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Abstract 

 

The aim of this work was to find and test different technologies to measure sulphates from mine 

waters and mine waste waters. Another target of the work was to evaluate reliability, functionality 

and possible suitability of technologies for online use. Sulphates were measured with five different 

technological solutionsand elemental sulphur was measured with one technology from different 

mine water fractions. Three mines were asked to deliver samples and each mine sent three samples 

which had different sulphate concentrations. As reference measurements, ICP-OES (Inductively 

Coupled Plasma Optical Emission Spectroscopy) and IC (Ion Chromatography) were used. 

Elemental sulphur can be measured by ICP-OES and it is possible to measure sulphate content by 

IC. An ICP-OES device is located in Oulu (University of Oulu, Trace Element Laboratory) and an 

IC device is situated in Kokkola (University of Oulu Applied Chemistry reasearch group). Titration 

technology by Metso and CE (Capillary Electroforesis) by Cemis-Oulu were used as new 

technological solutions. Sulphate content was also measured in VTT by commercial Raman 

spectroscopy device but VTT is also developing their own time-gated Raman spectroscopy. The 

Sulfate Vacu-vials® test kit (commercial) was also tested in Oulu (University of Oulu Applied 

Chemistry reasearch group). This sulphate test kit is based on the turbidimetric method. When 

evaluating measurement results, the best technology was CE. The second best results were achieved 

with sulphate test kits when the sulphate amount was over 500 mg/L. In turn, when the sulphate 

amount was below 500 mg/L, the titration technology gave more reliable results than test kits. 

Traditional Raman spectroscopy recognized sulphates as peaks in the spectrum, but did not react to 

sulphate amounts as reference measurements. These results were published in MMEA and Sulka 

projects. 
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1 INTRODUCTION 

 

Controlling and measuring sulphate discharges in the mining industry are important especially in 

fresh water areas. Sulphates increase the salinity of the waters, and thus adversely affect the 

ecosystem. Sulphur compounds and sulphates may release in to the environment from the mines 

sulphidic ores. A number of mines have sulphate emission limits specified in the environmental 

permit. Nowadays, sulphate measurements are done in a laboratory using, for instance, UV-VIS 

spectrometry or ion chromatography. In addition, ICP-OES device is used for measuring metals and 

elemental sulphur.  

Online measurements of sulphates are challenging from mine discharge waters because there can be 

several water discharge sites in the mine and weather conditions outside varies between -40 and +30 

celcius degrees. In addition, the measuring devices should be mainly maintenance-free. Also, 

fouling of measuring devices or sensors should be able to prevent. 

At present, the amount of sulphates is measured indirectly with online (pH, flow rate and) 

conductivity measurements. Since the electrical conductivity is a measure for the capacity of water 

to conduct electrical current, it is directly related to the concentration of salts dissolved in water (for 

example some cations like sodium, potassium, calcium and magnesium, and anions like chloride 

and sulphate are forming salts). Therefore, electrical conductivity of water illustrates the amount of 

dissolved cations and anions of which usually sulphate is the most common /1/. For this reason, the 

conductivity measurement correlates very well with sulphate measurements. If you want to replace 

sulphate measurements with conductivity measurements, it is important to know the composition of 

solution in order to understand the other cations and anions effect on conductivity measurement 

result. On the other hand, if the conductivity measurement result changes, you need to make sure 

that the change is due to the sulphate. /1/ For example, if mines are using calcium hydroxide as 

mine water neutralization chemical, calcium can affect the measurement results of conductivity. 

Thus, the sulphate concentration measurement is necessary and lowers the reaction time, for 

example, when adjusting the dosage of calcium hydroxide or by improving/changing the mixing in 

mine water neutralization process. 

The electrical conductivity of natural waters is usually less than 10 mS/m, the river waters from 10 

to 20 mS/m and the seawater from 800 to 1200 mS/m according to the Centre for Economic 

Development, Transport and the Environment (ELY Centre). /2/ The Dutch company Lenntech, in 

turn, describes the conductivity limits so that the electrical conductivity of distilled water is 5.5 

µS/m, drinking water 5-50 mS/m and sea water 5000 mS/m. /3/ 

2 AIM OF THE WORK 

 

The aim of this work was to find and test different technologies to measure the 

amount/concentration of sulphates from mine waters and mine waste waters. Another target of the 

work was to evaluate the reliability, functionality and possible suitability of technologies for online 

use. Sulphates were measured using five different technologies and elemental sulphur was 
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measured using a single technology in different mine water fractions. Three mines were asked to 

deliver samples; each mine sent three samples whose sulphate concentrations differed from each 

other. As reference measurements, ICP-OES (Inductively Coupled Plasma Optical Emission 

