commonly carried out by increasing
eluent strength or changing pH throughout the run (Harris, 2010). Using a gradient allows
the separation of both weakly and strongly retained species in a single run (Madden et al.,
2001). This is a direct application of the principle on how the partitioning coefficient is
related to the strength of the single ion eluent, as described in equation (48) as in, e.g., the
hydroxide eluent system (Small, 1989). However, the use of gradients it not limited to single
ion eluents. The gradient can be mixed in the low-pressure side or in the high-pressure side,
former of which is generally less cost intensive as it requires only one high-pressure pump.
(Sunden et al., 1983) When using conductivity detection sufficient suppression is required,
with the exception of so-called isoconductive gradients (Madden et al., 2001). Hydroxide
eluents and carbonate eluents are typically used in suppressed anion exchange
chromatography, whereas organic acids are typically used for non-suppressed systems

(Michalski, 2018).

A commonly faced problem with using hydroxide eluents is the absorption of atmospheric
COz, which in turn lowers the eluent hydroxide concentration and contaminates it with
carbonate. Other sources include reagent impurities. Such contamination can adversely

affect hydroxide gradient baseline drift or even lead to unpredictable elution behavior. For
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creating high quality eluents, automatic eluent generators that utilize electrolysis have also

been developed. (Liu et al., 2004)

Organic modifiers may be introduced to change the elution characteristics by swelling the
resins or pellicles which in turn alters the selectivity (Rabin, 1994). However, modifiers may
result in system peaks, or distortion of analyte peaks upon co-elution (Fornstedt, Forssén and

Westerlund, 2016).

5.3 Sample preparation

Sample preparation aims to make the sample amenable to IC analysis. Such measures for
liquid samples include dilution, pH adjustment, preconcentration, derivatization, and
separations. Sampling together with sample preparation comprise the largest sources of
error. Aqueous samples with up to moderately high levels of ions and without an organic
matrix can be typically analyzed in unaltered form without detrimental effects. Analysis of
more complex matrices may be successful without incorporating preparation steps by using
detectors that are sensitive to the targeted analytes, which could require using multiple
detectors. Dilution might be required for the analyte to be in the linear range of detection.

(Frenzel and Michalski, 2016)

Any particulate matter should be removed to prevent congestion of the column and the
capillaries, by utilizing both in-line filters and sample filtration. Filters with 0.2-0.45 um
pores are often adequate for sample preparation. On the downside, it is possible for the
analytes to become adsorbed onto the filter medium. UF/MF and passive dialysis can be used
to exclude high molecular weight compounds, and Donnan dialysis and electrodialysis may

be used to separate ionic species based on their sign of charge. (Frenzel and Michalski, 2016)

5.4 Detection

Suppressed conductometric detection is regarded as the most widespread form of ion
exchange chromatography (Michalski, 2018; Liu et al., 2004). Conductometric detection
relies on the universal property of ions to conduct electricity, which also imposes the

drawback of non-specificity (Small, Stevens and Bauman, 1975).
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UV—Vis, amperometric detection, MS and ICP-MS are also available for ion
chromatography (Michalski, 2018). Some detectors provide high selectivity even without
complete separation of the analytes, e.g., ICP-MS and ICP—OES (optical emission
spectroscopy). However not all detectors are compatible with the same eluents. For example,
the common high ionic content eluents can damage MS, and preferably need to be
suppressed. (Frenzel and Michalski, 2016) Detectors based on mass spectrometric methods

are uncommon due to high cost and the complexity of operation (Michalski, 2018).

5.4.1 Modes of detection

Detection can be done in various modes. Direct mode detection measures species that the
detector is sensitive to, which appear as peaks on the chromatogram. Indirect detection can
be performed on species that induce a poor or non-existent response on the detector by
choosing an eluent with higher response than the species. As the analyte flows through the

detector it displaces a fraction of the eluent which appears as troughs in the baseline. (Harris,

2010)

5.4.2 Suppressors

Conductometric detectors may be preceded by a suppressor. The role of the suppressor is to
lower the conductivity of the eluent to reduce background as well as to convert the sample
ions to a more conductive form. (Smith and Chang, 1983) This greatly improves sensitivity.
The pioneering suppressors based on ion exchange resins were invented nearly 50 years ago.
Suppressors of this type require an off-line regeneration as the capacity becomes exhausted.
(Small, Stevens and Bauman, 1975) As a consequence of having a finite expendable capacity
the lifetime of resin of suppressors depends on the eluent strength and flowrate (Sunden et

al., 1983).

In resin-based cation suppression, H" competes with other cations for the ion exchange sites
which limits the efficiency according to the equilibria described by selectivity coefficients,
whereas with hydroxide eluent complete eluent suppression can be achieved because the

displaced H' reacts with the eluent (Mercurio-Cason et al., 1986):

RH'+M*+0H — R M+ H0 (52)



39

The modern suppressor technology employs ion exchange membranes and electrolytic units
which allow uninterrupted operation. The membrane suppressors are chemically regenerated
by continuously circulating regeneration solution whereas the electrolytic units, i.e.,
electrolytically regenerated membrane suppressors do not require the preparation of such
regenerant solutions as the required ions are produced electrolytically, and they are suitable
for a wide range of ion chromatography applications including gradients. (Liu et al., 2004)
However, the use of membranes provides some constraints to the operating pressure

(Mercurio-Cason et al., 1986).

5.4.3 Detector response

Detectors have a certain range of concentrations to which they are responsive. This is referred
to as the dynamic range. Sensitivity is the amount of response caused per unit of analyte.
Detectability is often defined based on signal-to-noise ratio, and this is typically referred to
as either limit of detection (LOD) or minimum detectable limit (MDL). (Small, 1989)
Typically, a signal-to-noise ratio of 3 is used for LOD and 10 for the lower limit of
quantitation (LOQ). (Harris, 2010) Also reproducibility standard deviation is used in place
of noise (Lopez-Moreno, Viera and Urbano, 2010). Other definitions are also used depending
on the field. E.g., US FDA defines method detection limit (also abbreviated MDL) as the
concentration with 99 % confidence level of being greater than zero (FDA, 2020).

Noise is brought about by imperfections of the system. The system might contain non-desired
species that induce interference as they pass the detector. The resultant noise resulting is
proportional to the background signal magnitude. As background signal is lowered, noise
intrinsic to the detector eventually becomes more prominent as its magnitude is fixed. In
non-suppressed conductometric detection the noise produced is directly proportional to the

eluent strength. (Small, 1989)

5.5 Stationary phase

Various stationary phases are used in ion chromatography. While the stationary phase
typically consists of particulate matter packed in a column, monolithic stationary phases

have also been developed. (Michalski, 2018) A precolumn can be used to protect the
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analytical column. It works analogously to the analytical column, but smaller in size, and it

can be replaced separately. (Sunden et al., 1983)

5.5.1 Organic resins

Ion exchange resins are polymers with covalently bonded ion exchange moieties present on
the polymer matrix. Typically, the matrix is an irregularly formed mesh of macromolecular
hydrocarbon chains. In gel resins hydration water is evenly distributed throughout the resin.
Styrene—divinylbenzene (s—DVB) co-polymer resins are commonly used. DVB acts as a
crosslinking agent for the polystyrene chains. The crosslinking amount controls how much
the resin can swell. In highly crosslinked resins the structure is also tighter which improves
selectivity but also hampers diffusion, leading to lower ion exchange rates. Generally, above
5-8 % DVB larger molecules cannot be sorbed by the polymer matrix. Highly crosslinked
gel resins are also more brittle. Resins can be made porous to overcome these problems.
Conversely as the resins swell, the crosslinking degree must be sufficiently high to preserve
the heterogeneous structure, at least around 6—12 %. (Davankov and Tsyurupa, 2011; Bolto

and Pawlowski, 1987)

Macroporous resins are used to a large extent in modern ion exchange chromatography
(Fritz, 2005). Resins possessing lower amounts of DVB can swell more, and hydration
lowers the selectivity between different ion species. For purposes of ion chromatography
crosslinking degrees of 1-16 % are used which is typically indicated in the product name by
the ‘—XN " suffix, N indicating crosslinking degree. lon exchange groups can be added to the
benzene rings. Polysaccharide-based ion exchangers can be used for macromolecules.
(Harris, 2010) Polarizable anions often result in tailing peaks and long retention times on s—
DVB resins which is thought to be caused by hydrophobic interaction between the elute and
the resin matrix. Incorporating methanol to the eluent can be used to lessen this effect. (Fritz,
2005) s—DVB can be used over a wide range of pH (0—14) (Weiss and Jensen, 2003). Resins
with a low degree of crosslinking are also prone to excess swelling in the presence of even
small amounts of organic solvent, which favors the use of highly crosslinked resins (Rabin,

1994),

Hypercrosslinked resins have over 40 % DVB, and contrary to the classic theory about

swelling demonstrate a good mobility and can be employed as a matrix in ion exchange
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resins. In addition, they are more physically and chemically robust than the conventional
resins. Interestingly, neutral hypercrosslinked s—DVB demonstrated ability to separate
anions in slightly acidic conditions through a positive surface charge or proton affinity, hence
acidic eluents could be used. The retention order on such system was also different from the
common anion exchangers, which could have applications in ion chromatography.
(Davankov and Tsyurupa, 2011) EVB-DVB at 50 % crosslinking is compatible with all
commonly used HPLC solvents (Stillian and Pohl, 1990).

Other common organic substrates include polymethacrylate and polyvinyl co-polymers
(Michalski, Lyko and Kurzyca, 2012). Polymethylacrylate resins have however a more
limited working range, at pH 1-12 (Weiss and Jensen, 2003).

5.5.2 Pellicular resins

Pellicular resins have ion exchange sites fixed only at or near the surface of the bead in a
thin gelatin layer around the core. The core is hydrophobic and has a tight structure which
both prevent eluent and ions from diffusing into it. As the ions can diffuse into a smaller
volume — only onto the gelatin layer as opposed to the whole resin — the exchange efficiency
is increased. (Smith and Chang, 1983) Advantages of low-capacity resins also include
shorter elution times and that more dilute eluents may be used (Small, 1989). Positively
charged latex pellicles may be used for anion exchange. Notwithstanding, the porosity and
crosslinking degree of the polymer matrix still affect the selectivity in addition to the pellicle
properties. (Fritz, 2005) These latex pellicles are typically attached by electrostatic
agglomeration (Stillian and Pohl, 1990). This works by bringing the positively charged
functionalized latex pellicles into contact with a negatively surface functionalized — e.g., by
sulfonation — substrate particle. The latex can be made of vinyl benzyl chloride DVB co-

polymer (Small, 1989) or polymethylacrylate (Weiss and Jensen, 2003).

