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Abstract 

 

Sodium hydroxide also known as NaOH is well known and extensively used reagent in mining and mineral 

processing. Processed ores generally contain a large amount of minerals. Ore minerals contain for example 

sulfate and sulfide. These sulfide minerals are just one group of minerals that occurs in ore. A common way 

to dissolve sulfides is to use acidic conditions (acid leaching). However, due to challenging mineral structure 

and preg robbing ores, the best leaching results can be achieved by using alkaline conditions (alkaline 

leaching). NaOH with sufficient amount of oxygen is an effective substance to use in alkaline leaching. 

 

In this thesis the aim is to find out the optimal NaOH dosage for sulfide containing concentrate to dissolve 

the metals from sulfide matrix. NaOH is an expensive reagent and that is why the dosage optimizing is one 

of the fundamental questions when it comes to the process planning, budgeting, and profitability.  Sulfide 

dissolution is measured through the oxidation level of sulfides. Oxidation level of sulfide can be measured 

as sulfur oxidation when all sulfur of the ore is in sulfide form.  Oxidation level of sulfur correlates with the 

oxidation products, like sulfate and thiosulfate. Also, the ratio between thiosulfate and sulfates can be used 

to see if the oxidation level is high enough or how well the process is balanced.  

 

The goal of this thesis is to provide an information on the basis of which the process can be adjusted to 

improve the cost-efficiency of the process. Knowing the optimal dosage will help the company to perform 

in the best possible way. The use of right dosage of chemicals reduces the environmental impact of the 

mining industry. In the best-case scenario dosage optimization will reduce reagent consumption and enables 

cleaner and more efficient processes in the future.  

 

The research material and results of this thesis were gathered during the industrial pilot. The pilot consisted 

of three continuously operating leaching reactors each with a volume of 2,7m3. Consumption of sodium 

hydroxide was monitored in various ways in order to get as accurate consumption estimate as possible. 

Based on sulfur content of the feed, the other reagents, such as oxygen, can also be adjusted to achieve the 

best oxidation rate. The optimal dosage of the sodium hydroxide can be estimated by comparing the sulfur 

oxidation rate and the concentration of the formed dissolution products. 
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SYMBOLS AND ABBREVIATIONS 
 

D.O. Dissolved oxygen  

IC Ion Chromatography 

NaOH Sodium hydroxide, caustic soda (Alkaline reagent) 

R1 Reactor 1 

R2 Reactor 2 

R3 Reactor 3 

c(SO4) The concentration of sulfate or thiosulfate 

 

 

β Liters that corresponds to ∆x 

γ Indicated flow of the pump 

λ Level drop per hour in NaOH container  

φ Average NaOH flowrate 

 

IC Ion Chromatography  

ICP Inductively Coupled Plasma  

M Molar mass of the substance 

m The mass of sulfate and thiosulfate 

n Quantity of substance 

Stot Total sulfur 

t NaOH feed duration time 

tr Residence time between the feed tank and the reactor 3.  

V Volume of the reactor 

∆x Change in NaOH surface level height in container  

 



 

1. INTRODUCTION 

1.1. Objective 

The aim of this thesis is to determine the right dosage of NaOH during sulfide containing concentrate 

alkaline oxidation. The content in sulfur is therefore a key parameter to be monitored to assess the 

oxidation progress. The initial content in sulfur would allow to calculate the dosage of oxidants such 

as oxygen and caustic soda. With this information the process can be adjusted in the most suitable 

and efficient way possible. 

All data of this thesis is gathered by taking manual and online measurements, operating the pilot 

equipment, and doing laboratory analyses. Researching the oxidation rate and NaOH dosage are only 

one part of a larger test setup, but this thesis will concentrate only in the topic descripted above. 

Comparing the oxidation rate of sulfide and the dosage of NaOH is only a one way to research the 

leaching effectivity in alkaline leach, but the topic is important due to high cost of the NaOH reagent. 

To achieve the optimal dosage, the following questions had to be constantly answered. What are the 

input flowrates of the reactors? What is the sulfur content of the feed? What happens inside of the 

reactors? Is the oxygen flowrate constant? What dosage of NaOH will give the targeted oxidation rate 

of the sulfur?  



 

1.2. Background 

Processed ores generally contain a large amount of minerals. These minerals can be divided into a 

various group that illustrates their chemical structures. For example, sulfide minerals contain different 

kind of sulfur bearing compounds. On the other hand, oxide minerals consist of various oxygen 

bearing compounds. Depending on what minerals the ore contains, the treatment process is different 

(L.Nevatalo, 2022). 

The ore in Kittilä process consists in sulfide minerals and contains different kind of sulfides such as 

pyrite (FeS2) and arsenopyrite (FeAsS). Pyrite and arsenopyrite are identified as metal sulfides 

(Anderson et al., 2003). An ore that contains metal sulfides and carbonaceous maters is often 

classified as double refractory when processed (Wyche et al., 2015). 

Many base metals and gold occur as sulfide minerals or together with sulfide minerals. Typically, 

in hydrometallurgy, sulfide dissolution is done under acidic conditions (acid dissolution). Yet, 

depending on ores specificity or processes restrictions alkaline dissolution may be a more a suitable 

method (L.Nevatalo, 2022). 

 

Metal extraction during the alkaline leach using NaOH is proportional to the sulfide minerals 

oxidation rate (eg. Oxidation rate pf Arsenopyrite is higher than Pyrite). Studies have shown that 

the higher the oxidation rate, the higher the metal recovery (Caldeira et al., 2003). 

 

Pyrite and arsenopyrite oxidation using NaOH is a surface controlled reaction. Indeed, it follows a 

shrinking core model mechanism. NaOH assisted by oxygen oxidizes the particles in an "outside 

toward inside" manner until the core is all oxidized. In general, the sulfide particle keeps its size 

after the oxidation. (Caldeira et al., 2003) (G.Palla-Assima, 2022). 

 

The metal sulfides and the carbonaceaous matters could be floated as a concentrate before being 

treated. These benefits processing less mass of material containing major of the targeted minerals. 

The sulfides alkaline oxidation requires the simultaneous presence of the  sulfides, oxygen and the 

alkali (eg. hydroxide moieties) as presented in formula 1 and 2. The alkaline oxidation results in the 

formation of thiosulfates and ultimately sulfates (Anderson et al., 2003).  