Spectroscopy) and IC (Ion Chromatography) were used. Elemental sulphur can be measured by 

ICP-OES and it is possible to measure sulphate content by IC. The ICP-OES device was located in 

Oulu (University of Oulu, Trace Element Laboratory) and the IC was situated in Kokkola 

(University of Oulu Applied Chemistry research group). Titration technology by Metso and CE 

(Capillary Electrophoresis) by Cemis-Oulu were used as new technologies. Sulphate content was 

also measured at VTT using a commercial Raman spectroscopy device but VTT is also developing 

its own time-gated Raman spectroscopy. The Sulphate Vacu-vials® test kit (commercial) was also 

tested at Oulu (University of Oulu Applied Chemistry research group). This sulphate test kit is 

based on the turbidimetric method.  

The functionality of the methods is described in this report. These results will be published in 

MMEA and Sulka projects. MMEA (The Measurement, Monitoring and Environmental Efficiency 

Assessment) research program aims at groundbreaking developments in environmental monitoring 

technologies, tools and services /6/. MMEA is a project of CLEEN (Cluster for Energy and 

Environment) and CLEEN is a part of SHOK (Strategic Centres for Science, Technology and 

Innovation). The Sulka Project (Sulphur Compounds in Mining Operations) was realized between 

July 2012 and June 2014 and is financed by European Regional Development Fund /7/.  

 

Altogether, nine samples were measured from three mines. Therefore, this work is a preliminary 

study to see how the technologies work in different mine waters/waste waters. In addition, another 

target of the work was to identify reasons if a particular measurement method/technology does not 

give reliable results. Several measurement device manufacturers, research institutes and universities 

have developed sulphate measurements for natural waters or other applications but not for mine 

waters. This work offered manufacturers an opportunity to test their devices on mine waters and 

raise ideas for future development. 

3 EXECUTION OF THE WORK 

 

The mine water/waste water samples were taken from three different mines on the 14
th

 of October 

2013. Each mining company delivered three samples so, altogether, nine samples were received. 

The mining companies posted their samples in chilled bags (about 4-6 Celsius degrees) to 

Measurepolis Development Ltd. The samples arrived on the 15
th

 of October. At Measurepolis the 

samples were divided among Cemis-Oulu (Sotkamo), the University of Oulu Applied Chemistry 

Research Group (Kokkola and Oulu), Metso Automation (Kajaani), VTT (Oulu) and the University 

of Oulu Trace Element Laboratory (Oulu). All measurements were executed between the 16
th

 and 

17
th

 of October except VTT’s measurements. Figure 1 shows an example of a sample. Visually the 

samples did not contain any solids; only sample 3.3. contained a slight amount of fine sand or mud. 

Reference measurements (elemental sulphur) were performed in the Laboratory of Trace Elements 

(UO) by ICP-OES; pH and conductivity were also measured there. Other reference measurements 

were done by the Applied Chemistry research group (UO) in Kokkola by IC, which measured the 
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sulphate concentrations in the samples. Metso's measurement technology based on titration, VTT’s 

commercial Raman spectroscopy (RXN1 Kaiser Raman spectrometer) and Cemis-Oulu’s capillary 

electrophoresis. The commercial Sulphate Vacu-vials® test kit from Chemetrics was also tested in 

Oulu (UO, Applied Chemistry research group). Chemetrics’ sulphate test kit based on the 

turbidimetric method.  

 

The samples had not been chemically treated in any way after sampling but sulphate remains in the 

samples for about a week, during which time the samples were stored in the dark at refrigerator 

temperature /4/. The pH and conductivity measurements of the samples do not represent the 

sampling conditions but those at the time of measurement. Normally, the pH and conductivity 

should be measured at the time of sampling but in this case it was important to know the conditions 

at the time of measurement /4/. 

 

Figure 1. An example of a sample. All the samples were clear and solids could not be visually 

observed except in sample 3.3. 