5.5.3 Inorganic ion exchangers

Inorganic exchangers can be typically used in harsh chemical and physical conditions where
organic resins fail to perform (Harris, 2010) including high temperature or the presence of

ionizing radiation. For example, zeolites can perform ion exchange. (Bolto and Pawlowski,
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1987) Silica based resins have a limited pH tolerance (Smith and Chang, 1983) limiting their
use especially in basic conditions. They see applications in separation of large organic ions
(Small, 1989) and radioactive anions, for example (Chen et al., 2016). Silica resins generally

do not experience swelling issues (Weiss and Jensen, 2003).

5.5.4 Anion exchange groups in ion exchange chromatography

Anion exchange chromatography relies almost solely on quaternary ammonium groups,
though the side groups attached onto it vary greatly (Fritz, 2005). These may be alkyl or
alkanol groups (Michalski, Lyko and Kurzyca, 2012). These are referred to as strong base
resins, as they are in ionized form independent of the pH (Bolto and Pawlowski, 1987).
Typical examples include Type I and II resins. In Type I resin three alkyl groups are bonded
to the quaternary ammonium, and in Type II one of the alkyl groups is replaced by an alkanol

group. (Figure 4.)

HsC_ ,.CH,CH,OH H3C\N+,CH3
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Figure 4. Type I (right) and II (left) strong base anion exchange groups.

Polarity of an ion exchange group affects the selectivity substantially. Hydroxide has a much
higher relative selectivity towards the hydroxyl-containing Type II resins than Type I and
therefore acts as a stronger eluent in the former. This principle has been applied to implement
hydroxide eluent selective resins. (Fritz, 2005) Separation is typically more effective for ions
that are similar to the column packings in their hydrophobic or hydrophilic nature (Rabin,
1994). The capacity of weak base resins changes as a function of pH but few applications

exist utilizing them (Small, 1989).
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5.5.5 Anion exchange resin degradation

Oxidation can abstract hydrogen from the styrene polymer chain, which can cause the resin
to depolymerize. However, in strongly basic anion exchange resins, it is mostly the
quaternary ammonium groups that experience oxidative degradation, unless exposed to
harsh oxidative conditions. (Frisch and Kunin, 1957) The strong base groups oxidize to weak
base groups. Carboxylic acid groups can be also formed because of oxidation. Some
transition metals such as iron and copper act as catalysts to the oxidative process. Besides
decrosslinking of the polymer, chemical degradation leads to cleavage of the ion-exchange
sites. (Bolto and Pawlowski, 1987) Moreover, with alkaline eluents precipitation of metal

hydroxides and oxides can take place, eventually leading to clogging (Acikara, 2013).

Many physical aspects come into play. Being subjected to osmotic shock or attrition is
detrimental to resins albeit the former is mostly associated with large beads; resins may crack
as a result. If insoluble precipitates are formed, they start blocking the voids and therefore
raise the backpressure of the system. It should be also noted that strong base resins are heat
sensitive and decompose to tertiary amines. For example, Type I and II strong base anion
exchange resins start decomposing already in temperatures above 60 and 40 °C, respectively.
(Bolto and Pawlowski, 1987) Hofmann elimination causes the quaternary ammonium group
to decompose into a tertiary amine or releasing tertiary amine, as in Type I (Tomoi et al.,

1997).

5.5.6 Fouling

Large organic acids, e.g., humic and fulvic acids, foul strong base anion exchange resins in
their dissociated form. They bind strongly to the hydrophobic matrix of gel resins by van der
Waals’ forces as well as by adsorption attaching on the functional sites. Bulky compounds
can block pores or vacant sites from being accessed, thus lowering the available ion
exchange capacity. Due to the extent of the binding only partial regeneration of the resin can
be achieved. As a result, these compounds accumulate in the resin. (Bolto and Pawlowski,
1987) Similarly, also fats, surfactants, proteins, lignins, and organic dyes can become
irreversibly adsorbed onto the stationary phase (Frenzel and Michalski, 2016). Humic acid

can lead to notable capacity losses on such resins even in sub-ppm concentrations (Gonder
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et al., 2006). Binding onto the resin is controlled by many aspects such as pH, temperature
as well as the solvent properties. Sorption largely depends on the foulant—resin interactions;
compounds with similar polarity to the resin are more attracted. Consequently, resins
consisting of hydrophilic polymers are less susceptible to organic fouling, and some organic
molecules of lower molar weight can foul certain resins. (Bolto and Pawlowski, 1987) Polar
non-ionic organic substances can also interact with the stationary phase (Frenzel and
Michalski, 2016). Fouling occurs less commonly on cation exchange resins albeit
amphiphilic cations can hinder ion exchange, possibly by forming a layer around the resin

(Small, 1968). Organic modifiers are often effective at removing foulants (Rabin, 1994).

5.5.7 Predicting elution behavior

There have been many successful attempts to predict elution behavior in hydroxide eluent
system, e.g., by using artificial neural networks (Madden et al., 2001), linear solvent strength
models (LSSM) and empirical end points model (EEPM). Both EEPM and LSSM required
little experimentation to set up. (Madden et al., 1999) Also models based on stoichiometry
and electrostatic interaction have been developed, shedding light on the retention mechanism

(Horvath and Hajos, 2006).

5.6 Quantitative analysis of anionic sulfur species using ion chromatography

The typical elution order of anionic sulfur species in ion-exchange chromatography is sulfide,
sulfite, sulfate, and thiosulfate, followed by polythionates in increasing molecular weight.
Studies have employed a wide range of different eluents, columns and pretreatments, and
sample types. While polythionates, such as trithionate and pentathionate, are unstable in
alkaline conditions, as described in reactions 25-27 (O’Reilly et al., 2001), the reactions are
however argued to proceed slowly enough to not typically interfere with the analysis. Hence
an alkaline eluent can be employed for their separation. (O’Reilly et al., 2002) Hydroxide
gradient elution has been used infrequently in the previous studies. More often, carbonate
eluent has been employed for separation of sulfur oxyanions. (O’Reilly et al., 2001)

Kaasalainen, Stefansson (2011) studied ion chromatography with hydroxide eluent system
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for speciation of sulfur in hydrothermal water samples; sulfate, thiosulfate and polythionates

were determinable, but sulfite could be seldom determined.

Divjak & Goessler (1999) studied separation of sulfide, sulfite, sulfate and thiosulfate using
a two-step 60-100 mM NaOH gradient separation. High chloride concentrations were
observed to interfere with sulfide retention, as these two analytes co-eluted, which was

accounted for self-elution like behavior by the authors.

EDTA appears to inhibit oxidation of sulfide in alkaline solutions (Chen and Morris, 1972a).
Hassan (1994) found incorporating 5 mM of EDTA and 5 mM of ascorbic acid in pH 8.5
borate-gluconate eluent to markedly reduce sulfite oxidation to sulfate during elution.
Certain metal ions such as Fe’" and Cu®" catalyze oxidation of anionic sulfur species
(O’Reilly et al., 2001). EDTA forms soluble anionic complexes with many metal cations,
which also enables their separation using anion-exchange chromatography (Vanderdeelen,
1970). Based on this principle simultaneous dual determination of inorganic anions and
metal cations in a single run by sample EDTA addition or by incorporating it in the eluents
are also proposed using conductometric or photometric detection (Garcia-Fernandez,
Garcia-Alonso and Sanz-Medel, 2004; Bruzzoniti, Mentasti and Sarzanini, 1999; Ohta and
Tanaka, 1998; Hajos et al., 1996). Thiosulfate forms anionic complexes with many metal
cations, which might be separable using ion chromatography (O’Reilly et al., 2001). On the
other hand, presence of metal cations would therefore complicate thiosulfate determination
in IC. O’Reilly et al. (2002) speculated unidentified peaks might have been brought about
by copper thiosulfate complexes in their analysis of gold leach solutions using ion-

interaction chromatography.

5.6.1 Detection of anionic sulfur species

Sulfite, sulfate, and thiosulfate are well detectable with conductometry (Sunden et al., 1983)
whereas sulfide is not very amenable to suppressed conductometric detection (Ohira and
Toda, 2006) especially as H»S is formed in the suppressor (Rocklin and Johnson, 1983).
Using multiple detection modes for different sulfur species is seen as an attractive option
(Hassan, 1994). As for detection of sulfite and thiosulfate, ISO 10304-3 mentions various

options; suppressed or non-suppressed conductometric, direct or non-direct 205-220 nm
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UV-Vis, or with direct amperometric detection (approx. 0.7-1.1 V) are applicable. (SFS,
1998)

Sulfate has higher response than sulfite in suppressed conductometric detection (Hansen et
al., 1979). Ion mobility increases with valence which leads to higher conductivity. Also,
larger ions have lower mobility (Robinson and Stokes, 2002). As a described in reaction
(11), when the eluent is neutralized much of sulfite converts to less conductive bisulfite,

which presumably makes its response weaker than sulfate in conductometric detection.

Amperometric and fluorometric detection of reducing sulfur compounds, such as sulfide and
sulfite, shows potential (Ohira and Toda, 2006). Amperometric sulfide detection has been
also proposed (Giuriati et al., 2004; Casella, Guascito and Desimoni, 2000; Okutani et al.,
1993; Rocklin and Johnson, 1983).

UV detection is applicable for thiosulfate, sulfide, (Michalski, 2018) and to varying degrees
for polythionates (O’Reilly et al., 2002). Sulfate and dithionate have no absorbance in the
200-254 nm wavelength range, but most other species have some absorbance in this region

(O’Reilly et al., 2001).

Determination of sulfur anions using post-column oxidation reactions has also been studied,
and detection limits of 107°~10"% M have been achieved (Chen et al., 2009; Miura, 2005;
Miura, Fukasawa and Koh, 1998).

