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Happamat kaivosvedet ja niiden käsittely on yleinen ongelma erityisesti useilla kaivoksilla. Kaivoksien lisäksi niitä 

esiintyy myös kaikkialla siellä missä kaivamisen yhteydessä kallioperän mineraalit liukenevat altistuessaan 

happipitoisille vesille. Rautapitoiset sulfidimineraalit ovat erityisen ongelmallisia, koska niiden liukenemiseen 

liittyvien reaktioiden seurauksena veden happamuus voi nousta merkittävästi. Happamat kaivosten kuivanapitovedet 

ja prosessivedet voivat suotuisassa tapauksessa olla myös arvokkaita metallien ja raaka-aineiden lähteitä. Tässä 

työssä etsittiin kirjallisuudesta keinoja näiden kaivosvesien hyötykäytölle. Eräitä kirjallisuudessa tutkittuja 

vaihtoehtoja ovat olleet esimerkiksi metallien selektiivinen erotus saostamalla, sekä kaivosveden sisältämien 

komponenttien jalostaminen rakennusmateriaalien, vedenpuhdistuskemikaalien tai pigmenttien valmistamiseen. 

 

Kaivosveden metallien hyödyntäminen voi vaatia metallien konsentrointia, joka voidaan tehdä tässä työssä 

tarkastellulla haihdutusprosessilla. Haihdutusprosessi voi toimia myös vaihtoehtona kaivosvesien neutraloinnille ja 

saostamiselle. Haihdutuksen energiatehokkuutta voidaan parantaa käyttäen höyryn mekaanista puristustekniikkaa. 

Haihdutuksen soveltuvuutta tutkittiin tekemällä haihdutuskokeita pilot-mittakaavan laitteistolla kaivosten X ja Y 

vesille. Kaivoksen X prosessivesi soveltui hyvin haihdutettavaksi laitteistolla. Kaivoksen Y kuivanapitovesi oli 

puolestaan voimakkaasti korroosiota aiheuttavaa, joten kyseinen vesi ei ainakaan sellaisenaan sovellu 

haihdutettavaksi pilottilaitteistossa käytetyllä teräsmateriaalilla. Lisäksi kaivoksen Y vesi muodosti runsaasti sakkaa, 

mikä on haitallista lämmönsiirron kannalta sekä edellyttää työläitä ja aikaa vieviä pesutoimenpiteitä.  

 

Haihduttimen rakennemateriaalien valintaa varten työssä suoritettiin korroosiokokeita kaivoksen X prosessivedestä 

pilot-mittakaavan laitteistolla tuotetulla konsentraatilla. Korroosiokokeet tehtiin sähkökemiallisilla menetelmillä. 

Korroosionopeuden havaittiin kasvavan eksponentiaalisesti lämpötilan funktiona, mutta konsentraatin tiheysasteella 

on sen sijaan pienempi vaikutus korroosionopeuteen kaivoksen X prosessivedestä tuotetulla konsentraatilla. 
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olosuhteissa. Simuloinneissa havaittiin veden haihtumisen hidastuminen rikkihappopitoisuuden noustessa 25 %:in. 

Pilot-mittakaavan haihdutuslaitteiston oheislaitteiden, kuten pumppujen, todettiin olevan ylimitoitettuja suhteessa 

varsinaiseen haihduttimeen.  
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Haihdutusprosessin energiatehokkuuteen voidaan vaikuttaa haihdutinlaitteiston optimaalisella mitoituksella. 

Kaivosvesikonsentraattien hyötykäyttöä tutkimalla haihdutusprosessista voidaan kehittää entistäkin kannattavampi. 
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Acid mine water formation is a wide environmental problem that occurs especially in mines, but also anywhere else 

where the bedrock minerals produce acid when exposed to oxygenated waters due to excavation. Iron containing 

sulfide minerals are particularly problematic due to their efficient ability to produce acid. In a favorable case, acid 

mine drainage and process waters from mining industry can also be valuable sources of metals or other raw materials. 