4 MEASUREMENT TECHNOLOGIES 

 

4.1 ICP-OES 
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The ICP-OES (Inductively Coupled Plasma Optical Emission Spectroscopy) analysis method of 

spectrometry is widely used for sulphate measurements. Almost all elements can be determined by 

plasma emission spectrometry. The method is based on the sample solution formulations and 

micronized excitation of the plasma torch, which is introduced into an aerosol with argon gas. / 5 / 

ICP-OES also atomizes the particles in the solution /17/. When the tuning mode is dissolved, the 

sample are emitting elements, each characterized by a plurality of wavelengths and consisting of 

radiation. / 5 / The emitted radiation can be separated as a function of the wavelength (or 

frequency) by the spectrometer /17/. The elements in a sample can be identified by the spectral lines 

produced /5/. Because the concentrations of elements are measured by ICP-OES and, in the case of 

sulphate, the actual parameter measured is the concentration of sulphur, the sulphate concentration 

must be determined indirectly. The sulphate concentration can be calculated mathematically. /5/ 

 

In the University of Oulu Trace Elements Laboratory, ICP-OES measurements were performed on 

the  17
th

 of October 2013 a using Perkin Elmer Optima 5300. The samples were not filtered before 

measurements were taken. The ICP-OES device was always calibrated before each measurement 

with reliable calibration standards. OES measurements are done according to the main principles of 

standard SFS-EN ISO 11885 but some changes in the sample matrix can be made. The ICP-OES 

measurements were executed directly from the sample solution and at a 1/100 dilution. When 

measuring the samples, some duplicate analyses were done. /25/ 

4.1.1 Advantages and disadvantages of ICP-OES 

 

The problems with ICP-OES are spectral interference and the large number of emission lines. 

Problems can be caused, for example, by high concentrations of the test elements or other elements. 

In the case of sulphate the largest distraction is calcium /5/. When measuring sulphates using ICP-

OES (in Oulu), calcium did not cause any disturbance /14/. Interference can be prevented by 

removing the elements that hinder the measurement by sample pre-treatment or dilution of the 

sample. Plasma emission technology is used at as a high resolution as possible in order to separate 

the closely spaced emission lines from each other. /5/ 

 

4.2 Ion Chromatography, IC 

 

Chromatography is a chemical and biochemical method to isolate, identify and purify chemical 

compounds. Chromatography is based on the fact that substances have different sizes chemical 

properties and numbers of electric charge. The solubility of substances also varies in different 

solvents. Chromatography contains two phases: a mobile phase and a stationary phase which differ 

from each other by, for example, one phase being hydrophobic and the other hydrophilic. 

Chromatography can be divided according to the mobile phase for liquid, gas and solid 

chromatography. In addition, chromatography can be sorted according to the stationary phase for 

paper, thin layer, ion exchange, column, affinity and high performance liquid chromatography and 

gel filtration. In liquid chromatography the mobile phase is usually a mixed solvent. / 22, 23 / 

Ion chromatography is a classic liquid chromatographic technique. Ion chromatography relies on a 

column filled with ion exchange resin as an adsorbent. Ions pass through it at different speeds. The 
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most commonly used detector is a conductivity detector. IC is used especially to detect Cl
-
, NO

-
3 

and SO
2-

4 anions. /8/ 

 

Another reference method was ion chromatography (University of Oulu Applied Chemistry 

research group in Kokkola). 

 

Ion chromatography technical data /9/: 

 

Metrohm 761 Compact IC 

Column: Transgenomic IC Sep ION-120 

Eluent: 4 mM Salisylic Acid / 5 mM Tris 

Flow: 1.2 ml/min 

Sample Loop: 100 µl 

 

Prior to the measurements, the IC device was operated using solutions with known concentrations. 

The device was calibrated based on these measurements. After this the samples were measured. /26/ 

A suppressor column was not used, so there could be fed samples that contained significant 

amounts of cations. As a result, the sensitivity of the IC device deteriorated to some extent. 

Measurements were done on the 16
th

 of October by filtering the samples and diluting them to fit the 

measuring range. In this case, the dilutions made either 1000 or 100 fold. The sample measurements 

were successful. /9/  

 

In general, after changing the eluent a new calibration curve will be performed or at least one 

control measurement will be done. The measurements that were done by the IC device were based 

on the ISO 10304-1 standard and the linear range was 0.5 to 12 ppm. /26/ 

4.2.1 Advantages and disadvantages of IC 

 

In general, determination of the main component is reliable during the measurement when the 

uncertainty/inaccuracy caused by dilution is taken into account. Measuring small amounts of 

impurities against a background of high concentrations is sometimes challenging. The structure of 

the IC device varies depending on the manufacturer, so the suitability of the device for different 

matrices must be determined case by case. Devices can be found offering very large numbers of 

different columns. The need for complex sample pre-treatment and its practicality must also be 

taken into account. Method development and comparisons of results with other devices showcase 

the most important advantages and disadvantages of ion chromatography. /18/ 

4.3 Capillary Electrophoresis, CE 

 