5.6.2 Matrix effect

Ion chromatography is most efficient for samples with a relatively simple matrix and analytes
similar in concentration. With more complex matrices adequate separation becomes
increasingly difficult. (Michalski, Lyko and Kurzyca, 2012) Sulfite and sulfate are
commonly poorly separated in ion chromatography (Miura, Matsushita and Haddad, 2005).
High levels of Cl, NO3* and SO4* are often found in environmental samples. High
concentration of individual ions in the sample often hampers the determination of other
species. Notably closely eluting species with high concentration ratios with respect to one
another may preclude separation. (Michalski, Lyko and Kurzyca, 2012) In exceedingly high
concentrations the overloaded analyte experiences peak broadening and distortion, but also

other analytes in trace quantities are affected by it (Pappoe, Naeeni and Lucy, 2016; Wahab
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et al., 2014). Peak area decline, shape degradation and splitting may occur, and furthermore,
even well-resolved peaks may be affected (Hajés and Horvath, 2008). Tailing causes its peak
maximum to advance faster, i.e., shortening its retention time and vice versa fronting causes
the maximum to shift forward in retention time. It also suggested that an overloaded peak
may drag other peaks towards its skew direction. (Wahab et al., 2014) The concentration of
matrix species and eluent strength affect the retention factor in a complex way. Hajos &
Horvath (2008) found a well-describing model for depicting sulfate ion matrix effect on
hydroxide eluent system. With high sulfate concentrations the retention factors of many trace

anions decreased.

5.6.3 Stabilization of standards

Sulfide and sulfite are very susceptible to oxidation which provides an additional challenge
to preparing analysis standards and handling samples for ion chromatography. Even
diffusion of air through plastic tubing has been accounted for oxidation. Sulfite has been
often stabilized using sulfite-formaldehyde adduct (O’Reilly et al., 2001), which is however
optimal in pH 5.6-8.6 (Miura, Matsushita and Haddad, 2005). In addition, cation exchange
and cold storage have been used for sulfite and thiosulfate stabilization (Moses, Nordstrom
and Mills, 1984). However, stabilizing sulfite with formaldehyde has been found to lead to
different results depending on the amount of formaldehyde and consequently a calibration
curve holds true only for samples with similar ratio of sulfite-to-formaldehyde (Lindgren,
Cedergren and Lindberg, 1982). Formaldehyde-bisulfite adduct has been also used to
stabilize bisulfite (Sunden et al., 1983). Conversely, formaldehyde has been found to
accelerate sulfide oxidation (Chen and Morris, 1972a). Stabilization of sulfide using zinc

acetate and in combination with gelatin has been proposed (Howard and Yeh, 1998).

Sulfite stability has been found to depend strongly on pH (Wygant, Statler and Henshall,
1997). A simple preservation method of dissolving sodium sulfite into a 0.2 N NaOH
solution was proposed by Liao, Sram & Files (2013). Sulfite standards made this way were

found to remain stable in room temperature for 12 days or more.
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6 Experimental part

The experimental part focuses on developing and validating a novel system and an analysis
method based on anion exchange chromatography, for automated monitoring of anionic
sulfur species in recycled process water of a copper—nickel concentrator. A commercially
available process IC, serving as the basis for the system, was modified to suit the said
application, and a new ion exchange chromatography method was developed. Both the
equipment and method were then validated in a case study carried out in real process
conditions at a nickel-copper concentrator site. In this study, the species of interest were
sulfite, sulfate, and thiosulfate — due to their proposed prevalence in the site process water —

and sulfide.

6.1 Hypotheses

The following three key hypotheses were set:

1. Anionic sulfur species in the process water can be monitored reliably with on-line

measurement based on ion chromatography.

2. The complexity and dynamicity of the process water matrix do not impose

unreliability on the measurement.

3. Deviation from the correct measurement can be identified.

The eluent composition fluctuations and column capacity decline are assumed to contribute
to retentions times, which are expected to decrease over time. The process water matrix is
expected to have to vary over time to some degree. The standards stabilized using pH
adjustment are hypothesized to be representative points of reference for the analytes in
question, and to which the same general factors are applicable with neglectable differences.
Also, the pH stabilization method is expected to halt or slow down the oxidation of the sulfite

and thiosulfate solutions markedly.
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The presence of metals is expected to result in hydroxide precipitates and complexes to some
degree. The calibration is expected to be valid as long as the qualitative prerequisite is
achieved. Lowering of the ion exchange capacity is assumed to take place as the

phenomenon explaining reduction of elution times.

6.2 Knowledge gaps

It is unknown how long the system will last while still providing satisfying reliability in the
analyses, i.e., what is the service life, and which factors causes the reliability to decline —
and furthermore in which order? The way in which the matrix affects the measurements is
unknown, though the literature mentions co-elution or large concentrations as a possible

source of interference.

6.3 Research questions

On-line ion chromatography is assessed for quantitative determination of sulfur species with
respect to reliability and stability, and its feasibility for process control purposes is
speculated. Precision, accuracy, repeatability, and linearity of the method are used to

describe reliability.

A prerequisite for quantification, the peaks must be determinable qualitatively, i.e.,
distinguished from the baseline as well as from other peaks, for which purpose the limit of
detection and resolution are studied; these two parameters can be used to assess the

phenomenon numerically.

Life cycle of the analytical system and the effect of internal and external factors are discussed
to elucidate questions related to robustness. Stabilization method for multi anion standards

1s also studied.

6.4 Materials, methods, and equipment

Retrofitting of the process IC system took place on June through July 2022. The preliminary

experiments on the new equipment (see 7.1-7.3) were performed in controlled laboratory
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conditions in from August to November 2022. The case study (see 7.4-0) was conducted in
an industrial-scale Cu—Ni concentrator plant at Boliden Kevitsa mine on December 2022

through January 2023.

6.4.1 Overview of the validation case study site: Kevitsa Cu—Ni concentrator

The Kevitsa nickel-copper—PGE ore deposit is low-sulfide and low-grade, i.e., gangue
minerals being predominant. The ore deposits are mostly disseminated but sulfide veins are
also present. The major sulfide minerals of the mine are pyrrhotite, chalcopyrite, pentlandite,

troilite and talnakhite. (Musuku, Muzinda and Lumsden, 2016)

The overall flotation process can be divided into copper, nickel and sulfur flotation circuits.
Tailings from copper flotation subsequently go through nickel flotation. For the purpose of
protecting the environment the nickel tailings are further floated to decrease sulfide and
nickel content, and the resulting tailings are further separated into low-sulfur and high-sulfur
tailings. The low-sulfur tailings are pumped to a tailings disposal area where settling takes
place prior to recycling the water into process. The high-sulfur tailings are produced in
smaller quantities and stored in a designated area within the tailings pond. (Musuku,
Muzinda and Lumsden, 2016) Some 86-97 % of the process water is reused. Water from the
tailings pond is incorporated in the process water. Since such a high portion of the water is
recycled the levels of many ions and process chemicals and microbial biomass have been
observed to build up in the process water. (Bomberg et al., 2020) The location of the on-line

IC measurement point with respect to the water streams is shown in Figure 5.
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Figure 5. Kevitsa process water recycling. The act of controlling ratios between intake water
sources is illustrated by a virtual mixer block. Simplified from (Musuku, 2022; Wahlstréom
etal., 2017)

Approximately 98 % of the tailings go to the low-sulfur pond, which has its pH around
neutral. The concentrate contains roughly 9 m-% water. (Musuku, 2022) Rainwater and ore
water content also contribute to the water balance. Treated water is ultimately released to

river Kitinen. (Wahlstrom et al., 2017)

6.4.2 Process IC

The process IC system comprised Metrohm 940 IC Vario, 942 Extension Module Vario, and
a sampling unit. A gradient was implemented with 12 mM and 52 mM potassium hydroxide
eluents by controlling the mixing ratio with a 50 mL Metrohm Dosino unit on the suction
side of the high-pressure pump (Table II). Metrosep RP Trap 2 (1004 mm) column
preceded the injector of 1 pL volume. The analytical column in question was Dionex AS18
(250x4 mm) with AG18 guard. A delay of approximately five minutes was observed for the
gradient after injection presumably due to void volumes, especially presented by the trap
column. In other words, this is the delay for eluent composition change to be observed on

the detectors. Development of the gradient method is described in detail in Section 7.2.
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Table II. The KOH gradient. Transitions between concentrations are linear.

¢, min ckod, mM
0 12
1 15
7 15
16 12
16.5 52
22 52

Metrohm 850 IC Conductivity Detector, suppressed with MSM—-HC, and 944 Professional
UV-Vis Detector Vario were used in succession. UV detection was split into two channels:
198-222 nm and 223-237 nm. With DR6000 spectrophotometer the absorption maxima for
sulfite and thiosulfate were found out to be at 214 nm and 217 nm, respectively, for 100 ppm

solutions at pH 12.

The sampling unit worked by drawing process water samples from the process water line
into a conical glass vessel of a few deciliters, and then filtering through a 0.2 um inline filter

prior to injection.

6.4.3 Laboratory equipment and computer software

DR6000 and DR1900 spectrophotometers from Hach were used. Pre-dosed LCK 654, 653,
353 and 153 cuvette tests on DR1900 were used as a parallel analysis method for anionic
sulfur species. These tests are based on colorimetric reactions (for sulfide and sulfite) and

turbidity (for sulfate).

Metrohm ProcessLab manager and MagIC were used to control the process IC and record

data. The IC data was further processed using Microsoft Excel and IBM SPSS Statistics.
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6.4.4 Statistical analysis of chromatographic data

Peak resolution describes how well different species are separated in the chromatogram.

Peak resolution, R, can be calculated as follows (Small, 1989):
R=2(V2=V1)/ (W1 + Wp2), (53)
where V1, V> are the peak elution eluent volumes (or times, alternatively)

Wh,1, Wh2 are the peak base widths yielded by inflection point tangents.