Potential methods for the utilization of mine waters were searched from literature for this thesis. Examples of found 

alternatives were the selective separation of metals by precipitation and refining the components from mine water 

into construction materials, water purification chemicals or pigments.  

 

The recovery of metals from acid mine water may require concentration of metals, which can be achieved by utilizing 

the evaporation process described in this thesis. The mechanical vapor recompression (MVR) evaporation process is 

an energy-efficient alternative method for neutralizing and precipitation of the metals, which are most often 

performed by chemical neutralization and precipitation. The applicability of the MVR-evaporation process was 

studied with pilot evaporation experiments for acid mine waters from mines X and Y. The process water from mine 

X was suitable for evaporation in the pilot plant, whereas mine drainage from mine Y caused remarkable corrosion 

in the equipment. Hence, based on the results of this study, the evaporation of the mine drainage from mine Y is not 

feasible with the pilot plant used. The reason for this is the steel grade used to construct the pilot plant equipment. In 

addition, mine drainage from mine Y formed lots of dregs into the evaporator, which is harmful for heat transfer and 

requires difficult and time-consuming washing sequences.  

 

Corrosion experiments were conducted with the concentrate that was produced at the pilot evaporation experiment 

for the process water from mine X. Corrosion rate was defined with two electrochemical methods on the basis of 

applied currents and potentials. With the concentrate from mine X, the corrosion rate was observed to increase 

exponentially with temperature. The increase of the concentrate density increased the corrosion rate less than the 

temperature. In addition to the pilot experiments, the behavior and energy consumption of the evaporation process 

was evaluated by simulating the evaporation of water-sulfuric acid mixture in conditions corresponding to the pilot 

process experiments. The evaporation rate was observed to slow down after the sulfuric acid concentration reached 

of 25 mass-%. The MVR fan and the pumps in the pilot plant were found to be oversized in relation to the evaporator 

size. 

 

As a conclusion, the applicability of an MVR-evaporation process for acid mine water treatment depends on the 

properties of the mine water. Pilot-scale evaporation experiments and laboratory-scale corrosion experiments are 

needed to study the applicability of mine waters for evaporation. The energy efficiency of the evaporation process 

can be enhanced by optimizing and sizing the equipment appropriately. By investigating reuse and recycling methods 

for mine water concentrate, the profitability of the evaporation process can be further improved.  
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NOTATIONS AND ABBREVIATIONS 

Ai, Bi, Ci Antoine constants of component i 

AMD Acid mine drainage 

D Density [g/cm3] 

Ecorr  Corrosion potential [V] 

EW Equivalent weight of corroding species [g] 

e- Electron 

F Faraday constant, = 96 485 C/mol 

FANin  The temperature [°C] measured from the outer pipe surface of the MVR-

fan inlet 

FANout The temperature [°C] measured from the outer pipe surface of the MVR-

fan outlet 

Icorr  The corrosion current density [A/cm2] 

icorr The current corresponding to the corrosion potential [A] 

Ki The relationship between the liquid and gas phase compositions for 

component i 

M Metal atom 

Mmw Molecular mass [g/mol] 

MVR Mechanical vapor recompression 

m Mass [g] 

n Number of electrons  

nec  Number of electrons involved in the electrochemical reaction 

P  Pressure [Pa] 

Pi
0 Absolute vapor pressure of component i [Pa] 

Q Electric charge [C] 

Qcondensate The condensate flowrate [l/h] 

rcorr Corrosion rate [mm/a] 

T Temperature [°C] 

W Mass of the electroactive species [g] 

xi Mole fraction of component i in liquid phase 

yi Mole fraction of component i in vapor phase 

 

 



 

αij Relative volatility of two components i and j 

βa Tafel slope of anodic reaction 

βc  Tafel slope of cathodic reaction 

ŋ Overpontential [V] 

γi Liquid phase activity coefficient for component i 

φi Gas phase fugacity coefficient for component i 
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1 INTRODUCTION 

Mining industry produces acid mine drainage (AMD), particularly when sulfide minerals 

are exposed to water and oxygen. This acidic water is generated during active operation, 

and also after the mine is shut down. AMD typically contains water, sulfuric acid, sulfate, 

dissolved metals, and possibly components from explosives and mineral processing 

chemicals. AMD is hazardous to the environment due to its low pH and high metal 

content. Therefore it must be treated to meet the legal discharge limits set by the local 

authorities for the disposal of it into surface waters. Detailed discharge limits for each 

mining industry are generally stated in a specific environmental permit. Wastewater 

issues of the mining industries have drawn public attention in Finland in the recent years, 

and also for this reason it is sensible for the reputation of the industries to put effort into 

searching solutions for mine water related issues and challenges.  