Capillary electrophoresis is a separation method based on different movements of charged 

compounds in an electric field. CE equipment consists of a voltage source, sample and buffer 

containers, a capillary and a detector. Sample separation occurs within a silica capillary with an 

inner diameter of 50–75 microns and length typically less than 80 cm. The capillary is filled with an 
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electrolyte solution and, after power is generated, an electro-osmotic flow will occur in an uncoated 

silica capillary. This flow moves between the positive and negative electrodes and carries a buffer, 

positive and negative ions. The sample moves in the capillary due to electrostatic forces. The higher 

the analysed ion charge, the faster it moves. Important properties of moving molecules are their 

size, shape and charge. UV/VIS, fluorescence, electrical conductivity and mass selective detectors 

can all be used. Usually a UV detector is used in CE analysis of sulphate. /27/ 

The CE device used is owned by Cemis-Oulu. Cemis-Oulu is a metrology unit established by the 

University of Oulu at the beginning of 2011. The unit produces and offers internationally high 

quality applied research expertise in the fields of optical spectroscopy, imaging measurements, 

analytical chemistry and bio-analysis as well information systems and sensor networks. The main 

fields of application are the mining industry, environmental monitoring, forestry, (chemical and 

mechanical wood processing industry), and the well-being and food industry. /10/ 

This CE device has been used to measure sulphates from process samples and natural waters. A 

UV/VIS detector is connected to the CE device. The reference measurements were made as 

described in section 4.2 IC device. The measurement time of sulphate using the CE method is less 

than 4 minutes. In addition, the capillary is pre-treated before analysis and cleaned after each run so 

the total period of analysis per sample will be approximately 10 minutes. Sulphate concentration in 

the range of 5 mg/L – 250 mg/L can be measured by this analysis method. Higher concentrations of 

sulphates can be analysed if the sample is diluted. In this comparative technology/measurement test 

the samples were analysed by a laboratory scale CE device (MDQ Beckman Coulter). Cemis-Oulu 

just received an online version that is modified from the MDQ device. The analysis equipment is 

connected to a sample feed pump and flow through cuvette. In preliminary tests the online CE 

device has worked well. /27/ 

Mine water/waste water samples were measured on the 16
th

 and 17
th

 of October. The samples were 

filtered through a 0.45 µm membrane before the actual measurements. All the samples were 

prepared in triplicate dilutions. Each dilution was run/measured in triplicate; hence, nine 

measurements were done per sample. The standard deviation in the measurements per sample was 

from 3.7 to 6.4%. The maximum deviation, 6.4%, was with a sample that had a sulphate content 

greater than 9000 mg/L according to IC. /24/ 

4.3.1 Advantages and disadvantages of CE /27/ 

 

When developing the CE method, the optimized parameters are electric field intensity, pH, ionic 

strength and the concentration of the electrolyte solution, temperature, additives, the organic 

modifier, the concentration of the injected sample and the dimensions of the capillary. These 

conditions will be kept constant in the optimized CE method. 

CE equipment requires trained personnel to run and analyse samples, as well as for maintenance 

and services. The silica capillary must be changed every now and then because the capillary loses 

its ability to separate samples over time. Generally, one capillary can analyse 100–500 samples 

depending on the samples and the method. The capillary consists of a common silica capillary that 
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can be purchased in bulk. The price of a single capillary is from 10–20 euros. The buffers and 

cleaning solutions of the CE device must be changed from time to time. Consumption of solvents 

and reagents is minimal compared to, e.g. liquid chromatography. 

The CE device needs electrical power as well as warm and dry conditions protected from rain. 

Filtering the sample input and automated sample dilution will be necessary so that the CE device 

can be used in online analytics. 

When comparing capillary electrophoresis to liquid chromatography, the benefits of CE are its 

shorter analysis time, lower sample volumes and very low consumption of solvents. Usually 

disturbances in matrices are small and sample preparation other than dilution is not needed.  

4.4 Titration technology 

 

Titration technology is based on the exploitation of nephelometric determination. In the 

nephelometric method sulphate is determined as barium sulphate (BaSO4). Titration technology has 

been developed so that reference measurements could be performed in the Kainuu Food and 

Environmental Laboratory according to standard SFS 5738 (Determination of sulphate in water. 

Nephelometric method). /11/ The dimensions of titrator are approximately 2 m * 1 m * 0.5 m 

(height * width * depth). 