Assuming peaks represent Gaussian distribution, the width is 4 ¢ at base — as defined from
inflection point tangents — and 2.354 ¢ at half height. Replacing the base widths with more
accessible half heights results in (Hinshaw, 2013):

R=1177(V2 = V1)/ (Wyn,1 + Wyn2) (54)
Peak tailing factor provides information on the skewness of the peak (Dolan, 2002):

Ty = Wo.05h/ 2Wiefi,0.05h (55)
where Wo.osn is peak width at 5 % height

Wiefi,0.05h 18 peak width from beginning of the peak to maximum at 5 % height.

Confidence interval encloses (1—a) - 100 % of the sample means. (Harris, 2010):
H=XZXty2n-1 \/iﬁ (56)
F test is used to determine how likely two standard deviations are different (Harris, 2010):

F=2 (57)

Skewness of a distribution with normal assumption is defined as

N3
n xXi—X
9= (n—1)(n—2)2( ) (58)

N
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Student’s ¢ test is used for assessing difference between two groups of n measurements

(Harris, 2010). Unpaired ¢ test:

X=X

tn—l = 5 S (59)
=
One sample 7 test is used for testing against a “known” population mean u.
— f (60)
A linear regression predicts values based on (Chatterjee and Simonoff, 2013):
Pi=Bo+ Prxip + -+ :épxipa (61)

for which standard deviation of regression residuals follows:

(yi—9)?
- B @

Standard error for predicting a new observation is calculated as (Howell, 2013; Chatterjee

and Simonoff, 2013):

sé:se\/1+l+M (63)

n = (n-1)Y(x;—x)2

where Xo 1s the value on which the prediction is based

Population mean estimation error is:

I 1 (xi—x)2

Se = Se_ |7, + )2 (64)
Intervals resulting from:
Y+ tajzn-1Se (65)

are hence referred to as prediction interval (PI) and confidence interval (CI) of (1—a) - 100 %

level, for the regression.
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7 Results and discussion

The following sections are presented in the chronological order of the performed

experiments.

7.1 Retrofitting the previous system

Initially the process IC system was retrofitted with Metrohm Metrosep A Supp 10 (250x4
mm) column for hydroxide gradient elution with a method described by Keller-Lehmann et
al. (2006) for Dionex AS18, but using the Metrohm column. This method did not, however,
work as intended with Metrosep A Supp 10, as the elution times were much longer than
expected. This is suspected to be caused the column having low selectivity to hydroxide

eluent due to its unsuitable ion exchange groups, as in Type I vs Type II resins.

The process IC was transferred to laboratory where the setup described in 6.4.2 was applied,
with the column changed to Dionex AS18. In addition to this modification, the suppressor
was changed to MSM-HC to allow for longer continuous run compared to the MSM which
was used previously. The method described by Keller-Lehmann et al. (2006) relied on
selectivity provided by the UV absorption of sulfite. However, with the Metrohm UV
detector no response for sulfite was detected in the said wavelength range, which contradicts
the ISO 10304-3 standard which reported 205-220 nm UV—Vis detection to be applicable to
sulfite. This could be due to high detector noise. The UV detector underwent maintenance by
Metrohm but the sulfite detection issue could not be solved. As the UV detection was deemed
unreliable in the intended concentration range, a new gradient was developed with the
objective of providing high separation of sulfite and sulfate peaks using only conductometric

detection, which is described in the following sections.

7.2 Gradient optimization

A solution containing 20 mg/L SOs*~, 20 mg/L SO4> and 20 mg/L S>03> was stabilized at
above pH 12.5 as proposed by Liao, Sram & Files (2013), who found 0.2 N NaOH solution

to effectively preserve samples containing sulfite in room temperature.
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The mixture was used for studying elution behavior. Solutions made in this general way
appeared to remain stable in room temperature. A 100-ppm sulfite solution was also prepared
in this way to for the purpose of determining the wavelength for UV absorption maximum
by using a spectrophotometer. However, the absorption of the solution was observed to
rapidly decline between consecutive measurements at around 30 °C despite the pH
adjustment, which suggests the stabilization method failed at this temperature, and moreover
this solution produced two peaks upon analysis with the process IC indicating the presence

of sulfate. The peaks could not be quantified as no calibration yet existed.

Various gradients and isocratic runs were analyzed to produce a model describing elution
time based on eluent strength for sulfite and sulfate. Thiosulfate was well resolved from
sulfate in each case and is therefore left out of the model. An estimated void volume of 0.5
mL is included in the average hydroxide concentration calculation. The model was found

using sum of least squares estimation. (Figure 6):

t6(S03%7) = 2325 - [OH 1% (66)
16(SO4") = 3065 - [OH 10526 (67)
24 7 o Sulfite
22 A § A Sulfate
E \\\\\\
E 20 T \0 N
T 18 R
S e
L 16 -
g Ceotaa
£ R
12 1 Tho TTtea
10 T T T T T 1
0 5 10 15 20 25 30
tg, min

Figure 6. Model describing elution of sulfite and sulfate (equations 66 and 67). R* = 0.994,
for both.
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The longest path between these two curves depicts the optimum separation timewise. It is
apparent that in isocratic-like conditions the difference in sulfite and sulfate separation times
increases as the eluent strength decreases, however, at the cost of extended analysis time.

The observed exponents slightly disagree with equation 51 which predicts a value of 0.5.

The slight discrepancies between the model and the points measured might originate from
mixing of the gradient which appeared to not behave ideally, which complicates estimating
the average eluent strength for the gradient runs. If a very precise gradient could be
implemented, the separation could be improved further with the principle shown in Figure

7, while still maintaining a quick analysis.

N N
N N
1 J

0 5 10 15 20 25 30
tg, min

Figure 7. Dilution of the eluent. By immediately lowering the gradient strength to 12 mM
upon sulfate elution the separation would take place as depicted by the dashed lines.

Based on the model and empirical trials, a gradient was developed for separating the three
sulfur oxyanions — sulfite, sulfate, and thiosulfate — with satisfactory peak resolution. It was
set as a constraint that the elution must take place during a plateau of the gradient. Figure 8
depicts the average KOH concentration of the gradient as a function of time and predicts the
elution times of sulfite and sulfate based on the intercept points. The average concentration
value has been obtained by integrating the area under the gradient to produce a cumulative

KOH amount, and then dividing this with elapsed time at each point.
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Figure 8. Elution behavior of sulfite and sulfate predicted on the average eluent concentration
of the newly developed gradient (dashed line). The corresponding gradient mixing values are
presented in Table II.

However, the assumption of ideal mixing is made here, with plug-flow behavior. In reality,
sharp gradient changes could not be achieved, and would instead result in more diffuse

changes than intended. Void volumes might have contributed to this.

7.3 Calibration

The calibration was carried out in a laboratory setting in September 2022, following the
development of the gradient method. Calibration was performed with standard solutions
stabilized by pH adjustment likewise as described by Liao, Sram & Files (2013). Stock
solution was prepared in deionized water, i.e., without matrix-matching it to process water.
Six standards were diluted from the stock solution containing 1048.9, 114.7 and 43.6 ppm
of sulfate, thiosulfate, and sulfite, respectively to Y, 14, ¥, Yo, Y25, and Y40 strengths. The
concentrations of the standards were verified by an in-house titration method for sulfite and
thiosulfate, and by using Hach DR1900 spectrometer with a commercial cuvette kit for
sulfate. Triplicate measurements were carried out for each concentration on the IC, and a

peak-area-based calibration was obtained (Table III).
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Quadratic fit was applied to the conductometric calibration curves with equal weighting on
all points, which resulted in correlation factors of over 0.999 for all curves. For sulfite, the
quadratic term was observed to be five orders of magnitude higher than that of thiosulfate
and sulfate in conductometric detection, indicating a lower degree of linearity (Figure 9). In
fact, the linear fits for sulfate and thiosulfate calibration resulted in very similar correlation
coefficients and RSDs when compared to quadratic fits. The use of linear calibration curves
for these two species would be then well justified in this range. Linear calibration curves
were used for UV detection. All linear fits except sulfite proved to be under 5 % RSD over
the range of all calibration points. Linearity of sulfite is further assessed in Table IV, where
it is seen that by omitting calibration point triplets from both ends of the calibration curve,
the 3.7-21.3 ppm range displayed the lowest RSD and greatest correlation for sulfite, i.e., it

appears that this range is most linear.

Table III. Calibration curves. Linear fits are shown below quadratic for comparison. RSD
values are reported for the residuals of calibration points.

Detection Anion Calibration equation r, R RSD
Conductometric ~ [SO3;]> 4=-523-1073+4.57-103¢-222-102c> 0.9991 4.8%
A=-237-10%+356-103¢ 09970  8.5%

[SO4> A=-137-10"'+674-103¢c—-222-107c% 09998 2.4%
A=-1.10-10"'+650-103¢ 0.9998 25%

[S205]> A4=-1.66-102+588-103¢+837-107¢> 09991 49%
A=-1.88-102+6.00-103¢ 0.9991 48%

UV 223-237nm  [$;0:]> A4=-8.74-102+3.90-102%¢ 0.9994  38%
UV 198-222nm  [S;03]> A4=-7.69-102+3.72-102¢ 0.9992 43 %

A = peak area; ¢ = concentration predicted by the calibration curve

Table IV. Sulfite linear fit ranges.

Range, ppm r RSD
2.2-43.6 0.9970 8.5%
2.2-21.3 0.9984 6.0 %

3.721.3 0.9988 4.5%
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Figure 9. Calibration curve of sulfite. One outlier was detected (red decussate cross).

Four standard solutions were prepared in the same way as the ones used for calibration
curves, except with different concentrations of analytes. This was with the purpose of testing
how the calibration curve responds to different concentration ratios of sulfur oxyanions as in
the calibration (Figure 10). All of the solutions contained different concentration ratios of
analytes and were intended to correspond to the furthest distances between calibration points
on both sides of the % dilution point, being 21, 544 and 79 ppm for sulfite, sulfate, and

thiosulfate, respectively.