Formula 1 represents the full leaching reaction of the pyrite. In formula 2 is the same leaching reaction 

illustrated for arsenopyrite. Both reaction equations state that the sulfide mineral oxidized with 

oxygen and the alkali to produce sulfate (G.Palla-Assima, 2022). 



 

[Pyrite] 

 

4FeS2(s) +  15O2(aq) +  16NaOH(aq) =  2Fe2O3(s) +  8SO4
2− (aq) +  16Na + + 8H2O(l) (1) 

[Arsenopyrite] 

 

2FeAsS(s) +  7O2(aq) +  10NaOH(aq)  =  Fe2O3(s) +  2AsO4
3−(aq) +  2SO4

2−(aq) +  10Na+  +  5H2O(l)   (2) 

Formulas 3 and 4 are simplifications of reaction formulas 1 and 2. This thesis uses those simplified 

formulas that illustrates the main theoretical aspect of the chemistry of the research with sufficient 

accuracy. 

4S + 6OH− → 2S2− + S2O3
2− + 3H2O    (3) 

2S2O3
2− + 5O2 → 4SO4

2−     (4)  

When the sulfide in the ore react with oxygen and the alkali, it results in various oxidation species of 

sulfur, such as thiosulfates and sulfates (formulas 3 and 4). However, other sulfur species can be 

formed depending on reaction conditions such as pH, temperature, and the quality of the feed 

(Melashvili et al., 2015) (G.Palla-Assima, 2022). 

The ratio between thiosulfate and sulfate depends on the sulfur oxidation conditions. "The rate of 

arsenopyrite oxidation is generally seen to be higher than that of pyrite, possibility due to the 

comparative instability of the crystal structure of arsenopyrite." (Rego, 2018). 

When processing  sulfide, carbonaceous or telluride ores and concentrates, the oxidative 

pretreatment may be needed. After the pretreatment the extraction of wanted metal is increased and 

then standard hydrometallurgical processing, such as cyanidation, can be continued (Marsden & 

House, 2006). 

Alkaline pretreatment has been used in commercial scale operation. One example is the White 

Mountain mine in North-East China. The former owner of the mine, the Eldorado Gold 

Corporation, was also using alkaline pretreatment process with high pH to increase the gold 

extraction from sulfide ore. (Rego, 2018). 



 

2. RESEARCH WORK 

Gathering the data during pilot tests and laboratory analyses was a well-planned operation. Pilot plant 

was running for approximately two months. During that period, the continuous process was monitored 

and adjusted in two ways: automatically with automation system and manually by operators. In this 

section is descripted how the research has been conducted. First the processed materials such as the 

concentrate and NaOH are described and afterward, the process equipment and the procedures.  

1.3. Material 

The feed of the pilot plant is a concentrate collected from the Kittilä mine operation. The concentrate 

was settled in a thickener to increase its solid concentration. Solid percentage generally achieve 

through batch mode thickening of the concentrate is between 35% and 40%.  Higher percentage solids 

help to optimize the residence time while increasing solid feed rate. In addition, operating with a high 

percentage solid enables smaller reactors and other process instruments. The solid density of the 

concentrate is approximately 2,66 kg/l. Sulfur content is an important parameter of the concentrate 

feed as it dictates the process parameters. In the concentrate the sulfur is in the form of sulfides. Sulfur 

content of feed variated during the duration of pilot testing. The average sulfur content was 

approximately 6,6%.  

Total sulfur content (Stot) and solid percentage in the concentrate are presented in table 1. In the table 

1 are the means and standard deviation of Stot and percentage solids 12 months before test period, 

during the test period and the variation between those.  

Table 1. Main chemical parameters of the concentrate used in the piloting 12 months before tests period and 

during the piloting. 

 

The sodium hydroxide is used to oxidized the sulfur of the concentrate. The sodium hydroxide also 

known as NaOH is a strong base. In this pilot testing NaOH solution at 50%wt. was used. The pH 

value of NaOH 50% is round 12. Te density of 50% solution was 1,55 kg/l. The operating temperature 

Mean Std. Dev. Mean Std.Dev

12 months before test period 7,0 2,3

During test period 6,8 2,5 30,5 3,0

Relative variation -3,3 % 7,8 %

Mean Std.Dev Mean Std.Dev Mean Std.Dev

12 months before test period 7,0 2,3 22,2 5,2

During test period 6,8 2,5 23,5 3,9 30,5 3,0

Relative variation -3,3 % 7,8 % 5,7 % -34,7 %

Stot in Concentrate (%) Percentage solids (%)

CC Stot CC hiilirikaste; Ei-
Percentage solids



 

with NaOH is quit limited. If the temperature is lower than 4 °C, the solution begins to crystallize and 

it will be hard to pump into the reactors. 

1.4. Equipment 

The process equipment consists mainly of reactors and pumps. It is composed of three continuous 

reactors. The layout of the reactor is presented in Figure 2 and Figure 3. The Figure 4 shows a 

flowsheet of the test equipment and illustrates the material flows into the reactors. The concentrate 

was fed into the reactor 1 from the feed tank. Each reactor has an effective volume of 2,7 m3. The 

reactors are equipped with a 5-blade carbon steel agitator fitted for gas dispersion in slurry (Pitch-

blade). In the bottom of the reactors is a “china hat” set for oxygen gas dispersion. Pure oxygen was 

fed into the reactors based with a flowrate calculated based on the sulfur content in concentrate. All 

the reactors and the feed tank have electrical heating elements, which help to obtain the optimal 

temperature of 60°C for the oxidation reaction.  

In addition, the reaction conditions are monitored by online measurement sensors. These sensors are 

connected to an automation system (ABB) and variables such as pH, temperature, redox, surface 

level, and dissolved oxygen are measured continuously and the data is collected in process data 

system (vtrin) automatically.  

The reactors are connected to each other by plastic pipes. The slurry moves continuously from one 

reactor to another by gravity and from Reactor 1 to Reactor 3. The tailings of the reactor 3 flows 

along a metallic outlet pipe. The alkaline process residue is treated and combined with the main 

operation tailings. 