Traditionally water is collected into settling ponds and lime or some other neutralizing 

reagent is added to the acid mine water to precipitate metals and sulfate as hydroxides 

and gypsum. The disadvantage of this method is that the gypsum and precipitate must be 

land filled, which requires space and money. In addition, as the prices of metals rise, it is 

becoming more attractive to consider the recovery of metals from AMD and the process 

waters of mining industry. Evaporation is widely used process for dewatering and 

concentrating, but its application for treating mine water is a relatively new idea. The 

properties of water affect the success of the evaporation process. For example, acid mine 

water can cause corrosion at certain chemical compositions, which must be taken into 

account when designing the plant. 

The aim of this thesis was to test the suitability of mechanical vapor recompression 

evaporation technology for mine water treatment. This was monitored by analyzing 

water samples, measuring physical properties of the waters under investigation and 

estimating fouling, corrosion and energy consumption during the pilot experiments. The 

corrosion rate of the evaporator construction materials was measured in laboratory for 

the purpose of selecting correct materials for the upcoming commercial plants. The 

capabilities and behavior of the pilot plant was also evaluated by simulation software. 

Other targets of this thesis were to gather information about metal recovery methods and 

alternatives for reusing the evaporated mine water concentrate. The theory part of this 
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thesis consists of a literature survey concerning AMD, evaporation and metal recovery. 

The applied part describes the experimentally observed evaporation performance, 

evaluation of the evaporation performance through simulation results and material 

corrosion results. 
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2 ACID MINE DRAINAGE 

2.1 Birth Process of Acid Mine Drainage 

The AMD formation process is complex, because it includes chemical, biological and 

electrochemical reactions, which vary with environmental conditions. Sulfide minerals 

are originally formed under reducing conditions in the absence of oxygen. When these 

sulfide minerals are exposed to atmospheric oxygen or oxygenated waters, they can 

become unstable and oxidize. This may occur for example during mining, mineral 

processing, excavation or other earthmoving processes. (Simate & Ndlovu 2014) 

The reactions of AMD generation are well illustrated by the oxidation of pyrite (FeS2), 

which is one of the most common sulfide minerals. Other sulfide minerals can have 

different reaction pathways, stoichiometries and reaction rates, but research on these 

variations is limited. (Akcil & Koldas 2006) The appearance of pyrite can be seen in Fig. 

1.  

 

Figure 1. Pyrite. (Mikko Turunen/Geologia.fi, with permission) 
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The significance of pyrite as a source of the acidity of water can be investigated based on 

the pyrite oxidation reaction, Eq. (1), stoichiometry. In reaction (1) pyrite is oxidized into 

dissolved iron, sulfate and hydrogen (Akcil & Koldas 2006): 

.2HSO2FeOHO
2

7
FeS 2

4

2

222

 
 (1) 

The dissolved ferrous iron (Fe2+), sulfate and hydrogen represent an increase in the total 

amount of dissolved solids and acidity of the water and induce a decrease in pH. If the 

surrounding environment is oxidizing, a significant portion of the ferrous iron (Fe2+) will 

oxidize to ferric iron (Fe3+), according to (Akcil & Koldas 2006): 

O.H
2

1
FeHO

4

1
Fe 2

3

2

2     (2) 

Ferric iron precipitates as iron hydroxide (Fe(OH)3) and jarosite (KFe3(OH)6(SO4)2) at 

the pH-range of 2.3 - 3.5. As a result, the amount of Fe3+ reduces in the solution and pH 

decreases further. Iron hydroxide is formed in the reaction according to (Akcil & Koldas 