In titration technology the sample volume is kept constant. Isopropanol is added to the sample as a 

pre-treatment, then the sample is diluted with distilled water and after that barium chloride is added 

to the sample. /11/ Isopropanol is used as a stabilizing agent. The isopropanol itself does not 

participate in the reaction, but only stabilizes the precipitation reactions. Thus a barium sulphate 

precipitate is obtained in homogeneous form and does not settle so rapidly. Nowadays, Metso uses 

as a stabilizing solution according to SFS 5738 or ASTM 9038. /21/ 

The following equation describes the formation of the barium sulphate reaction: 

 𝐵𝑎𝐶𝑙2 (𝑙) + 𝑆𝑂4
2−(𝑙) → 𝐵𝑎𝑆𝑂4(𝑠) + 2𝐶𝑙−(𝑎𝑞) /5/ 

The formation of the barium sulphate precipitate and stopping this reaction will be noticed 

optically; afterward the amount of sulphate can be calculated. 

The measurements were carried out on the 16
th

 and 17
th

 of October. The samples were not filtered. 

Each sample was measured 3–5 times and the average value was calculated. Metso’s titration 

technology has not previously been used for mine waters/waste waters or waters in which the 

sulphate concentration is more than 1000 mg/L; thus, parameter settings had to be changed for 

samples whose sulphate concentration was above 1000 mg/L. /11/ 

4.4.1 Advantages and disadvantages of titration technology 

 

The titrator needs warm, protected conditions in order to function, as well as distilled water, 

electricity and compressed air. The titrator also demands regular maintenance every 1–3 months. 
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During servicing the barium chloride and isopropanol containers have to be filled. The titrator is 

suitable for online use due to its technical properties, including sampling, but when the sulphate 

concentration of a sample is above 1000 mg/L, the titrator requires some changes such as increasing 

the size of the sample cup or adjusting the amount of light.  

4.5 Time-gated Raman and traditional Raman technology 

 

VTT's Raman technology is based on light scattering. The sample is shot with a 532 nm laser pulse 

that causes the sulphate molecules to vibrate. The greatest challenge in Raman spectroscopy is 

fluorescence, which may mask the Raman scattering signal.  Time-gated Raman uses a SPAD 

(Single-Photon Avalanche Diode) instead of a CCD (Charge-Coupled Device), in which a molecule 

will be excited and the excitation will be discharged through scattering of the signal before 

fluorescence is produced. In general, molecules will vibrate before the formation of fluorescence 

but traditional Raman technology cannot separate molecular vibrations and fluorescence 

phenomena from each other. /12, 13/  

 

Dark waters (humus) can cause fluorescence; sometimes minerals and inorganic substances will 

also fluorescence. The solids can have an effect on the spectrum. /12/ 

 

Our samples were measured by traditional Raman spectroscopy, a commercial RXN1 Kaiser 

Raman spectrometer, because development work on the time-gated Raman technology-based device 

was still in progress. The RXN1 Raman spectrometer uses a wavelength of 785 nm and the laser 

power is 400 mW. /20/ No fluorescence phenomena were observed during the measurements so the 

measurements based on traditional Raman spectroscopy should have been adequate. The samples 

were measured on the 24
th

 of January and 2
nd

 of February 2014, i.e. about 3 months after sampling. 

Each sample was measured once. According to VTT, the samples resembled clear tap water during 

the measurements and there were no deposits. /19/  

Traditional Raman spectroscopy recognizes sulphates as peaks in the spectrum but does not react to 

sulphate amounts as reference measurements. The results were spectral and numerical information 

was not available.  

Sulphates should be analysed within a week after sampling /4/. Due to this recommendation and the 

illogical findings, these results are not presented in this survey. 

4.6 Sulphate Vacu-vials Kit (commercial) 

 

The Sulphate Vacu-vials test was based on standard SFS 5738 (nephelometric method) and the 

measurements were done in Oulu (University of Oulu Applied Chemistry research group) using a 

Chemetrics V-2000 photometer. The samples had to be diluted and the results are presented as the 

average value of duplicates. 

The Sulphate Vacu-vials Kit, K-9203 was ordered from Chemetrics. This sulphate test kit contains 

the acidifying solution, activating agent and other equipment. The measurement range is from 8.0 to 
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100.0 ppm, but it is possible to measure higher sulphate concentrations by diluting samples, as was 

done in this case. Chemetrics’ V-2000 photometer is needed to measure the sulphate content of 

liquids. The photometer used a wavelength of 420 nm for sulphate measurements. /15, 16/ 

The test kit employs the turbidimetric method. Sulphate ions reacts with barium chloride in an 

acidic solution to form a suspension of barium sulphate crystals of uniform size. The resulting 

turbidity is proportional to the sulphate concentration of the sample. /15, 16/ 

 

4.6.1 Advantages and disadvantages of Sulphate Vacu-vials Kit 

 

The sulphate test kit is cheap and easy to obtain but requires laboratory work and is not suitable for 

online use. The test requires a dilution procedure if the sulphate concentration is greater than 100 

ppm. 