Three different pumps were used in the pilot tests.  The concentrate slurry is transported from the 

thickener to the pilot room by wheel loader in a 1m3 IBC container. The concentrate transfer pump is 

a diaphragm pump (figure 1), and it is located between the IBC container and the feed tank. This 

pump operates with pressurized air.  



 

The second pump (feed pump) is a hose pump (Flow Rox Hose pump, LPP-D25 FAF37) (figure 1), 

and it is located between the feed tank and the first reactor. This pump is adjusted to feed the reactor 

1 at a flowrate of 175 l/h. This pump is frequently controlled and calibrated to ensure a constant feed 

flow to process. The second pump can also be controlled remotely from the ABB.  

The third pump (NaOH pump) is a diaphragm pump (ProMinentⓇ, Sigma X S1Cb) and it is for dosing 

caustic soda (NaOH) into the reactor 1 (see figure 1).  The 50 % NaOH is brought to the test site in a 

1m3 IBC container.  The inlet pipe of the caustic pump is placed on top of the container. The caustic 

soda pump can also be monitored remotely with an automation system. The flow rate of caustic feed 

is  determined based on the feed sulfur content in the concentrate feed and the percentage of solids.  

Figure 1. The blue pump is the air operated diaphragm pump, the red pump is the hose pump and 

the orange pump is the diaphragm feed pump for the NaOH. 

Sampling 

valve 

Sampling 

valve 



 

 

Figure 2. Reactor from the side. The agitator helps to mix the slurry 

and the “china hat” improves the gas dispersion inside of the reactor.  

Agitator 
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Figure 4. Flow sheet of the test arrangements. 

Figure 3. Reactor from above. On top of the reactor is four holes for 

measurement electrodes, motor of the agitator, inspection hatch and the inlet and 

outlet pipes. 

Agitator 

motor 

Holes for 

measurement 

electrodes 

inspection 

hatch 

Inlet pipe 

Outlet pipe 



 

 

1.5. Procedures 

1.5.1. Concentrate 

Settled concentrate is collected into the 1m3 IBC-containers via a feed line located at the bottom of 

the thickener.  The IBC-containers are transported to the pilot room by wheel loader.  

Concentrate is pumped from the IBC-container into the feed tank using the membrane pump. In order 

to prevent settling inside of the container, air is fed to suspend the concentrate.  

The feed tank’s volume is 2,7 m3. From the feed tank slurry is pumped into the reactor 1. The 

concentrate is heated in the feed tank to approximately 30-40oC. Each reactor has its own heating 

element which enables to obtain the 60oC temperature target suitable for the reaction. 

1.5.2. Sampling  

During the pilot testing, manual measurements such as percentage solids, pH, D.O., temperature, 

redox and conductivity were collected by operator. These data were used to validate the data of online 

sensors inside of the reactors. NaOH and the concentrate feed flowrates were also measured (see 

chapter 2.4.3.). On the side of each of the reactors is a sampling line equipped with a valve to collect 

samples from the reactors. To be able to measure all the variables, different instruments are used for 

each purpose. Temperature, D.O, pH, redox and conductivity are measured with hand measuring 

electrodes which are connected to the measurement unit. For measuring the dissolved oxygen, the 

used meter is Endress + Hauser Liguiiine Mobile CML 18 and the used electrode is Endress + Hauser 

Memosens COS81E (figure 5). The same meter can be used to measure the pH by changing the 

electrode from D.O. electrode to pH electrode. Used pH electrode is also a product of Endress + 

Hauser. In order to measure percentage solids, the Marcy Scale was used for quick measurement. 

After that the percentage solid is measured in the lab by filtrating, drying in 90 degrees Celsius the 

sample and calculating the mass of evaporated water. In order to conduct the calculations, the sample 

must be weight before and after drying. Used scale is Mettler Toledo, New Classic MF (±0.01g). To 



 

be able to measure the feed flow of the concentrate, the stopwatch and graduated cylinder is needed. 

The concentrate was pumped into the graduated cylinder for one minute. The measured volume is 

then multiplied by 60 to convert the rate of feed flow to liter per hour (l/h). 

1.5.3. Calibration 

In order to get reliable and accurate results the reagent dosing must be under control. The concentrate 

feed pump and the NaOH feed pump needs to be calibrated regularly. In this paragraph is descripted 

the standard calibration methods of the pumps. 

The feed pump of the concentrate (Flow Rox Hose pump, LPP-D25 FAF37) (figure 1) has been 

adjusted to pump a steady constant flow. The sampling line is located after the pump and the 

calibration can be done by using the sampling valve of that line (figure 1). While the pump is 

pumping, the valve of sample line can be opened. Then the stopwatch is started, and the measuring 

bucket is placed under the valve. After one minute, the bucket is taken out from under the valve. After 

that the volume of the slurry is measured. Then the volume is multiplied by 60 to get the flowrate 

[l/h]. If the measured flowrate and the pump indication are not the same, the calibration can be done. 

The pump flow is adjusted until the values are close enough to each other. 

Another pump that needs to be calibrated regularly is the feed pump of NaOH (ProMinentⓇ, Sigma 

X S1Cb). In order to calibrate this pump, bucket, the quadratic cylinder and stopwatch is needed. First 

open the valve of the sample line and drain the NaOH into the bucket until the flow is steady. After 

that the pump needs to be turned to manual control. In the menu of the pump display, is chosen the 

Figure 5. Temperature and D.O. measuring instruments. 



 

calibration and then start the calibration. The pump starts to pump, and the number of strokes is shown 

in display. At the same time start the stopwatch and place the hose of the sample line into the quadratic 

cylinder. After 200 strokes the pump can be stopped and the volume of NaOH read from the side of 

quadratic cylinder. Finally, the measured volume can be entered to pump and the calibration is 

complete. 

1.5.4. Sodium hydroxide solution flow measurement methods 

The flow rate of NaOH is quite small but the density and the percentage solid of the concentrate is 

comparatively high. Due to a small flow rate, the only way to be sure of the amount of the actual flow 

is to also estimate it by calculating. However, functionality and accuracy of the pump are easily 

noticeable. If the NaOH dosage estimation is  low, and the real NaOH flow is higher than the pump 

indication, the pH inside the reactors increases since NaOH is a strong base. Directly that is neither 

an impediment nor a benefit for the reaction itself. NaOH is an expensive regent and therefore it is 

pointless to have in excess since it only creates an unnecessary expense. The best estimation is 

obtained by comparing the value given by the pump and the calculated value by tape measurements. 