2006): 

.3HFe(OH)O3HFe 32

3     (3) 

Remaining ferric ions from Eq. (3) may also oxidize additional pyrite, according to (Akcil 

& Koldas 2006): 

.16H2SO15FeO8H14FeFeS 2

4

2

2

3

2

   (4) 

Eqs. (1) – (3) can be combined to result in Eq. (5) to represent the overall stoichiometry 

of the acid generation and iron precipitation reactions (Akcil & Koldas 2006): 

.4H2SOFe(OH)OH
2

7
O

4

15
FeS 2

43222

   (5) 

Pyrite oxidation by ferric iron (Eq. (4)) is the dominating reaction compared to oxidation 

by oxygen (Eq. (1)). The concentration of ferric iron depends on the pH of AMD. In 

neutral and alkaline solutions Fe3+ reacts and precipitates as iron hydroxides and only 

little Fe3+ is left in the solution. Consequently, pyrite oxidation by ferric iron is thus slow 
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and insignificant in neutral and alkaline conditions. On the other hand, iron hydroxide 

formation produces hydrogen ions, which increase AMD acidity. (Lottermoser 2008, 47-

48) 

There are various aspects affecting the rate of pyrite oxidation. One factor is the particle 

size of the mineral. Small particle size, thus resulting into a large surface area, increases 

the reactivity of pyrite. On the other hand, small particle size may also reduce hydrogen 

ion formation in waste rock dumps since it disables oxygen transfer deep into the rock 

pile. Trace elements in the pyrite crystals can weaken pyrite crystal structures and 

resistance to oxidation. (Lottermoser 2008, 50) 

If two or more different sulfide minerals are in physical contact, there is electron 

movement between the minerals and a galvanic cell is formed. The sulfide mineral with 

the lowest electrode potential is weathered more strongly, whereas the one with the 

highest potential is galvanically protected from oxidation. Pyrite oxidation is an 

exothermic reaction and thus heat is liberated in the reaction. In addition, the reaction 

occurs faster when temperature rises, which applies generally also to other reactions. 

However, in the typical environment of AMD the bacterial activity may contribute to this 

phenomena. This may be due to the thermofilic bacteria activity. Some acidophilic 

bacteria and archaea participate in the conversion of Fe2+ to Fe3+ contributing to the 

oxidation of sulfur and sulfur compounds. These microbes serve as catalysts in an 

autocatalytic reaction of Fe2+ oxidation. Certain effective species, such as 

Acidithiobacillus ferrooxidans and Acidithiobacillus thioooxidans have been particularly 

studied and concluded to speed up AMD formation. Still, it is the whole local microbial 

ecology that is responsible of pyrite oxidation, rather than a single microbe species. 

(Lottermoser 2008, 52-55) 

Oxygen and carbon dioxide concentration in the gas and aqueous phases affect the pyrite 

oxidation rate. Oxygen is essential for the oxidation of sulfide minerals, and oxygen is 

also important for the aerobic iron and sulfur oxidizing bacteria. Sulfur and iron oxidizing 

bacteria use carbon dioxide as a carbon source to produce organic matter for their 

maintenance and growth. Carbon dioxide is produced as a result of carbonate dissolution, 

and elevated concentrations of carbon dioxide in water are favorable for iron and sulfur 

oxidizing bacteria. (Lottermoser 2008, 55) 
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Fe3+ oxidizes pyrite more rapidly than oxygen, and Fe3+ concentration is greatly pH-

dependable. At pH values greater than 3, ferric iron precipitates and is no longer available 

for pyrite oxidation. Low pH is also needed for the success of sulfide oxidizing bacteria. 