However, sulfate was found to induce higher response than predicted based on the weighed
mass on all six runs (+7.3-9.9 %). This could be caused by unrepresentative blank
measurement prior to either the calibration or the measurements, as the blank is subtracted
from the chromatogram to make the chromatogram more amenable to integrating peaks by
removing the baseline ramps caused by the gradient. Another plausible explanation is that
the spectrophotometer presented an error to the sulfate measurements, as it was used for
verifying the sulfate concentrations in the calibration runs. Interestingly, although sulfate
eluted before the gradient ramp in the optimization runs, this was not replicable in the
calibration runs, and sulfate would instead land on the gradient ramp, which may have
contributed to the error if the ramp was actualized differently on each run. The cause for
elongation of the elution times is unknown. The principle shown here is used later in the

work for assessing accuracy.
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Figure 10. Testing of calibration curves of A) sulfite, B) sulfate, and C) thiosulfate on the
conductometric detector. Blue dots depict the calibration points. Orange triangles represent
concentrations based on the weighed masses (number above the curve) and their apparent
concentrations on the IC (number below the curve).
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LODs can be determined also from the calibration curve, here as the concentration greater
than 99 % confidence level for predicting zero response value. For this purpose, the linear

equations of the calibration were used as an approximation. (Table V)

Table V. LODs based on calibration curves; exceeding prediction interval of zero response.

Conductivity detection UV 198-222nm UV 223-237 nm
Anion [SOs]* [SO41* [S20:]* [S20:]* [S20:]*
>P199(co), ppm 6.0 225 6.6 5.0 6.1
>PI95(co), ppm 4.0 15.2 4.5 4.2 3.3

It may not be immediately obvious why these numbers are relatively high. This can however
be illustrated more clearly with the intercept points of the calibration curve which are not at
origin (see Figure 10), and instead a zero-concentration reading would require a negative

response.

7.3.1 Assessment of matrix effect on sulfate by standard addition

Matrix effect was studied prior to purposing the process IC to on-line measurement, after
calibration, as follows. A recycled process water sample was drawn in early October 2022
at the plant with no preservation method applied, shipped to the laboratory, and analyzed
after some weeks. Upon analysis in laboratory with the process IC no sulfur species were
recognized besides sulfate. It was deemed likely that any other sulfur oxyanions have
completely oxidized to sulfate. For standard addition purposes, a sulfate standard of
5005 ppm was prepared by dissolving 7408 mg of sodium sulfate (99.9 %) into one liter of
ultrapure water. The sample was filtered using a syringe with 0.22 pm filter. 25 mL aliquots
of the filtered sample were spiked in 125 pL intervals until 625 uL (to 122 ppm). The
concentration value predicted by the non-matrix-matched calibration agreed quite well with
the results yielded by standard addition onto the matrix (ccai = 1.008 csd-ada + 920.54 ppm)

as seen on Figure 11.
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Figure 11. Sulfate standard addition on process water matrix. »* = 0.973.

This would suggest the matrix effect with sulfate is both statistically insignificant and
neglectable as the difference between the regression and calibration lines is less than 1 ppm
over the 122-ppm range. However, it cannot be ruled out that any co-eluting compounds
may have oxidized, precipitated out of the solution, or deteriorated as the process water

sample was not preserved in any way.

7.4 On-site on-line process IC measurements

Two standard solutions of 1 000 mL were prepared by first adjusting the pH of ultrapure
water to pH 12.8 with analytical grade NaOH and chilling, to which analytical grade sodium
sulfite, sodium sulfate and sodium thiosulfate pentahydrate were dissolved in as described
in Table VI. The high concentration standard was used to emulate plausible oxyanion
concentrations in the process water. The low concentration standard was intended to assess
the detection and determination limits more accurately. These are hereinafter referred to as

HCS and LCS, respectively.
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Table VI. Preparation of the standard solutions (LCS and HCS). Resultant calculatory

oxyanion concentrations are shown in parentheses.
Mass, mg (per liter)

Reagent Assay

LCS HCS
Na;S0; 98 % 10.02 (6.24 ppm) 32.53 (20.25 ppm)
Na,SO4 99 % 10.42 (6.98 ppm) 1195.75 (800.59 ppm)
NaS:05 - SH O 99.5% 29.84 (13.41 ppm) 111.24 (50.01 ppm)

LCS = Low concentration standard solution
HCS = High concentration standard solution

The program cycle (Figure 12) consisted of measuring the background signal, and sample
and standard runs. A standard was run between every sample, alternating between LCS and
HCS. The background was measured before every fifth process water sample, i.e., between
10 runs, and subtracted from the chromatograms to yield a flat baseline. Two on-line test
series were conducted (further described in Oand 0). The standard solution measurements are

shown in more detail in Appendix 1.

N,
N N,

N,

\‘\) Background ™ Sample

HCS SN LCS ™
(every cycle) ’

/" (every fifth cycle) /"

/
’
4 Vil

Figure 12. Metrohm ProcessLab Manager analysis cycle.

Outlier detection based on exceeding three standard deviations from mean concentration of
the analytes was applied to LCS and HCS datasets, which upon closer inspection revealed
errors in integration of the peaks. Erroneous peaks were re-integrated manually, but some
true outliers were observed, nevertheless. True outliers were peaks that could not be
identified faulty visually but were of unusual area. To justify normal distribution assumption,
these had to be removed as well (Figure 13). However, this does not necessarily prove that
the measurements are invalid in themselves but rather a shortcoming of the model or an

unaccounted event affecting the measurements.
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Figure 13. Effect of outliers on standard deviation assumption. In A) standard deviation is
overestimated as 0.85 ppm vs 0.39 ppm of B) with outliers removed. Sulfite HCS on the first
on-line test series data is shown as an example here. The procedure was applied to all
measurements of the standard solutions.

Especially measurements using UV detection were prone to errors due to low signal-to-noise
ratio. Also peaks that landed on gradient ramps sections often resulted in unideal peak shapes

which were not always accurately recognized by the software as seen on Figure 14.
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Figure 14. A peak incorrectly integrated by the MaglIC software. The gradient ramp begins
at circa 21.3 minutes mark, causing the tail of the peak to compress.

Such peaks were possible to fix by manual integration but occasionally the baseline
fluctuated in a way that no unambiguous integration could be produced, and the
measurement had to be entirely excluded. If one were to assess how the software performs
in itself, manual integration should arguably be omitted. The effect of this is contemplated

in the second on-line test series.

7.4.1 First on-line measurement test series on site

A total of 212 runs were carried out during the period which spanned from December 16"
to 21%, in process conditions. This number excludes blank measurements. 109 process water
samples were analyzed. The cycle was interrupted on multiple occasions due to software
errors and therefore the number of cycles and measurements does not completely agree with

that predicted by the cycle. The number of true outliers removed is presented in Table VII.



67

Table VII. Outliers and errors in the first test series.

Detection Ton Included Erroneous True outliers
measurements excluded

LCS (n=52) Conductivity [SO:*> 47 3 2
[SO4* 47 5 0

[S205]> 49 3 0

UV 223-237nm  [S;0:]* 51 1 0

UV 198-222nm  [S,05]* 51 1 0

HCS (n=151) Conductivity [SOs*> 49 0 2
[SO41* 49 1 1

[S205]> 50 0 1

UV 223-237nm  [S:0:]* 51 0 0

UV 198-222nm  [S:0:]* 51 0 0

LCS = Low concentration standard solution
HCS = High concentration standard solution

The distributions were tested against normal distribution with Q—Q plots, which generally
agreed well with the data. However, these plots revealed LCS sulfate concentration
distribution to be slightly left skewed (0.59) and sulfite concentration distributions LCS and
HCS to be short-tailed and slightly right skewed in HCS (—0.57). The rest of the distributions
ranged from —0.17 to 0.38 skewness, after outlier removal. These are the main shortcomings

of the normal distribution assumption.

7.4.2 Second on-line measurement test series on site

The second test series was carried out between January 3™ and 23", 2023 from where the
first test series left off. The program order was unaltered from the previous on-line test series
(Figure 12) except for that a waiting period of 60 minutes was added between every cycle.
Total of 368 runs (185 cycles) were carried out during this period. This number excludes
blank measurements. 185 on-line process water samples were analyzed. The standard
measurement outliers are shown in Table VIII, as detected by exceeding three standard
deviations from the mean concentration. Also, some manual peak integration was performed

where automatic peak detection produced incorrect results, like in the first test series.
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Table VIII. Outliers and errors in the second test series. The total amount of erroneous
measurements prior to re-integration is shown in parenthesis, if performed.

Detection Ton Included Erroncous True outliers
measurements excluded

LCS (n=92) Conductivity [SOs1* 88 4 (7 0
[SO4* 83 8(12) 1

[S20:1* 92 0(3) 0

UV 223-237nm  [S,05]* 91 1(2) 0

UV 198-222nm  [S,05]* 83 9(11) 0

HCS (n=91) Conductivity [SOs* 88 2 1
[SO4* 88 309 0

[S205]* 91 0 0

UV 223-237nm  [S;0:]* 91 0(2) 0

UV 198-222nm  [S:0:]* 91 0(2) 0

LCS = Low concentration standard solution
HCS = High concentration standard solution

Most notably the error rate in thiosulfate LCS UV measurements differs between the
channels. After outlier handling of LCS and HCS measurements some skewness was still
present, being most prominent in the thiosulfate conductivity detection, with 0.77 and 1.04
for LCS and HCS, respectively. Sulfite also sported a skewness of 0.80 in HCS. These three
might therefore provide slightly positively biased concentrations with normal distribution
assumption. The rest of the measurement datasets were modestly skewed, ranging from —

0.31 to 0.42.

7.4.3 Limits of detection and quantification

LODs and LOQs were calculated based on the sample standard deviation, s, of the
concentrations mean concentrations as 3s and 10s, respectively. The resulting LODs and
LOQs for the analytes in conductivity detection are presented in Table IX and Table X, for
the first and the second on-line test series, respectively. In the latter, the LOD and LOQ of
sulfite in LCS are based on measurements that are in fact below the LOQ (¢ = 6.2 ppm),

should it be based on standard deviation.
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Table IX. Conductivity detector standard deviation based LODs and LOQs for the first on-
line test series.

LCS HCS

Component
n  s,ppm LOD,ppm LOQ, ppm n s,ppm LOD,ppm LOQ, ppm
[SOs1* 47 03 0.9 2.9 49 0.4 1.2 3.9
[SO4* 47 0.5 1.5 5.0 49 0.9 2.6 8.6
[S20: 49 0.1 0.3 1.1 50 0.2 0.6 1.9

LCS = Low concentration standard solution
HCS = High concentration standard solution

Table X. Conductivity detector standard deviation based LODs and LOQs for the second on-
line test series.