The 50 % NaOH is fed from the container to the reactor 1 by the diaphragm pump Figure 1). The 

flow rate is shown in the display of the pump. That value is also monitored in the ABB automation 

system. The accurate NaOH flow is important to know because it is an expensive reagent and to feed 

excess of NaOH is not optimal. 

Like said above the accurate dosing is important. The 50 % NaOH has a relatively high density (1,55 

kg/l). Due to high density the pumping is  challenging. NaOH is also sensitive for crystallize if the 

temperature drops under 4 °C and then the pumping is not accurate.  

Firstly, the easiest way to measure the NaOH consumption is to assume that the display reading is 

accurate, and the flow rate can be trusted. That is an ideal situation which is not possible in real life. 

Measurement error occurs if the pump is not calibrated for example. Air bubbles inside of the line 

(cavitation) can also cause error and that is why without a proper flowmeter the display reading cannot 

be trusted. 

Secondly, the consumption of NaOH can be measured from the side of the container from liquid level 

change. In order to take measurements, the tape measure is needed. One exact point was chosen from 

the container and time after time the tape measure was placed in that same point to obtain as equal 

measuring conditions as possible. The line was drawn  with a marker to align with the level of NAOH 



 

on each time of measurement. Then the level drop against time was calculated to find out the estimate 

flowrate. The consumption of the NaOH can be calculated if the level drop and the surface area of 

the container is known. However, this method is also notably prone to measurement errors. The 

NaOH container is in pilot room on the scale. With the scale were able to monitor the weight 

difference. This also easily resulted to measurement error due to location of the scale. Usually there 

were lots of things, such as buckets and other equipment on the scale, so the value was not so accurate. 

Thirdly, the most reliable result is obtained by combining the other two methods descripted above. 

Firstly, the level drop per hour needs to be calculated by using the formula 5 as follows: 

𝜆 =
∆𝑥

𝑡
=

𝑙𝑒𝑣𝑒𝑙𝑓−𝑙𝑒𝑣𝑒𝑙𝑖

𝑡𝑖𝑚𝑒
=

𝑐𝑚

ℎ
     (5) 

Where λ [cm/h] is the level drop per hour, ∆x [cm] is the change in NaOH surface height and t [h] is 

the duration time of the procedure.   

After that, the correspondence between a one centimeter drop in the surface level and the volume of 

the feed flow in liters needs to be calculated. In order to calculate the actual flowrate of NaOH by 

using the formula 6, the indicated flowrate of the pump is needed. 

  𝛽 =
𝛾
∆𝑥

𝑡

=
𝛾 ⋅ 𝑡

∆𝑥
=

𝑓𝑙𝑜𝑤 𝑖𝑛𝑑𝑖𝑐𝑎𝑡𝑒𝑑 𝑜𝑛 𝑝𝑢𝑚𝑝 ⋅ 𝑡𝑖𝑚𝑒

𝑙𝑒𝑣𝑒𝑙𝑓−𝑙𝑒𝑣𝑒𝑙𝑖
=

𝑙

ℎ
 ⋅ ℎ

𝑐𝑚
=

𝑙

𝑐𝑚
      (6) 

Where β [l/cm] is liters that corresponds to a drop of the surface in centimeters, and γ [l/h] is indicated 

flow on the pump. Finally, the average NaOH flowrate can be calculated by using the formula 7 

followingly:  

𝜑 =
∆𝑥 ⋅ 𝛽

𝑡
=

(𝑙𝑒𝑣𝑒𝑙𝑓−𝑙𝑒𝑣𝑒𝑙𝑖) ⋅ 𝛽

𝑡𝑖𝑚𝑒
=

𝑐𝑚 ⋅ 
𝑙

𝑐𝑚

ℎ
=

𝑙

ℎ
    (7) 

Where φ [l/h] is the average NaOH flowrate. In the table 2 is listed parameters used in these 

calculations. 

 

 



 

 

Table 2. Parameters for NaOH consumption calculations. 

 
Day 

  

Level Time 
Average 
flowrate 

Flow indicated 
on the pump  

  cm h l/h l/h 
New NaOH container 

1 14,6 0,0     

2 28,9 19,2 9,1   
3 36,2 24,0 3,7   

4 48,7 24,0 6,3   

5 62,1 24,2 6,7   
6 75,1 24,0 6,6   

 New NaOH container  

7 15,5 0,0     

8 26,1 17,3 7,4   
9 47,0 23,7 10,7   

10 68,2 24,0 10,7   

10 72,5 5,1 10,2   
 New NaOH container  

10 27,6 0,0     

11 44,3 18,7 10,8   

12 65,8 23,9 10,9   
13 80,7 24,1 7,5   

 New NaOH container  

13 16,2 0,0     
14 27,2 24,0 5,6 7,8 

15 39,5 24,1 6,2   

15 39,9 0,8 6,5 6,2 

15 40,6 1,4 6,0 6,2 

15 42,0 2,9 5,9 6,1 

16 63,8 43,1 6,1 7,1 

16 67,9 7,0 7,1 8,5 

17 81,9 16,8 10,1 8,5 

 New NaOH container  

17 9,3 0,0     

18 21,9 18,1 8,5 8,1 
19 38,5 24,1 8,4 8,4 

19 38,9 0,6 8,3 8,3 

20 60,5 24,7 10,6 13,6 
21 82,5 22,8 11,7 15,5 

 New NaOH container  

21 16,2 0,0     

22 31,6 15,0 12,5 13,6 
23 ?     11,0 

24 54,2 23,0 11,9 10,4 

25 69,8 24,0 7,9 8,7 
25 73,8 7,5 6,5 8,7 

26 81,6 16,3 5,8   



 