5 RESULTS 

 

The mine water/waste water samples were taken on the 14
th

 of October 2013 from three different 

mines. Each mining company delivered three samples whose sulphate concentrations differed from 

each other, so altogether nine samples were received. As reference measurements, ICP-OES 

(Plasma Emission Spectrometry) and IC (Ion Chromatography) were used. ICP-OES measures 

elemental sulphur while IC measures the actual sulphate concentrations of the samples. The 

concentration of elemental sulphur was then used afterwards to back calculate the concentration of 

sulphates, assuming that all sulphur in the samples is bound up as sulphates. Sulphur may also be 

present in a solution as a sulphide. In addition, sulphate was measured by Metso’s titration 

technology, Cemis-Oulu’s capillary electrophoresis, Chemetrics’ sulphate test kit and traditional 

Raman spectroscopy (measurements done at VTT). The measurements were executed on the 16
th

 

and 17
th

 of October except Raman measurements were done on the 24
th

 of January and 4
th

 of 

February 2014. The traditional Raman spectroscopy recognized sulphates as peaks in a spectrum 

but did not react to sulphate amounts as reference measurements. The results were spectral and 

numerical information was not available. Sulphates should be analysed within a week after 

sampling /4/. Due to this recommendation and the illogical findings, the Raman results are not 

presented in this survey. 

The pH and conductivity were also measured at the University of Oulu. The pH and conductivity 

measurements of the samples do not represent the sampling conditions but the time of 

measurement. Normally, pH and conductivity should be measured at the time of sampling, but in 

this case it was important to know the conditions at the time of measurement /4/. Conductivity is 

expected to behave in the same direction as sulphate in many cases. Conductivity describes the total 

number of water soluble electrolytes (ions). Solids were not measured in the samples because all the 

samples were clear and solids could not be visually observed. Only sample 3.3. contained a slight 

amount of fine sand or mud. The pH of the samples was between 7.3 and 8.8. 
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All the results are presented in Table 1 except Raman spectroscopy. Based on these results, Table 2 

and Table 3 were prepared. 

 

The measured sulphur (ICP-OES) was converted to sulphate according to the following formula: 

 

m(S)/M(S) = m(SO4)/M(SO4)  m(SO4), where 

m(S) = mass of sulphur (e.g. 1.66 g) 

M(S) = molecular weight of sulphur = 32,064 g/mol 

M(SO4) = molecular weight of sulphate = (32,064+16*4) g/mol = 96,064 g/mol 

m(SO4) = mass of sulphate (g) 

 

Table 1. Results of mine water/waste water measurements.  

 

6 DISCUSSION OF THE RESULTS 

 

The interdependence between conductivity and sulphate content measured by IC is presented in 

figure 2. The reference measurements, ICP-OES and IC, are compared with each other in figure 3 

and figure 4. In evaluating the accuracy of reference measurements, it can be noted that the 

conductivity measurements track the amount of sulphate in the samples very well. Also, when 

comparing ICP-OES with IC, it can be observed that the correlation between measurements is R
2
 = 

0.99. Thus, the results from IC are reliable.  

 

SULPHATE MEASUREMENTS

Technology

Näytteet

Calculated 

sulphate from ICP-

OES results [mg/L]

Ion Chromatography 

[mg/L]

Titration 

Technology [mg/L]

Capillary 

Electrophoresis 

[mg/L]

Test Kit 

(turbidimetric) 

[mg/L]

ICP-OES 

(sulphur, 

mg/L)

Time-

gated 

Raman 

[mg/L] pH

Conductivity 

[mS/m]

Mine 1 Sample 1.1 4973 4000 5422 4435 4567 1660 7,7 692

Mine 1 Sample 1.2 3985 3500 4927 3653 3776 1330 8,4 517

Mine 1 Sample 1.3 2756 2700 3324 2678 2524 920 8,8 431

Mine 2 Sample 2.1 2487 2400 3255 2300 2341 830 7,7 396

Mine 2 Sample 2.2 479 430 403 406 343 160 7,3 193

Mine 2 Sample 2.3 419 350 377 361 306 140 7,6 153

Mine 3 Sample 3.1 869 780 954 762 729 290 7,8 162

Mine 3 Sample 3.2 9258 9000 17480 9350 10325 3090 7,9 1038

Mine 3 Sample 3.3 4824 4400 13566 4875 4889 1610 8,3 701
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Figure 2. Dependence between conductivity and the amount of sulphate.  