Pyrite is the most important AMD producing sulfide mineral. Other sulfide or non-sulfide 

minerals can also produce hydrogen ions. The oxidation reactions of other sulfides are 

similar to the oxidation of pyrite, but reaction rates may be very different. Iron is essential 

factor in hydrogen ion production. Generally, the reactions of iron-rich sulfides result in 

higher concentrations of hydrogen ions in comparison to other metallic sulfides. This is 

because the release of Fe2+ by the oxidation of Fe2+-bearing sulfides. Fe2+ may be oxidized 

to Fe3+ which can be hydrolyzed, and hydrogen ions are produced in the reaction. On the 

other hand, the metal/sulfur ratio of a sulfide indicates how many hydrogen ions per one 

molecule of metallic sulfide, and thus acidity, are formed in the sulfide oxidation. For 

example, both pyrite and marcasite have the same chemical formula, i.e. FeS2, and a 

metal/sulfur ratio of 1:2, whereas the ratio is both for galena (PbS) and sphalerite (Zn,Fe)S 

the ratio is 1:1. Thus, in the oxidation reactions of pyrite and marcasite more hydrogen 

ions are formed per mole mineral in comparison to galena and sphalerite. (Lottermoser 

2008, 56-58) 

The formation of hydrogen ions can also occur from the weathering and precipitation of 

non-sulfide minerals. This can result from the precipitation of Fe3+ and Al3+ hydroxides 

and the dissolution of soluble Fe2+, Mn2+, Fe3+ and Al3+ sulfate salts. While spreading in 

nature or mining area, AMD may encounter more minerals that can produce additional 

hydrogen ions thus speeding up their oxidation. Alternatively, AMD could come in 

contact with hydrogen consuming gangue minerals that have a neutralizing effect. These 

buffering reactions mostly result from an acid solution reacting with silicates, carbonates 

and hydroxides. The gangue minerals reacting with the acidic solutions have different 

resistances to weathering and have different reaction rates. Carbonate minerals have the 

highest reactivity and consume more hydrogen ions than silicates, which are thus less 

effective buffering minerals. Dissolved salts originating from the weathering of sulfides 

can achieve the saturation limit and form secondary minerals. These minerals may spread 

over the surface of the main sulfide minerals, and form a solid cover that can prevent 

water from getting in contact with sulfide minerals or buffering minerals that could 

increase or decrease the acidity of AMD. (Lottermoser 2008, 59-60) 
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2.2 Chemical Composition and Environmental Impact 

The composition of mine waters varies considerably. Mine waters may contain 

compounds from different mineral reactions, chemicals from mineral processing and 

nitrogen compounds from rock blasting operations. Examples of compositions of 

different mine waters are shown in Table 1.  

Table 1. Chemical composition of some mine waters from metal mine sites in 

Australia (modified from Lottermoser (2008, 126)). 

 Tailings pond 

water, Jumna 

tin mill 

Mine site 

drainage water, 

Montalbion silver 

mine 

Tailings dam 

seepage water, 

Mary Kathleen 

uranium mine 

General parameters    

pH 2.57 3.59 5.55 

Conductivity [mS cm-1]  2.74 1.39 5.11 

Total dissolved solids 

[mg dm-3] 

1860 1091 4550 

Concentration of major 

ions [mg dm-3] 

   

Ca 27 85 503 

Mg 23 34 465 

Na 1 13 204 

K <1 3.8 10 

Al 129 47 0.01 

Fe 148 1.63 302 

Mn 7.2 11 219 

HCO3
- <1 <0.1 13 

SO4
2- 1530 780 4110 

Cl- <1 14 147 

F- 1.9 Not analyzed Not analyzed 

 

All three mine waters in Table 1 have high sulfate and metal concentrations. The three 

waters contain different amounts of different metals, because they are generated at 

different locations with different bedrock mineral compositions. Many issues influence 

the composition of AMD. These include for example biochemical processes and the 
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precipitation and dissolution of secondary minerals. Naturally, the environmental 

conditions have an effect on AMD properties, e.g. changes to reduction potential and pH 

conditions influence the behavior, concentrations and bioavailability of metals. 

(Lottermoser 2008, 201) 

The oxidation of sulfides produces hydrogen ions, which subsequently promotes the 

release of a whole range of metals into the AMD solution. As a result, AMD contains 

high concentrations of hydrogen ions, sulfate ions and dissolved metals. When this acidic 

metal-rich mixture flows into natural water systems, it gives rise to several environmental 

problems. Heavy metals have serious influences on human health due to their acute and 

long term toxicity. Heavy metals have the ability to persist in ecosystems for a long time 

and to accumulate upward in the food chain and thereby cause acute and chronic diseases. 