LCS HCS

Component
n s,ppm LOD,ppm LOQ, ppm n  s,ppm LOD,ppm LOQ, ppm
[SOs]* 88 1.1 3.4 11.2 88 1.4 4.1 13.8
[SO4]* 83 23 7.0 23.4 88 5.1 15.3 51.0
[S20:> 92 1.0 2.9 9.6 91 1.5 4.4 14.6

LCS = Low concentration standard solution
HCS = High concentration standard solution

Amplitude of the noise in UV detection was calculated from background measurements. The
maxima and minima were calculated for 21-datapoint periods for both UV channels in the
first 20 minutes of the measurement (Figure 15). The distances between maxima and minima

at each point in time were halved and an average was calculated.

For the first on-line test series, a background measurement on December 20" 6:48 am was
used, as it was found to be relatively free of baseline drift, and close to the end of the test
series to avoid underestimating noise developing over the course of the test series. The noise
amplitudes were 0.264 mau and 0.282 mau for UV 198-222 nm and 223-237 nm,

respectively.

The procedure was repeated for the second on-line test series. The UV noise measurement is
based a background measurement on January 22" 4:49 pm. Noise of 0.542 mau and 0.368
mau were measured for UV 198-222 nm and 223-237 nm channels, respectively. For UV

198-222 nm the figure is over twice as high in comparison to the first test series.
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Figure 15. Noise in the UV detection channels; A) 198-222 nm, B) 223-237 nm. Dashed
lines indicate amplitude maxima and minima for quantifying the noise.

More precisely the noise was observed increasing with time throughout the test series, and
the procedure presented here is a simplification done to save time, as quantifying the noise
in this way proved laborious. The noise is quantified here for the purpose of assessing signal-
to-noise ratio based LODs and LOQs. This was achieved through calculating the absorbances
required for LOD and LOQ and translating the existing calibration to peak-height-based,
which then yielded the corresponding concentrations. Only thiosulfate was consistently seen
out of the three sulfur oxyanions. The LODs and LOQs of the first and second on-line test

series are presented in Table XI and

Table XII, respectively. The values are manyfold greater than those of the conductivity
detector regardless of the calculation method, to which the high amount of baseline noise in

comparison could be attributed.
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Table XI. Thiosulfate UV detector LODs and LOQs. First on-line test series.

Calculation method LOD. ppm (3) LOQ. ppm (10)
198-222 nm 223-237 nm 198-222 nm 223-237 nm
Signal-to-noise 4.0 4.2 16.3 19.6
SD, LCS (n=51) 7.5 6.1 24.9 20.3
SD, HCS (n = 51) 6.6 8.6 22.1 28.8

LCS = Low concentration standard solution
HCS = High concentration standard solution

Table XII. Thiosulfate UV detector LODs and LOQs. Second on-line test series.

. LOD, ppm (3) LOQ, ppm (10)
Caleulation method - — o ™ 233 237 nm 198222 nm 223237 nm
Signal-to-noise 11.1 8.3 30.8 21.2
SD, LCS (1 =91; 83) 18.9 102 62.9 34.0
SD, HCS (7 = 91) 21.9 117 73.1 39.1

LCS = Low concentration standard solution
HCS = High concentration standard solution

Ambiguity arising from integrating peaks with loads of noise increases the standard
deviation, which may account for the lower LOD and LOQ figures yielded by the signal-to-

noise based calculation.

A few issues are presented. The measurements on which the LOQ of sulfite is based on are
below the LOQ in the second test series in conductometric detection. However, the noise in
conductometric detection was minute, and the signal-to-noise ratio was definitely sufficient
for LOQ. The problem is more pronounced in UV detection of thiosulfate where the
measurements fall below the signal-to-noise ratio based LOQ for LCS in both UV channels
in addition to standard-deviation-based LOQ, except in the 198—222 nm channel in the first
on-line test series, and the UV detection is rendered unusable for quantification at this

concentration.

Baseline fluctuations are assumed to contribute to the general increase in variance. There
appears to be a repeating ascending pattern in the measured concentrations in the second on-

line test series, which is depicted in Figure 16.
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Figure 16. Thiosulfate conductivity LCS measurement and mean (dashed line). The standard
concentration based on the weighed mass was 13.4 ppm.

Were the phenomenon stemming from background measurements, the pattern should be
expected to appear in alternating three and two measurement clusters. The ascending pattern
was indeed observed to follow background measurements. In the second test series the 60-
minute wait periods between program cycles meant in practice that the background
measurements would be carried out less frequently than in the first series, timewise. Similar

periodicity is present in other standard measurements as well, but to a lower degree.

7.4.1 Accuracy

Comparisons between concentrations expected from the standards solutions based on the

weighed masses and the results yielded by the process IC are shown in Table XIII and

Table XIV for the first and second on-line test series, respectively. The difference of
concentration determined by the process IC and the concentrations expected based on the
weighed masses are suggested to be statistically significant in each case, except for sulfite in
the second on-line test series. Besides this, accuracy with respect to the standard solutions

has decreased in the UV measurement between the on-line test series.
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Table XIII. The concentrations of standards measured by the process IC vs calculatory, and
percentual error of the IC result with respect to the weighed mass. First on-line test series.

LCS, ppm HCS, ppm
Detector Anion

95 % CI Cealc diff., % 95 % CI Cealc diff., %
Conductivity [SO;* 5.87-6.04 6.24 —4 +1 18.40-18.63 20.25 —9 +]
[SO4* 27.85-28.14 6.98" +301 +2 873.71-874.21 800.59 +9 +0
[S20s]>  15.84-15.90 13.41 +18 +0 51.79-51.90 50.01 +4 +0
UV 223-237nm  [S$:0:]> 17.05-18.19 13.41 +31+4 55.04-56.66 50.01 +12 42
UV 198-222nm  [S;03]* T 13.41 — 56.95-58.20 50.01 +15 +1

LCS = Low concentration standard solution
HCS = High concentration standard solution

* Requires extrapolation of the calibration curve
1 Below S/N-ratio-based LOQ

Table XIV. The concentrations of standards measured by the process IC vs calculatory, and
percentual error of the IC result with respect to the weighed mass. Second on-line test series.

LCS, ppm HCS, ppm
Detector Anion

95 % CI Ceale diff., % 95 % CI Ceale diff., %
Conductivity [SO;)* 5.94-6.41 6.24 -1+4 18.81-19.39 20.25 —6 +1
[SO4* 27.35-2837 6.98" +299+7 874.45-876.61 800.59 +9 +0
[S20s]>  15.47-15.87 13.41 +17 £2 50.29-50.90 50.01 +1+1
UV 223-237nm  [S;0:]* T 13.41 — 62.75-63.75 50.01 +26 £2
UV 198-222nm  [S;03]* T 13.41 — 70.63-73.67 50.01 +44 +3

LCS = Low concentration standard solution
HCS = High concentration standard solution

* Requires extrapolation of the calibration curve
1 Below S/N-ratio-based LOQ

In the second on-line test series thiosulfate concentration measured by the UV detector in
198-222 nm range was observed to change over time as seen in Figure 17. The detector noise
which appears to grow in amplitude is a plausible explanation for the changes; with more
pronounced noise the peaks become increasingly ambiguous and the limit of quantification

increases, and as a result more erroneous measurements are made.
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Figure 17. Thiosulfate 198—222 nm concentration measurement A) drift in HCS, B) variance
increase in LCS.

Strangely, the drift only appears to affect UV 198-222 nm channel. A plausible explanation
would be that the UV lamp wears out unevenly on different frequencies, or that some kind

of UV-active fouling took place in the flow cell.

The large discrepancies of sulfate concentrations present in LCS (+301 % and +299 %) might
be explained by the calibration curve (Figure 18). This concentration is below the lowest
points of the calibration curve and would appear to land on quadratic fit of the four lowest
concentrations of the calibration curve, suggesting non-linearity towards the lower

concentrations. Furthermore, a linear fit through the four lowest concentrations (44—
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189 ppm) displays lower linearity (+*>=0.9840) in comparison with that of the whole
calibration curve (7*=0.9996). This well demonstrates the pitfalls of extrapolating
calibration curves. However, the concentration was ill-chosen for assessing the calibration

within its range.
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Figure 18. Low end of the sulfate calibration curve. The calibration curve and points are
depicted by the solid line and blue dots; the dashed line is a quadratic fit excluding 544 ppm
and 1049 ppm calibration points. This does not include the mean response of LCS in the first
on-line test series which is indicated by the orange triangle, with a concentration of 6.98 ppm
based on the weighed mass.

To assess accuracy with the recycled process water matrix, six process water samples were
analyzed using Hach DR1900 with LCK cuvette test kits to compare concentration results
parallel with IC during the first on-line test series. Sampling was carried out simultaneously
with the IC sampling step by filling a 20-liter plastic bucket to the brim with process water
at the sampling point and lidding it to minimize exposure to oxygen. Samples were drawn
from the bucket with a syringe and filtered directly to the cuvettes with a sterile 0.45 um
filter to remove any suspended solids. While this practice is not as precise as pipetting,
minimal air exposure could be ensured. Sulfide was analyzed with LCK 653, sulfite (Figure
19) with LCK 654, and sulfate (Figure 20) with LCK 353 kits. Sulfite samples were diluted
with ultrapure water to bring the concentration to the analysis range of 0.1-5.0 mg/1 for LCK

654.
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Figure 19. Sulfite levels on process IC vs spectrophotometry and the observed difference.

The sulfite levels measured on process IC were small and indefinite, and below the threshold
for automatic peak detection after background subtraction, and thus the peaks had to be
manually integrated. On a side note, as these peaks are below the response of previously
reported LOD it could be argued that they should not be detected at all and should instead
read a zero concentration, depending on how the LOD is defined. Either way, there is a clear
discrepancy (¢ test probability <0.001) between the concentration means obtained by IC
measurement and colorimetry. A plausible explanation may be that oxidation of sulfite takes
place during sampling on the process IC, as the analyses of standard solutions did not reveal
similar aberrations that would instead suggest a calibration issue. The swiftness of sulfite
oxidation was also apparent in the dilution tests on IC (Appendix 2). The sampling unit of
the process IC was not protected from air, and the sample would be agitated during this
sampling step. Decreasing contact time with air, employing an inert gas atmosphere or

addition of a stabilizing agent could perhaps mitigate oxidation in the sampling unit.