27 81,6 24,0 0,0 0,0 
New NaOH container  

28 15,5 0,0   12,0 

29 26,0 20,8 6,1 13,0 
30 35,6 21,9 5,3 12,8 

31 44,2 23,8 4,4 12,9 

32 52,4 24,2 4,1 12,8 
33 68,7 24,0 8,2 11,6 

34 89,5 24,0 10,5 11,2 

34 93,5 5,7 8,6 11,2 

 New NaOH container  

34 16,2     11,7 

35 31,1 18,1 10,0 14,8 

36 56,3 24,0 12,7 15,3 

37 92,3 24,0 18,2 15,3 

 New NaOH container  

37 19,1     17,4 

38 45,2 23,5 13,5 12,1 

39 70,2 23,9 12,7 12,7 

39 81,7 7,0 19,9 19,2 
 New NaOH container  

39 15,5 0,0     

40 44,4 17,1 20,5 20,5 

41 86,2 23,9 21,2 20,5 
41 89,4 2,1 18,6 19,2 

New NaOH container  

41 15,8 0,0     
42 54,5 22,0 21,4 20,6 

42 67,8 7,8 20,7   

 New NaOH container  

42 16,5 0,0     
43 44,7 16,2 21,1 20,5 

44 85,9 23,9 20,9 20,2 

 New NaOH container  
44 15,8 0,0     

45 34,6 17,7 12,9 12,3 

46 58,5 24,1 12,0 11,5 

47 83,1 24,0 12,4 11,8 
47 89,2 6,4 11,5 11,6 

New NaOH container 

47 16,8 0,0     

48 36,2 17,7 13,3 12,6 

49 60,3 23,7 12,4 12,3 

50 83,5 24,1 11,7 12,1 
50 84,0 0,5 11,7 0,0 

50 84,0 0,8 0,0 0,0 

50 90,9 4,8 17,4 12,1 

 New NaOH container  

50 16,1 0,0   0,0 

51 35,0 17,7 13,0 12,6 

52 61,1 24,0 13,2 12,6 
53 87,3 24,3 13,1 12,4 



 

53 93,6 6,2 12,4 11,8 
 New NaOH container  

54 16,3 0,0     

54 34,1 17,7 12,2 12,0 

 

1.5.5. Sulfur analysis – ELTRA  

In order to calculate the right amount of the NaOH and oxygen for concentrate leaching, the amount 

of the total sulfur must be determined. All the sulfur in the concentrate is a form of metal sulfide. 

That is why the amount of leached sulfide is measured by using the total sulfur content. In other 

words, the amount of total sulfur correlates with how much the sulfide has been leached during the 

process. The amount of sulfur in solid samples can be analyzed with ELTRA (figure 6.) 

The sample will be taken from the feed tank each time it is filled with a new concentrate. This slurry 

sample is filtrated and dried in 90 °C for couple of hours. After that the dry sample is analyzed for 

total sulfur with an ELTRA (Analyzer CS-580A, Germany 2019). After that run couple of test 

samples in order to see if the ELTRA works properly. Then weight 0,100g of the sample into a 

crucible. After that, insert the filled crucible into the ELTRA and proceed the analyses. With ELTRA 

can be analyzed total sulfur, amount of sulfite, total carbon, total inorganic carbon, and organic 

carbon. To be able to measure these substances with ELTRA, the pretreatment of the samples is 

Figure 6. ELTRA set up. 



 

needed. For example, sulfide analysis will require extraction of the sample before it can be analyzed 

with ELTRA. However, in the total sulfur analyses any pretreatments is not needed. That is why the 

total sulfur measuring is the quickest and the most straightforward method to adjust the process. 

 

1.5.6. Ion Chromatography 

The amount of sulfate and thiosulfate in liquid are measured with IC (ion chromatography, Thermo 

Fisher Dionex ICS 1100) in order to analyze  the oxidation products of sulfur. The sample is taken 

from each reactor. The sample is filtrated, and that filtrate is collected for analysis with IC. The IC is 

calibrated to a certain concentration range of selected compounds and samples are therefore diluted 

for analysis. If the concentration of the sample exceeds the calibration range the result is not accurate. 

The sample dilution also helps to protect the IC equipment from high concentration of compounds in 

the sample that can damage equipment.  For the sulfate, the sample needs to be diluted due to sample 

relatively high sulfate concentration. The same applies with the thiosulfate  

1.5.7. Mass balance 

To be able to see the actual oxidation rate of sulfur, the amount of thiosulfate and sulfate is needed. 

In the sulfur mass balance can be seen how much of the sulfur that entered the process has been 

oxidized to sulfate and thiosulfate. It is also important to recall that thiosulfate and sulfate are not the 

only formed sulfur compounds. In mass balance can also be seen the total amount of these other sulfur 

compounds  

In order to calculate the mass balance of elemental sulfur, the total mass of the oxidized sulfur has to 

be calculated. Initial information, such as the sulfur content of the feed [%] and the concentrate feed 

rate [kg/h], is needed when finding out the total mass of the sulfur. The sulfur content was measured 

with the ELTRA and the flow rate is measured every day by operators. With this information is 

possible to calculate the volume of the sulfur [kg/h] of the feed. Total sulfur (Stot) has been measured 

from each reactor (Table 3). If the Stot is known from each of the reactors and from the feed tank, the 

oxidation rate of sulfur from the reactors can be calculated with the formula 8  

𝑠𝑢𝑙𝑓𝑢𝑟 𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 [%] =
𝐹𝑒𝑒𝑑 𝑡𝑎𝑛𝑘 𝑆𝑡𝑜𝑡[%]−𝑅𝑒𝑎𝑐𝑡𝑜𝑟 𝑆𝑡𝑜𝑡[%]

𝐹𝑒𝑒𝑑 𝑡𝑎𝑛𝑘 𝑆𝑡𝑜𝑡[%]
∙ 100  (8) 



 

Where sulfur oxidation rate [%] is the rate of oxidation in the reactor, feed tank Stot is the total 

sulfur content in the feed [%], and reactor Stot is the sulfur content in each reactor [%]. However, the 

residence time between the feed tank and the reactor 3 must be considered. With the formula 6 the 

total oxidation rate for each reactor can be calculated. However, in order to see how much sulfur is 

oxidized in the reactors 2 and 3 separately, the difference between R2 and R1 must be calculated. 