The toxicity of heavy metals results from the disruption of metabolic functions, which 

can happen in two ways. Either they accumulate in vital organs and glands where they 

disrupt their important functions, or they interfere with the absorption of vital nutritional 

minerals hindering their biological functions. Also plants can experience oxidative stress 

upon exposure to heavy metals. This leads to cellular damage and disturbance of cellular 

ionic homeostasis, which disrupts the physiology and morphology of plants. (Simate & 

Ndlovu 2014) 

The pH of water is important to aquatic life because it has a profound effect on the normal 

physiological functions such as the exchange of ions with the water and respiration. AMD 

turns reddish due to the precipitation of iron oxides and hydroxides. This very fine 

precipitate can cover up the river, stream or ocean bed, which hinders the growth of small 

animals that used to feed on the water floor. These animals are at the bottom of the aquatic 

food chain, and therefore this has impacts higher up the food chain into fish. The soil pH 

has an important influence on the availability of nutrients and on the growth of different 

kinds of plants. Also, if the soil pH is low, the activity of organisms that break down 

organic matter is reduced. (Simate & Ndlovu 2014) 

2.3 Current Remediation Techniques 

AMD treatment systems can be classified as active or passive and biological or abiotic. 

The classification of remediation methods according to Simate & Ndlovu (2014) for 
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AMD is presented in Fig. 2. Active treatment systems, lime neutralization for example, 

require continuous additions of chemical reagents, active maintenance, monitoring and 

mechanical mixing. The passive methods include the use of wetlands and the natural 

water flow to reduce dissolved metal concentrations and to neutralize acidity. These 

effects are caused by the naturally occurring chemical and biological processes. The main 

benefits of the passive systems are that they require less reagents, maintenance and 

mechanical devices than active treatment systems. (Lottermoser 2008, 183)  

 

Figure 2. Classification of remediation techniques for AMD (taken from Simate & 

Ndlovu (2014)). 

AMD treatment techniques are designed to reduce volume, raise pH, lower dissolved 

metal and sulfate concentrations, lower the bioavailability of metals, oxidize or reduce 

the solution and to collect, dispose or isolate wastewaters and precipitates. Treatment 

options include the use of neutralizing materials, constructing aerobic or anaerobic 

wetlands and bioreactors, installation of open limestone drainage channels, anoxic 

limestone drains and successive alkalinity producing systems. (Lottermoser 2008, 203) 

Addition of an alkaline material to AMD is an active process and also the most 

widespread method for handling AMD. This procedure will raise the pH of AMD, 

accelerate the rate of chemical oxidation of ferrous iron and cause many of the metals to 

precipitate as hydroxides and carbonates. Various alkaline, i.e. neutralizing, reagents can 

be used, such as lime, calcium carbonate, sodium carbonate, sodium hydroxide, and 

magnesium oxide and -hydroxide. These reagents vary in cost and effectiveness. 
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Different options for neutralizing reagents have been described for example by Skousen 

et al. (1997). Active chemical treatment can provide effective remediation of AMD, but 

it has the downsides of high operating costs and problems with disposal of the sludge that 

is produced. The sludge problem can be somewhat improved by certain stepwise feeding 

strategies and by using flocculants. (Johnson & Hallberg 2005) 

The pH that is required to precipitate most metals from water ranges generally between 6 

and 9. Ferric iron is an exception, because it precipitates at pH ≥ 3.5. At pH ≥ 8.5 ferrous 

iron Fe2+ precipitates into solid Fe(OH)2 that is bluish-green by color. In the presence of 

oxygen the ferrous iron oxidizes to ferric iron and further forms Fe(OH)3, which is a 

yellowish-orange solid. This orange color can be seen in Fig. 3. In oxygen-poor AMD 

iron is mostly present in the reduced ferrous form. Therefore, a considerable amount of 

alkaline components is needed for the pH of AMD to rise to 8.5 and furthermore AMD 

to precipitate. If AMD is aerated and ferrous iron is oxidized into ferric iron, precipitation 

can be achieved at a lower pH with the use of less neutralizing reagents. (Skousen et. al 

2000) 

 

Figure 3. Example of iron-containing mine water at an old mine in South Africa 

(taken from Akcil & Koldas (2006)). 