Using different analytical methods may also account for error, as the sulfite concentrations
in the calibration were verified by titration. The scientific literature also suggests matrix
effects may be at fault. However, the difference was not observed in HCS to same degree
though it contained similar sulfite-to-sulfate ratio, if closely sulfate were to cause disturbance
on the sulfite measurement. The recycled process water matrix noticeable amounts of what
is thought to be chloride and nitrate, which were not present in the standard solutions, which,

according to the literature, could also affect the measurement of trace amounts.
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Figure 20. Sulfate levels measured on process IC vs spectrophotometry, and their difference.

The IC measured on average 96 ppm higher sulfate levels than the Hach LCK 353 test kits
on these six runs, displaying a similar positive bias as seen in the HCS runs of similar
concentration scale (73 ppm increase, from Table XIII) and in testing of the calibration curve
(Figure 10B). How these relate to one another is shown in Figure 21, and it appears they are
in line with each other. The calibration curve is also based on Hach cuvette test kits, but

measured in different matrix, which may contribute to the error.

A plausible explanation could be that the Hach test kits produced more error with the
calibration solution matrix instead, which contained proportionally more sulfite and
thiosulfate than the process water and was set to high pH. Moreover, the two analytical
methods may be susceptible to different components in the matrix as sources of error.
Finally, the possibility of human error in the calibration cannot be directly excluded, nor is
it refuted that the linearity between 544 ppm and 1049 ppm calibration points could be lower
than the model suggests. Recalibration should be performed with these considerations in

mind.
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Figure 21. An arbitrary dashed line drawn through means of LCS and HCS (as measured in
the first on-line test series). Modified from Figure 10B. The Hach LCK 353 measurements
are presented with peak areas of the corresponding IC measurements.

Sulfide levels were in each six cases below the lower limit of 0.1 ppm on LCK 653, neither

was it detected by the IC during the test series.

7.4.2 Precision

The average concentrations of LCS and HCS, as measured by the process IC, are presented

in Table XV and

Table XVI, for the first and the second on-line test series, respectively. The mean
concentrations are those predicted from peak areas based on the calibration. It is discernible
that the relative standard deviations are consistently lower as the concentrations increase,
1.e., relative precision increases as concentration increases. A plausible explanation could be
that baseline fluctuations affect the lower concentrations more significantly, especially if the
fluctuations are fixed in magnitude. The chromatogram appeared visually slightly different
on each blank run which would suggest the mixing was unideal, though this is hard to
quantify, and could have been caused by other factors. For instance, any contaminants that

are strongly retained by the column might elute at arbitrary seeming times.
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Table XV. Calculatory and mean IC-measured LCS and HCS concentrations. First on-line
test series.

LCS, ppm HCS, ppm
Detector Anion
Cealc c RSD of ¢ Cealc c RSD of ¢

Conductivity ok 6.24 5.96 4.9 % 20.25 18.52 2.1%
SO 6.98 28.00 1.8 % 800.59 873.96 0.1%

S,03% 13.41 15.87 0.7 % 50.01 51.85 0.4 %

UV 223-237nm  S;0:% 13.41 T — 50.01 55.85 52 %
UV 198-222nm  S,03%" 13.41 17.69 14.1 % 50.01 57.58 3.8%

LCS = Low concentration standard solution
HCS = High concentration standard solution
1 Below S/N-ratio-based LOQ

Table XVI. Calculatory and mean IC-measured LCS and HCS concentrations. Second on-
line test series.

LCS, ppm HCS, ppm
Detector Anion
Cealc c RSD of ¢ Cealc c RSD of ¢

Conductivity [SO;)* 6.24 6.17 18.1 % 20.25 19.10 7.2 %
[SO4* 6.98 27.86 8.4 % 800.59 875.53 0.6 %

[S205]> 13.41 15.67 6.1% 50.01 50.60 2.9 %

UV 223-237nm  [S;03]*> 13.41 i — 50.01 62.94 6.2 %
UV 198-222nm  [S,03]*> 13.41 T — 50.01 72.15 10.1 %

LCS = Low concentration standard solution
HCS = High concentration standard solution
1 Below S/N-ratio-based LOQ

It is unclear why the precision in the second on-line test series is consistently lower than in
the first test series. Wide variety of phenomena may account for this, such as contamination,
equipment wear, or differences in the test setting. Visually it appears that the aforementioned
baseline fluctuations are more prominent in the second test series, although this is difficult
to quantify objectively. With unstable baseline the peak integration becomes more

ambiguous and contaminants co-eluting with the analytes may produce error in the results.

7.4.3 Robustness

In the second on-line test series the elution of both sulfite and sulfate took place on plateau-

like part of the gradient, for which the average eluent strength was approximated. Figure 22
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indicates that the retention times of the analytes in standard solutions are decreasing with
time, as expected. The concentration in an eluting pulse may also affect the retention time
through change in Kp, but no changes in the sulfite and sulfate concentrations were apparent,
and furthermore the retention times agreed quite well despite the different concentrations in
LCS and HCS. Why the decrease is not completely linear may be attributed to changes in
eluent composition, as there would appear to be systematic episodes in the LCS and HCS
retention time measurements. The eluents were prepared on site from KOH pellets, which is
a likely source of error. The gradient required roughly 6.5 mL of 52 mM KOH solution out
of the 50 mL volume the Metrohm Dosino unit was filled with. The Dosino unit was not
emptied between turns, and therefore it took approximate 7 runs to reach % content of the
new KOH solution each time a new solution was prepared. This agrees quite well with the

rate of systematic abrupt changes in the elution times.

22 -
A) ALV tzr = —0.0062x + 21.334
21 {a AR r? = 0.6965
NERRAAS
= IS PN AN N
c 20 - : soan s A%[Z‘\ﬁé‘lﬂ%%f&fﬂm
= AA AAAAA \A“‘\\\A\A%_§
€19 - A '\
& A
18 - ABA
tr = —0.0056x + 19.221
17 r’=0.6937
16 T T T
0 100 200 300
Order
B) 23 -
N tx = —0.0065x + 21.76
22 1 pettnrnn o r = 0.6905
21 {
A mﬂ%ﬁz\\\ Do o g 280 A
£ 20 A A NS =L A A
> . Ot T
&19 - i
A
18 A A
17 - tx = —0.0056x + 19.272
r*=0.6676
16 T T T
0 100 200 300
Order
Sulfite A Sulfate Lin. (Sulfite) ———-Lin. (Sulfate)

Figure 22. Decline of retention times on A) HCS and B) LCS. Second on-line test series.
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With the assumptions that the elution behavior follows the model described in equation 44
in unity with the exponents of equations 66 and 67, and elution times follow the linear
models described in Figure 22, and that the selectivities and stationary phase volume are
constant but the ion exchange capacity (Or) changes over time, a model illustrating the

capacity degradation could be approximated. (Figure 23)
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Figure 23. Diminishing of the column capacity in A) HCS and B) LCS with model expanded
from Figure 6.

Based on the model it can be approximated that the column has lost 5 % of the capacity

relative from the beginning to the end of these 368 runs. The model fit consistently except
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for K§8‘3‘§: which was 1.286 for HCS and 1.304 for LCS. This could be due to much higher

sulfate concentration in HCS compared to LCS (800 ppm vs 7 ppm), leading to lower Kp.
7.5 Summarization of process IC test series

The two on-line test series are considered a continuum, and their results are discussed here
collectively to highlight possible trends in the data. Finally, the process water measurements

are presented.
7.5.1 Effect of gradient on peak asymmetry

Elaborating on the phenomenon observed in Figure 14, sulfate peak displayed varying levels
of asymmetry throughout the test series. Timing of the gradient slopes with respect to sulfate
elution time clearly affects asymmetry on HCS (Figure 24) while asymmetry in LCS is lower
and unaffected by the gradient, which support the hypothesis that the tailing is caused by Kp

following a non-linear isotherm.
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Figure 24. Development of sulfate peak asymmetry on HCS.
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Based on this metric, timing the elution of tailing-prone analytes on a gradient slope with
increasing eluent strength appears to be a plausible method of producing more ideal peak

shapes artificially.

7.5.2 Repeatability

Many distributions of the standard solution measurements were found skewed to some
degree with normal distribution assumption. Student’s unpaired # test was performed on LCS
and HCS mean concentrations, to assess repeatability. The null hypothesis is that there is no
difference between the populations of the two test series. In many cases the distributions
were skewed in opposite directions with further causes inaccuracy. This is illustrated in Table

XVII. Arithmetic mean was used in all of the previously presented calculations.

Table XVII. Probabilities of null hypotheses between the two test series using arithmetic and
geometric means.

Unpaired one-tailed ¢ test

Detection Anion Carit Cgeom
LCS HCS LCS HCS
Conductivity [SO;]>  0.0476 0.0002 0.1786 0.0004
[SO4*  0.3007 0.0028 0.1901 0.0030
[S20:]>  0.0269 0.0000 0.0140 0.0000
UV 223-237nm  [S:0:]* — 0.0000 — 0.0000
UV 198-222nm  [S20:]>  0.0000 0.0000 — 0.0000

LCS = Low concentration standard solution
HCS = High concentration standard solution

As seen, depending on how the mean is calculated, different significance levels are satisfied.
Either way, good repeatability of sulfite and sulfate is suggested in conductometric detection
in LCS-like concentrations by the ¢ statistic. It suggests that the concentrations of LCS and
HCS have not changed, i.e., the stabilization method performs well. The UV thiosulfate
detection displays poor repeatability consistently. Then, an F test is performed for the three
LCS anions in conductometric detection to further test the null hypotheses. The F' statistic
very strongly suggests that the standard deviations are not repeatable, with null hypothesis

probabilities being less than 1077 for all three. This is further illustrated in Figure 25.
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Figure 25. Effect of concentration on RSD on conductometry-based measurements.