The same applies with the reactor 3 by subtracting the R2 from R3.  First the mass flow of sulfur is 

calculated with formula 9 followingly: 

𝑀𝑎𝑠𝑠 𝑓𝑙𝑜𝑤 𝑜𝑓 𝑠𝑢𝑙𝑓𝑢𝑟 [𝑘𝑔/𝑙]  =  
𝐹𝑒𝑒𝑑 𝑓𝑙𝑜𝑤 [𝑘𝑔/ℎ] ∙ 𝐹𝑒𝑒𝑑 𝑡𝑎𝑛𝑘 𝑆𝑡𝑜𝑡 [%] 

100
  (9) 

Where Mass flow of the sulfur [kg/h] is the mass of sulfur in the feed of the concentration. The feed 

flow is the mass volume of the feed and the Feed tank Stot [%] is the sulfur content in the feed. 

Table 3. Total sulfur (Stot) values in each reactor. 

Day  
Reactor 1, total 

sulfur 

 
Reactor 2, total 

sulfur 

 
Reactor 3, total 

sulfur 

  % % % 
1 7,050 7,570 8,640 

2 6,380 6,080 6,990 

3 6,850 6,070 6,390 

4 6,530 5,180 5,080 

5 6,140 5,280 5,270 

6 6,160 4,870 4,950 

7 6,350 4,330 4,400 

8 6,080 3,720 3,600 

9 6,480 3,410 2,540 

10 6,420 3,900 2,670 

11 5,220 3,710 2,590 

12 4,090 3,720 3,090 

13 3,620 3,130 2,770 

14 4,430 3,530 3,000 

15 5,040 3,730 3,240 

16 4,650 3,630 3,300 
17 6,400 4,850 4,000 
18 7,030 5,920 5,110 

19 6,460 5,730 5,380 

20 6,420 5,340 5,080 

21 5,870 4,840 4,680 

22       

23       

24 5,240 5,030 5,160 

25 5,580 4,910 4,780 

26       

27       

28 5,150 4,870 4,700 

29 5,290 4,710 4,430 

30 5,330 4,880 4,580 

31 5,100 4,810 4,610 

32 5,050 4,790 4,630 



 

33 5,030 4,510 4,620 

34 5,910 4,440 4,150 

35 7,950 5,630 4,630 

36 10,130 7,570 6,180 

37 10,950 8,810 7,370 
38 10,850 9,410 7,960 
39 9,990 9,040 8,160 

40 9,480 8,680 7,710 

41 9,120 8,240 7,300 

42 8,980 7,820 6,760 

43 8,990 7,560 6,250 

44 7,030 6,570 5,760 

45 5,230 4,630 4,390 

46 4,950 3,700 3,130 

47 5,110 3,900 2,940 

48 4,950 3,950 3,120 

49 4,980 3,710 2,890 

50 5,050 3,910 2,970 

51 5,070 4,070 2,950 

52 4,920 4,080 3,010 

53 4,820 3,820 2,920 

54 4,490 3,560 2,780 

 

The next step is to calculate the volume of oxidized sulfur from each reactor with the formula 10 

accordingly: 

𝑜𝑥𝑖𝑑𝑖𝑧𝑒𝑑 𝑚𝑎𝑠𝑠 𝑓𝑙𝑜𝑤 𝑜𝑓 𝑠𝑢𝑙𝑓𝑢𝑟 [
𝑘𝑔

ℎ
] =

𝑅𝑒𝑎𝑐𝑡𝑜𝑟 𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 [%]

100
 ∙  𝑚𝑎𝑠𝑠 𝑓𝑙𝑜𝑤 𝑜𝑓 𝑠𝑢𝑙𝑓𝑢𝑟 [

𝑘𝑔

ℎ
] (10) 

Where oxidized mass flow of sulfur [kg/h] is the mass of oxidized sulfur per hour in each reactor, 

reactor oxidation rate [%] is the value calculated with the formula 8, and mass flow of sulfur [kg/h] 

is the mass flow of the sulfur in the feed. In order to calculate the mass of formed sulfur [kg], the 

mass flow (formula 10) must be multiplied by residence time. Residence time can be calculated 

with the formula 11 as follows: 

𝑡𝑟 =
𝑉

𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒𝑠𝑖𝑛 
        (11) 

Where tr [h] is residence time in 3 reactors, V [l] is the volume of the reactor, and flow ratesin [l/h] is 

all the reagent flows combined, such as caustic and the concentrate feed, into the reactors. Total mass 

of the oxidized sulfur (kg) can be calculated by simply multiplying the mass flow of sulfur (formula 

10) by residence time (formula 11). 

After that the next step is to calculate the products that have been formed when sulfur is oxidized. 

The oxidation reaction is following formulas 3 and 4 below. 



 

4𝑆 + 6𝑂𝐻− → 2𝑆2− + 𝑆2𝑂3
2−   (3) 

2𝑆2𝑂3
2− + 5𝑂2 → 4𝑆𝑂4

2−      (4) 

In the formula 3 can be seen that when elemental sulfur is oxidized, the thiosulfate is formed first. 

When the oxidation reaction continues, the next formed compound is sulfate (formula 4). The 

amount of these substances was measured from liquid with IC every day and the unit are [mg/l]. 

With the formula 12 below can be calculated the mass of formed sulfate and thiosulfate [kg]. 

𝑚 =
𝑐(𝑆𝑂4) ∙ 𝑉

10002       (12) 

Where m [kg] is the mass of formed sulfate or thiosulfate in each reactor, [mg/l] is the concentration 

of sulfate or thiosulfate, and V [l] is the volume of the reactor. 

 The next step is to convert the mass of sulfur, sulfate and thiosulfate into the quantity of the substance 

with the formula 13. 

𝑛 = 𝑚 ∙ 𝑀     (13) 

Where n [mol] is the quantity, m [g] is the mass of substance, and M [g/mol] is the molar mass of the 

substance. The molar mass of sulfate is 96,065 g/mol, thiosulfate is 112,13 g/mol and elemental sulfur 

is 32,065 g/mol.  

During the piloting the consumption of the NaOH was measured in two different ways. One method 

was to take hand measurements with measuring tape and another one was to follow the pump 

indication. The pump was adjusted and calibrated regularly. These methods are described more 

accurately in chapter 2.3.4. The results of NaOH consumption estimations with both methods are 

presented in figure 7. 