In addition to neutralizing reagents, flocculants and coagulants are used in AMD 

treatment. These increase particle settling efficiency, and are needed when metal 

compositions require special treatment systems or when aeration and residence times in 

settling ponds are deficient for complete metal precipitation. The conceptual differences 

between coagulants and flocculants are only slight. Coagulants are materials that reduce 
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the net electrical repulsive forces at particle surfaces, which promotes consolidation of 

small particles into larger particles. On the other hand, flocculation aggregates particles 

by bridging the space between particles with chemicals, in other words segments of 

polymers adsorb suspended particles creating larger particles. (Skousen et al. 2000) 

Waters that contain high sulfate and metal concentrations can be treated using first 

bacterial sulfate reduction to generate sulfide, which is followed by the removal of the 

metals as metal sulfide precipitates. These precipitates are mostly in amorphous form, 

which is more soluble than crystalline sulfide. Hydroxide precipitation is widely used for 

metal removal, but sulfide precipitation has its advantages in comparison to hydroxide 

precipitation. These include the lower solubility of metal sulfide precipitates, potential 

for selective metal removal, fast reaction rates, better settling properties and potential for 

re-use of sulfide precipitates by smelting. However, the dosing of a sulfide can be difficult 

to control because of the low solubility of the metal sulfides and thus the sensitivity of 

the process to the dose and because of concerns about the toxicity and corrosiveness of 

excess sulfide. (Lewis 2009) 

A number of economic and environmental factors affect the choice of an AMD 

remediation technique. Traditionally, large volumes have been treated by active chemical 

processing, especially when the treated waters are acidic. However, the mining industries 

are starting to prefer passive techniques, to avoid high recurrent costs of lime addition 

and sludge disposal. An alternative passive approach for addition of alkalinity to AMD is 

the use of anoxic limestone drains. The anoxic limestone drains are generally used as one 

component in a passive treatment system. In these systems alkali is added to AMD while 

the iron is maintained in its reduced form to avoid the oxidation of ferrous iron and 

precipitation of ferric hydroxide on the limestone, which would otherwise reduce the 

effectiveness of the neutralizing agent. In an anoxic limestone drain, mine water is 

channeled through a bed of limestone gravel held within a drain that is impermeable to 

air and water. (Johnson & Hallberg 2005) 

AMD can be biologically remediated by using microbes that have the ability to generate 

alkalinity and immobilize metals. Microbiological processes that increase alkalinity are 

mostly reductive processes and include denitrification, methanogenesis, and sulfate, iron 

and manganese reduction. The production of ammonium from nitrogen-containing 
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organic compounds is also an alkali-generating process. Compost bioreactors, combined 

aerobic and anaerobic wetlands and permeable reactive barriers are examples of passive 

biological remediation methods. The performance of active bioremediation techniques is 

more efficiently controlled and a more selective precipitation of metals can be achieved. 

(Johnson & Hallberg 2005) 
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3 METAL RECOVERY 

3.1 Chemical Precipitation 

Addition of an alkaline reagent into AMD is one way to precipitate dissolved metals. This 

precipitate forms a mixture of different precipitated metals, which has to be treated with 

a suitable method or/and disposed of appropriately. Alternatively, the metals can be 

precipitated selectively, which can be achieved to some degree by applying suitable 

reagents, conditions and feeding strategies. Selective recovery of metals can prove 

sustainable, if the metals are turned into new raw materials of other processes. 

Park et al. (2013) investigated the selective recovery of dissolved metals via simple pH 

control. The optimal pH-range for selective precipitation of a binary metal mixture was 

simulated by Park et al. (2013) using Visual MINTEQ-software, and the results were 

verified by experiments with synthetic AMD. The experimental recovery yield and purity 

of Cu were over 90 %, in binary mixtures of Cu/Zn and Cu/Ni, whereas the yield and 

purity of Zn and Ni were greater than 80 %, regardless of the neutralizing agents. The pH 

for the precipitation of Zn and Ni was very similar in a binary mixture, so it was not 

feasible to recover these metals selectively from the mixture by simple pH adjustment. 