 

 

Figure 3. Comparison between Ion Chromatography (sulphate) and ICP-OES:n (elemental 

sulphur). 
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Figure 4. Dependence of the amount of sulphate on the amount of sulphur. 

In figure 5, ion chromatography is compared to the other measurement technologies by sample 

points. 

In Table 2 the results of IC has been reduced results from different technologies by sample points. 

For example, Mine 1 Sample 1.1: 4000 mg/L (IC) – 5422 mg/L (titration technology) = -1422 

mg/L, which is a deviation from the reference value. In Table 3, Mine 1 Sample 1.1.: -1422 mg/L 

(deviation from the reference value, IC-titration technology) / 4000 mg/L (IC) * 100 % = -35.5 % 

which is the percentage difference from the reference value. The closer to zero the values are in 

Table 2 and 3, the closer the result is to the IC results. 

It can be noted from figure 5 that the sulphate levels according to the titration technology are 

always higher than the IC results, except for sample 2.2. The titration technology results are double 

or 3-fold higher for samples 3.2 and 3.3 compared to the results from IC. Therefore, it is possible 

that in the samples from mine 3, whose sulphate concentration is high, some other component is 

disturbing the measurement. The sulphate content of sample 3.3 and sample 1.1 are at the same 

level according to IC, but the results from titration technology differ radically concerning these 

samples. The sulphate content in sample 3.2 is actually 9000 mg/L according to IC. To date, 

titration technology has been utilized with waters whosw sulphate content is below 1000 mg/L. It 

can be seen from the results that titration technology gives reliable results for samples 2.2 and 2.3, 

whose sulphate content is the lowest (deviation from the reference of 6–8 %). The results using 

titration technology were at an acceptable level when the sulphate content was below 500 mg/L, as 

in samples from mines 1 and 2 and sample 3.1. It is not clear if the measurements of 3.2 and 3.3 

failed due to technical reasons or do they contain some compounds which disturb the titration. A 

possible reason for the failed measurement of 3.2. may be that, due to its high sulphate content, the 

amount of the sample in the titrator was decreased and that is why the titration was not working 

properly. The failure of sample 3.3 may indicate that the previous sample 3.2 left a residue in the 

titrator. Using titration technology for samples with over 1000 mg/l sulphate, the sample container 
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needs to be enlarged so that the sample volume can be kept constant. In addition, the amount of 

light may be changed. The amount of light is used to determine the end point of the titration.  

Tables 2 and 3, as well as figure 5, show that the results from capillary electrophoresis gave good 

responses compared to the results from ion chromatography. At maximum, the deviation from the 

reference value was approximately 11 percent. The largest number of duplicates from all 

comparative technologies were measured by capillary electrophoresis. 

The Sulphate Vacu-vials test did not work as well as capillary electrophoresis but performed better 

than titration technology when the sulphate content was higher than 500 mg/L. In turn, titration 

technology was more accurate than the test kit when the amount of sulphate was les than 500 mg/L.  

Comparing measurement uncertainties between the different technologies is challenging because 

the examination of measurement uncertainties is device-specific, and based on the fact that a 

certified sample whose sulphate content is known is measured. Several repeat measurements will be 

made from this certified sample wherein the standard deviation of the measurements can be 

determined. If one measuring device is to be compared to another reference measurement device, 

several follow-up measurements must be done to see how the results behave in the long term.  

 

 

Figure 5. Sulphate results. 
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Table 2. Deviations from the reference value. 

  Deviation from the reference value (mg/L)   

  
IC-calculated 
sulphate ICP-OES IC-titration technology IC-CE IC-Test Kit 

Mine 1 Sample 1.1 -973 -1422 -435 -567 

Mine 1 Sample 1.2 -485 -1427 -153 -276 

Mine 1 Sample 1.3 -56 -624 22 176 

Mine 2 Sample 2.1 -87 -855 100 59 

Mine 2 Sample 2.2 -49 27 24 87 

Mine 2 Sample 2.3 -69 -27 -11 44 

Mine 3 Sample 3.1 -89 -174 18 51 

Mine 3 Sample 3.2 -258 -8480 -350 -1325 

Mine 3 Sample 3.3 -424 -9166 -475 -489 

 

Table 3. Percentage difference in the reference value (%) 

  Percentage difference in the reference value (%) 