Hand measurements have been chosen to be more accurate than the pump indication. The collection 

of the pump indication values was started on day 13. That is another reason why the hand 

measurements are more comprehensive. The calibration and adjustment of the NaOH pump was also 

tricky in the beginning so the hand measurements are more reliable. Due to that, the results of hand 

measurements have been used in following figures. 



 

Figure 7. NaOH consumption measured using different methods.

 

The concentration of formed sulfate and thiosulfate versus the total mass of oxidized sulfur are 

presented in the figure 8. It can be seen in the graph that there is negative correlation between sulfate 

and thiosulfate content. When the sulfur is oxidized, the ratio between sulfate and thiosulfate is clear. 

When the sulfate amount is high, the thiosulfate content is low and the vice versa. Therefore, the 

amount of the sulfate is inversely proportional to the amount of the thiosulfate (nsulfate ∝ nthiosulfate-1). 

The same phenomenon can be seen in the figure 9, where the correlation between sulfate and 

thiosulfate content is presented. The correlation is negative -26% and it can be seen if the square root 

of R2 value is taken. 

 Figure 8. The mass of oxidized sulfur and the mass of formed sulfate and thiosulfate. 

  

0.00

5.00

10.00

15.00

20.00

25.00

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51 53 55

Na
OH

 F
lo

w
ra

te
 (l

/h
)

Days

Hand measurements vs pump indication

Average NaOH flowrate by hand measurements (L/h) Pump indication; NaOH flow

0

1000

2000

3000

4000

5000

6000

7000

0
5

10
15
20
25
30
35
40

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51 53

Th
e 

to
ta

l m
as

s o
f o

xid
ize

d 
su

lfu
r (

g)

Su
lfa

te
 a

nd
 th

io
su

lfa
te

 c
on

te
nt

 (g
/l)

Day

Sulfate and thiosulfate content vs oxidized total sulfur

R3 thiosulfate R3 sulfate Oxidized total sulfur



 

 

Figure 9. The correlation between sulfate content and thiosulfate content. 

 

In the figure 10 in red the mass of oxidized sulfur and in green the difference between oxidized forms 

of sulfur such as sulfate and thiosulfate are presented. The closer the red line is to zero, the more 

optimal it is. If the y-value of the red curve is zero, that means the measurement has succeeded well. 

Zero means that the measurement of the mass of the sulfur removed from the solids and the forms of 

sulfur in the solution was done accurately. Positive value means that the solution contains sulfur forms 

that were unable to be measured, or those sulfur forms have evaporated and that is why they cannot 

be measured. This is possible due complex chemistry of sulfur oxidation. If the value is negative that 

means, there have been measuring errors in the sulfur analysis or the different sulfur forms are not 

quite accurately measured. 
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Figure 10. The mass of oxidized sulfur and the difference between oxidized forms of sulfur. 

 

 This can also be seen in formula 3 and 4. Depending on reaction conditions, the quality of concentrate 

and the residence time of the process, the formation of other sulfur compounds than those in the 

formula 3 and 4, is possible. The formation of other sulfur compounds can be seen in the mass balance 

calculations of sulfur. Predicting the compounds that will be formed is not easy but that can be 

estimated with a pourbaix-diagram figure 11. (Marsden & House, 2006, p. 152). 

In figure 11 is presented two example data points that illustrates the sulfur compound formation. 

Redox was 83,4mV and pH was 8,3 in day 6. According to the figure 11, in those reaction conditions 

the formed reaction product is dithionate (S2O6
2-). Another data point is from day 45 when the redox 

was -412,7mV and pH was 12,4. Unlike day 6 this time due to certain reaction conditions the formed 

reaction product is thiosulfate (S2O3
2).  

Hence the accuracy of the mass balance calculations is not the best possible. Sulfate and thiosulfate 

were only sulfur compounds that could be measured during the pilot. Other formed sulfur compounds 

such as dithionate were not measured during the pilot.  

In the future would be useful to measure the total sulfur concentration in the solution. However, that 

would require some investment in new analyzer. Different kind of analyzer would have given a better 

understanding of what other forms of sulfur the solution contains, other than the assumed sulfate and 

thiosulfate. In addition, knowing the total sulfur concentration would give more accurate mass 

balance. For example, dithionate (S2O6
2-) and tetrathionate (S4O6

2-) should be measured in order to 

get more comprehensive result of sulfur forms in the solution. 
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“Figure 11. Eh–pH diagram for the S–H2O system when all thermodynamic reference to 

SO42– is deleted” (Marsden & House, 2006, p. 152) 

As a result of research, it is possible to create a graph which illustrates the specific speed of the 

reaction. In the figure 12 the NaOH flowrate and the mass of oxidized sulfur is presented (formulas 

7 and 10).  



 

Figure 12. NaOH flowrate and the mass of oxidized sulfur.

 

 

The figure 13 illustrates the dependence between NaOH flowrate and oxidized sulfur. The 

correlation can be calculated easily by taking the square root of the R2 value. This gives a positive 

correlation of 56%. According to senior metallurgist L.Veki, if the R2 value is higher than 0,2 in the 

concentrator plant’s data, the correlation is significant (L.Veki, 2022). In figure 13 can be seen that 

the R2 value is 0,3. 

There is a strong correlation between NaOH flowrate and the mass of oxidized sulfur. However, 

according to the figure 13 the maximum sulfur oxidation is not reached when the NaOH flowrate is 

the highest possible. Even when doubling the NaOH flowrate to 30 kg/h, it results approximately 

the same mass of oxidized sulfur than with the NaOH flowrate of 15-20 kg/h.  

It means the NaOH flowrate is not the only factor that affects to the oxidation rate. Reaction 

temperature, the quality of the feed and the amount of the oxygen are factors that affects to the 

oxidation process. 

The median NaOH flowrate is 16,2 kg/h. That can also be assessed visually in the figure 13. The 

wanted situation is one where the desired oxidation rate is obtained with the smallest amount of 

NaOH. That way it takes the least amount of NaOH to achieve the desired sulfur oxidation and 

hence, the opex (operating expenses) are low. 

Figure 13. The correlation between NaOH flowrate and oxidized sulfur 
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In figure 14 the compaction diagram of the results is presented. Bar chart represents the oxidation 

rate of each reactor. Black line is the average flowrate of the NaOH taken from the pump display. 