The lower concentrations appear to be more highly affected over time, and the effect of
concentration on RSD appears to roughly follow a power law in conductometric detection,

resembling a “Horwitz Trumpet” plot.

7.5.3 Process water measurements

An unexplained trough was apparent during the first on-line test series thiosulfate
measurement (Figure 26). This is also seen in sulfate measurement, and such a sudden

change could be possibly caused by alternating the water source.
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Figure 26. IC-measured thiosulfate levels in A) the first and B) the second on-line test series.

Sulfate levels were seen to be quite well contained within 100-ppm ranges in both test series,
excluding the trough in the first on-line test series (Figure 27). Three measurements fell
below the 775-ppm lower limit of the graph in the second on-line test series. There also
appears to be ascending and descending patterns in consecutive measurements in the in the
second test series. It is unclear whether this was caused by actual variation in the process

water or due to background measurement which was renewed after every 5 run.
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Figure 27. IC-measured sulfate levels in A) the first, and B) the second test series.

Sulfite was seldom detected in the process water by the IC, accompanied by invalid
measurements brought about by baseline noise and automatic peak integration. To determine
the highest sulfite concentration recorded, these measurements were manually inspected and
re-integrated. As a result, the highest concentration of 10 ppm was measured twice,

accompanied by 21 measurements ranging between 1.5-6.8 ppm.

Peaks that were likely chloride and nitrate were consistently prominent in the process water
conductometric detection chromatograms, and nitrate in the UV detection chromatograms.
As the standard solutions did not appear to suffer as noticeable deviation from the expected
value as previously discussed (see 7.4.1), it is possible that the chloride or nitrate in process
water samples hindered sulfite elution as suggested by the literature. In addition, minor peaks

were consistently present in the process water measurements (Figure 28). Also, some
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baseline fluctuation can be perceived. In UV channels, only nitrate and thiosulfate peaks

were recognizable, and clear enough to be integrated.
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Figure 28. Example of a process water sample chromatogram in conductometric detection.
In this chromatogram no sulfite has been automatically detected, although the small bump
around 18.5 minutes mark fits the elution time of sulfite. Detected peaks from left to right:
Unknown (5.0 min.), chloride (7.0 min.), unknown (8.7 min.), unknown (12.5 min.), nitrate
(15.1 min), sulfate (19.9 min.), and thiosulfate (25.2 min.).

Besides monitoring patterns in the data, control charts could possibly be implemented based
on the concentration measurements. However, erroneous measurements were observed to
take place on many occasions, and the data should be therefore used with certain
reservations. This could manifest as both false negative and false positive readings if limits
were set for the targeted value. Especially more reliable automatic peak integration would
improve ratio of false readings, which may be possible to achieve with fine-tuning of the

chromatography software settings.

Both on-line test series featured some outliers due to problems in peak integration, in the
LCS and HCS measurements which may be generalizable to the process water measurement.
As outlier analysis cannot be performed on the on-line process water sample measurements

in the same manner because the concentrations are not expected to be constant, this is
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valuable information. Hence, attention was paid to documenting the total outlier rate prior

to re-integration during the second on-line test series (Table X VIII).

Table XVIII. The total rate of outliers with automatic peak detection in the second on-line
test series.

Outlier rate

Dataset Conductivity detection UV 223-237nm UV 198-222 nm
[SO3]2_ [SO4]2_ [8203]2_ [8203]2_ [8203]2_
LCS 8 % 13 % 3% 2% 12 %
HCS 2% 10 % 0% 2% 2%

LCS = Low concentration standard solution
HCS = High concentration standard solution

The errors occurred in more frequently in LCS than in HCS. The scale of the errors in sulfate
measurement appears to be subtle as only three out of the 185 measurements were manyfold
outside of the 100-ppm range and were then easy to suspect as false recordings in the second
on-line test series. However, due to their large amount, all the chromatograms were not
individually checked for erroneous peak integration, although this would provide valuable
information. Handling large amounts of data with the described methods is recognized as
one of the key issues. Perhaps a different kind of approach would be more suitable for this
purpose. For instance, smaller datasets may be generalizable to the population through

careful sampling.
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8 Conclusions

The key issues regarding water use in minerals processing are identified. The industry strives
to improve water use efficiency, inter alia, through water reclamation which has implications

on process control.

Ion chromatography is a well-established and versatile analytical method with a wide range
of applications. In this thesis, an on-line method based on ion chromatography was studied
for monitoring the levels of sulfur oxyanions in mineral processing process water streams,
for which it is deemed auspicious thanks to the suitable dynamic range, quantification limits,
and precision. Certain aspects regarding sampling and instrumentation are suggested to
further improve the analytical capabilities. The unideal operating conditions and matrix
effects are suggested to influence the system by causing interferences, and by affecting the
life cycle. Capacity loss of the analytical column was proposed. The matrix effects remain

unclear but no major disturbances that would hinder the analysis could be identified.

The main cause of the erroneous measurements is suggested to be accountable to baseline
fluctuations, which are suggested to stem from contaminants and gradient disturbances.
Some anionic sulfur species are notoriously unstable, and the sampling step is suspected to
have induced major oxidation of the process water samples, though further inquiry is
required to elucidate the impact, as matrix effects may manifest in similar manner. Presence
of metals in particular is mentioned in the scientific literature to accelerate oxidation. This is
proposed as one of the key issues in the analysis. While in general using more than one
detector for sulfur speciation analysis might be justified, in this case with the analytes being
only sulfite, sulfate, and thiosulfate conductometric detection alone was sufficient, and
furthermore arguably outperformed ultraviolet spectroscopic detection. Some inaccuracy is
identified in the calibration of sulfate, but its source remains elusive. Certain constraints are
placed on the operating conditions, namely due to temperature sensitivity of the column and

for stabilizing aqueous multi-anion standards of sulfite, sulfate, and thiosulfate with high pH.

The findings support elution mechanisms previously proposed in the scientific literature for
hydroxide eluent system. The pH stabilization method demonstrated good performance in
these conditions and proved itself practical in comparison with many methods proposed in

the literature, but its limitations have not been identified.
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Appendix 1. Measurement of standards on the process IC

Measurements are reported with outliers removed. The x-axis represents the run order (title

has been omitted to save space). Dashed line depicts the mean value.
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Second on-line test series: Standards
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Appendix 2. Synthetic process water dilution tests

Methods

Two batches of deionized water were adjusted to pH’s 9.2 and 5.8 using2 M NaOH and 1 M
HCI, respectively, and subsequently sparged with nitrogen gas for >30 minutes using a

sintered bottom borosilicate bottle, to remove dissolved oxygen.

Synthetic process water solutions were made by dissolving a mixture of Na>S - xH20,
NayS03, NaxS>03 - 5H20 and NapSOq4 salts in 400 mL degassed water while sparging at the
same time, to produce two stock solutions containing 4.5 ppm of S*, 9.7 and 9.9 ppm of
SOs?7, 54 ppm of S203% and 790 ppm of SO4>~ which resulted in pH’s 0of 9.9 and 9.7, further
denoted as stock solutions A and B, respectively. To avoid contact with oxygen, stock
solution C was created by adding a droplet of 1 M HCI directly to stock solution B, which
resulted in pH of 7.0. L.e., stock solutions A, B and C only varied in pH.

The stock solutions were diluted with nitrogen sparged deionized water to 1/10, 1/20, 1/40
and 1/80 strengths by pipetting; stock solution A (pH 9.9) was diluted with pH 9.2 water,
stock solution B (pH 9.7) with pH 5.8 water, and stock solution C (pH 7.0) with pH 5.8
water. Care was taken to avoid any contact with air. IC vials were overfilled to minimize air
in the headspace, and then instantly capped, gushing excess sample out. In addition,
approximately 1/4 and 1/8 dilutions were made from stock solution A. The samples were
analyzed using Dionex AS22 column with 1.2 mL/min 4.5 mM CO3;* / 1.4 mM HCO;~
eluent and detected using suppressed conductometry operating at 31 mA. Injection volume

was 25 puL.

Results

Four peaks were detectable each time, and an additional peak was present in the stock
solution A dilutions. The first peak eluting at around 3.96—4.24 min was most likely chloride,
which was corroborated by the high response in stock solution C samples, as the stock

solution was pH-adjusted with HCI (Figure 1).
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Figure 1. Chloride response.

In all stock solution A dilutions, a peak was discovered around 6.18-6.20 min, possibly

indicating nitrate. Its area was however virtually independent of the dilution ratio (+* = 0.06).

An unidentified trough was discovered around 7.22—7.90 min. Although the elution time
suggested phosphate it was ruled out due to being negative in response. The trough correlated
well with the stock solution strength (Figure 2). A more prominent trough was found in the

same place in stability experiments with 10-ppm sulfite solution at pH 12.
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Figure 2. Unknown trough vs dilution amount



Each chromatogram was dominated by the sulfate peak (8.99-9.73 min) which was followed
by a thiosulfate peak (20.98-21.94 min). Both sulfate (Figure 3) and thiosulfate
concentrations had excellent linear correlation to the peak area (+* > 0.99) in the 1/10-1/80
dilution range. Therefore, it can be concluded that dilution does not appear to degrade
thiosulfate in any of the runs. Sulfate peak area was found to slightly correlate with peak
widening (* = 0.35) measured as peak half height (Figure 4), while this was not observed
for thiosulfate (Figure 5). No shoulder indicating sulfite was present on the sulfate peak. It

is suspected that, if present, the sulfite peak is consumed by the sulfate peak.
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Figure 4. Sulfate peak widening
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Figure 5. Thiosulfate peak widening

Sulfite was however deemed detectable using the ion chromatography system in question.
Stabilization of sulfite was attempted at high pH without oxygen removal similarly to Liao,
Sram & Files (2013). Without any other pretreatments deionized water was simply adjusted
to pH 12 by 2 M NaOH solution addition, and sodium sulfite was added, and the sample was
run. Stored in laboratory temperature, this resulted in a single detectable positive peak
preceded by a trough both times, eluting before the sulfate elution timeframe on the second

run, indicating no sulfate was formed through oxidation.

Interestingly, the peak area-ratio and height-ratio of thiosulfate to sulfate increased with
dilution. Although bearing linear response on their own, they might not be directly

comparable to each other. (Figures 6 and 7)
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