  
IC-calculated 
sulphate ICP-OES 

IC-titration 
technology IC-CE IC-Test Kit 

Mine 1 Sample 1.1 -24,3 -35,5 -10,9 -14,2 

Mine 1 Sample 1.2 -13,8 -40,8 -4,4 -7,9 

Mine 1 Sample 1.3 -2,1 -23,1 0,8 6,5 

Mine 2 Sample 2.1 -3,6 -35,6 4,2 2,5 

Mine 2 Sample 2.2 -11,5 6,3 5,6 20,2 

Mine 2 Sample 2.3 -19,8 -7,6 -3,1 12,5 

Mine 3 Sample 3.1 -11,4 -22,3 2,3 6,5 

Mine 3 Sample 3.2 -2,9 -94,2 -3,9 -14,7 

Mine 3 Sample 3.3 -9,6 -208,3 -10,8 -11,1 

 

8 CONCLUSIONS AND SUMMARY 

 

The aim of this work was to identify and test different technologies for measuring sulphates from 

mine waters and mine waste waters. Three mines were asked to deliver samples and each mine sent 

three samples whose sulphate concentrations all differed from each other. As reference 

measurements, ICP-OES (Plasma Emission Spectrometry) and IC (Ion Cromatography) were used. 

Elemental sulphur was measured by ICP-OES and sulphate content was determined by IC. The 

ICP-OES device was located in Oulu (the University of Oulu, Trace Element Laboratory) and the 

IC was situated in Kokkola (the University of Oulu Applied Chemistry research group). 

Measurements of pH and conductivity were also made at the Trace Element Laboratory. Titration 

technology by Metso and Capillary Electrophoresis (CE) by Cemis-Oulu were used as new 

technologies. Sulphate content was also measured at VTT using a commercial Raman spectroscopy 
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device but VTT is also developing its own time-gated Raman spectroscopy. In addition, the 

Sulphate Vacu-vials® test kit (commercial) was tested in Oulu (the University of Oulu Applied 

Chemistry research group). This sulphate test kit is based on the turbidimetric method.  

ICP-OES, ion chromatography and conductivity measurements correlated well with each other. It 

can be concluded that ion chromatography as a reference measurement is reliable. 

 

When evaluating the measurement results, the best technology was CE. The second best results 

were achieved using the sulphate test kits when the amount of sulphate was over 500 mg/L. In turn, 

when the sulphate content was less than 500 mg/L, the titration technology gave more reliable 

results than the test kits. Traditional Raman spectroscopy recognized sulphates as peaks in the 

spectrum but did not react to sulphate amounts as reference measurements. The results were 

spectral and numerical information was not available. The Raman results are not presented in this 

survey because the measurements were done three months later than with the other technologies and 

that may be why the results made no sense. 

When evaluating measurement technologies/devices from the perspective of online operations, 

titration technology is technically the most highly developed. The device is able to function in warm 

conditions where distilled water, electricity and compressed air are available. Some parameters 

must be changed to accommodate sulphate levels over 1000 mg/L. The capillary electrophoresis 

device was developed for online conditions but it also needs electricity, warm conditions and 

filtrated sampling. Repeatability in the measurements and reliability of the results are at good levels 

when using capillary electrophoresis. Time-gated Raman spectroscopy is not necessarily needed for 

analysing mine waters because fluorescence was not observed. Thus, traditional Raman 

spectroscopy might be useful for sulphate determinations, provided that the assay is not only 

qualitative but quantitative and the results are in numerical form. 

When planning this sulphate test, there were no sulphate sensors available that could be installed 

into measuring wells, for instance, into purified mine water discharge sites. Many measuring device 

manufacturers think the measurement conditions (outdoor temperature fluctuations -40 - +30 ° C, 

rain, snow etc.) are challenging to devices that have been reliable and maintenance-free. This kind 

of online sensor should get the approval of environmental authorities so that laboratory 

measurements could be reduced. In other words, there is no sulphate measuring device yet 

developed or identified that would work without electricity and with little maintenance needed 

under harsher environmental conditions. 

9 FUTURE PLANS 

 

According to the good results obtained with capillary electrophoresis, the device should be further 

tested in mines and developed technically closer to the online version. Titration technology, in turn, 

is technically ready for sulphate concentrations less than 500 mg/L. For higher concentrations the 

device must be further developed. 
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For extensive analysis of mine water fractions, the measuring device should be placed at a 

measuring point and generate measurements over a year so the device is tested in all seasons and 

under all weather conditions. At the same time, reference/comparison measurements should be done 

in a laboratory. However, this is an expensive and slow process that requires input from the mines, 

measuring device manufacturers and authorities. 
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