The red line is the calculated NaOH consumption which takes into account the surface drop and the 

pump reading. 
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Figure 14. The oxidation rate and NaOH consumption. 
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3. RESULTS AND DISCUSSION 

According to the figure 12 the best oxidation rate is achieved on days 16 and 35. On these days the 

NaOH consumption was around 16 kg/h. At the end of graph in figure 12, the NaOH flowrate is much 

higher than 16 kg/h, but the amount of the oxidized sulfur is lower than it is with 16 kg/h flowrate. 

Hence, if the flowrate is way over 16 kg/h, there is excess of NaOH in the reaction and other factors, 

such as low temperature, poor quality of the feed or the lack of the oxygen, are limiting the sulfur 

oxidation. Thus, the oxidation is not any better if comparing, for example, the scenarios with 16 kg/h 

and 30kg/h flowrates.  

In the figure 12 the oxygen is the limiting reactant of the reaction. Increasing the oxygen flowrate 

would improve the total sulfur oxidation rate. The concentrate slurry flowrate has been almost the 

same in the 175-180 l/h during the pilot. In the middle of the graph (days 21-27) in figure 12, the line 

reaches zero due to maintenance shutdown of the pilot. In order to reach the stability of the process, 

it takes approximately 48h since the reagent flows are started. That is why the variation of the line is 

bigger just after the pilot start up.  

In the figure 11, the red line represents the difference between the total sulfur and oxidized forms of 

sulfur, such as thiosulfate and sulfate. Values close to zero illustrate that the measurements have been 

accurate, and all the formed forms of sulfur have been able to measure. If the value is negative that 

means, there is an analysis error in the formed sulfur compounds in the solution. If, on the other hand, 

the value is positive, that depicts that there are some forms of sulfur in the solution, for instance the 

dithionate, that were unable to be measured.  

The amount of sulfate and thiosulfate is measured with the IC. However, due to the calibration curve 

of the IC, the measurement requires the sample dilution before it can be measured. In some cases, the 

sample must be diluted two times before the analysis. That may cause the error to the results. The IC 

is tuned for good sulfate and chloride measurement, so the accuracy of the thiosulfate measurements 

suffers. To be able to get accurate results for both sulfate and thiosulfate, it would require for example 

ICP. Also, there can be some calculation or rounding error with the calculations. 

In the figure 14, the bar chart presents the oxidation rate in each reactor and the lines represent the 

NaOH consumptions. In the graph when the NaOH flowrate has been high, the oxidation happens in 

all reactors including R3. However, with the low NaOH dosages there is no oxidation at the R3 at all. 



 

In some cases, the oxygen runs out before reaching to R3, due to the limited oxygen supply capacity, 

thus oxygen is the limiting reactant for the reaction.  

Overall, the certainty of the NaOH flow is a bit questionable. Due to lack of flowmeter, the caustic 

flowrate is more directional oppositely to the absolute value. The flowrate in figures 12 and 14 is the 

sum of different calculation methods based on the level drop in container, the mass drop of the 

container, the pump indication and the pH value inside of the reactors. 

The inlet line of the NaOH pump has been placed on the top of the container. The pump itself has 

been placed lower level than the inlet line of the pump. Due to height difference between pump and 

suction line, it causes the formation of air bubbles in the line. Especially, when the pump revolutions 

are high, air bubbles are sucked into the pump and the pump’s accuracy will suffer. The pump had to 

be calibrated manually regularly. The accuracy of the manual calibration may also cause the error on 

pump indication. 



 

4. CONCLUSIONS 

The aim of this thesis was to find out the optimal sodium hydroxide dosage for sulfide mineral 

oxidation in alkaline leach. In that study, only the oxidation of the sulfur compared to flow rate of the 

NaOH was taken into account. The flow rate of oxygen and the reaction temperature were not 

considered in this study.  

In these reaction conditions where concentrate flow rate is approximately 175 l/h, the average sulfur 

content of the concentrate feed is 6,8% and the residence time between reactor 1 and reactor 3 is 

around 48h, the optimal NaOH consumption can be estimated. 

As a result, the optimal sulfur oxidation was obtained with the NaOH flow rate of 16 l/h in which 

case the oxidation speed of the sulfur was around 2,3 kg/h. If the NaOH flow rate was lower that 16 

l/h, the sulfur oxidation rate was not the highest possible. On the other hand, if the NaOH was clearly 

higher than 16 l/h, there was not a major increase in the oxidation rate of sulfur.  

 

 



 

5. SUMMARY 

The aim of this thesis was to find the optimal NaOH dosage for sulfide minerals oxidation in alkaline 

leach. This research was a part of a larger pilot scale study and was conducted with Agnico Eagle 

Finland Oy in Kittilä mine. 

Processed material, which has been used in this pilot, was tailing of carbon flotation with an average 

sulfur content of 6,8%. The pilot set up consisted of feed tank, three continuous reactors, and three 

reagent pumps. The reagent flows into the reactors are oxygen, sodium hydroxide (NaOH) and the 

slurry from carbon flotation. 

The content of the elemental sulfur is measured with ELTRA and based on the value, it was possible 

to calculate the oxidation rate of the sulfur and the sulfur oxidation speed in each reactor. When the 

volume of each reactor is known, the residence time between R1 and R3 can be calculated. With this 

information I was able to create the graph of specific speed of the NaOH flow.  

According to the graph of specific speed of NaOH flow, the most optimal dosage for NaOH is 

approximately 16 l/h. In order to reach the optimal dosage for sulfide oxidation, the process conditions 

must be stable, the oxygen feed flow cannot be the limiting reactant and other parameters, such as 

temperature and pH, must be in the KPI. 

The topic of further research could be to compare the efficiency of sulfide oxidation between sodium 

hydroxide and sodium carbonate in alkaline leach. The sodium carbonate, also known as soda ash, is 

a similar reagent than the NaOH. For example, researching the business case scenario between these 

reagents would be extremely interesting and useful topic. 
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7. APPENDICES 

 

Appendix 1 – Hand measurements 



 

 



 

 



 

 



 

Appendix 2 – Percentage of solid 

 



 

Appendix 3 – Data 

     



 

 

 

 

 



 

 

 

 



 

 

 

 



 

 



 

Appendix 4 – Calculations 
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