Consequently, selective precipitation could be a potential technique for recovering 

valuable metals including Cu, Zn, and Ni from coal mine AMD that contains mixtures of 

Cu/Zn or Cu/Ni. However, this plan had a downside: it is not cost-effective to recover 

metals from AMD in this way, because too many chemicals are used, including oxidizing 

and neutralizing agents. Park et al. (2013) concluded that additional studies are needed to 

reduce the number and cost of chemicals used in oxidation and neutralization processes. 

(Park et al. 2013) 

In a later study by Park et al. (2014) the potential of selective recovery of Fe, Al, Cu, Zn, 

and Ni from AMD was evaluated. First, the pH range for selective precipitation was 

determined by simulation and then this pH range was confirmed by experiments using 

synthetic and actual AMD. Recovery yield of metals was simulated to be over 99 %. The 

experimental recovery yields of synthetic Fe/Al/Cu/Zn and Fe/Al/Cu/Ni mixtures using 

Na2CO3 were 99.6/86.8/71.9/77.0 % and 99.2/85.7/73.3/86.1 %, respectively. The 

recovery yields of Fe, Al, Cu, and Zn in actual AMD using NaOH were 97.2, 74.9, 66.9, 
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and 89.7 %, respectively. It was concluded that selective recovery of dissolved metals 

from AMD is possible using NaOH or Na2CO3 as neutralizing agents. (Park et al. 2014) 

In addition to the studies of Park et al. (2013 & 2014), also several other such as Wei et 

al. (2005), Wang et al. (2013) and Sahinkaya et al. (2009) have researched the selective 

recovery of metals from AMD. Similarly to Park et al. (2013 & 2014), Wei et al. (2005) 

utilized conventional precipitation by pH-control to separate iron and aluminum from 

AMD. Wang et al. (2013) combined the addition of a sulfur compound sodium 

hydrosulfide (NaHS) into the precipitation by pH-adjustment, which enhanced the 

selective separation of copper, zinc and iron. Sahinkaya et al. (2009) studied separate 

precipitation of copper and zinc using sulfide produced in an anaerobic baffled reactor. 

3.2 Hydrometallurgical Methods 

Solvent extraction, ion exchange, electrowinning, and cementation are examples of 

hydrometallurgical processes available for the recovery of metal ions from liquid. In 

solvent extraction organic chemicals are added to the solution. These organic chemicals 

have a chemical affinity to the metal ion to be separated, and they are taken out of the 

solution by introducing a water-immiscible organic solvent (or oil), which will then 

absorb the organic chemical. Water is separated from oil, which must then be further 

handled by for example stripping. Selecting the right organic solvent is the key to 

effective separation of the desired metal element. Ions can also be removed and recovered 

from the solution using ion-exchange technology, which is very similar to solvent 

extraction. The difference is that in ion exchange, solid adsorbent resins are used as the 

recovery medium. There are many options for ion adsorbents, which can be inorganic like 

for example activated carbon, feolites (e.g. chabazite) or kaolinite, or organic type like 

phenol formaldehyde and polystyrene resins. (Han 2002, 95-98)  

Gorgievski et al. (2009) utilized electrowinning to remove copper from AMDs containing 

a small amount of Fe2+/Fe3+ ions. In electrowinning metal ions can be recovered from 

liquid by applying an electromotive force to the system. Positively charged metal ions 

will move toward a negatively charged pole. By adjusting the potential, selective 

deposition of metal ions is possible. For example, if the electrical potential is gradually 

increased in a solution containing zinc ion and copper ion, the copper ion will be 
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deposited first at a lower electrical potential, because copper is a more noble metal than 

zinc. Also cementation is based on the electropotential series of metals. Relatively noble 

metals can be removed from a solution by adding less noble metal to the solution. The 

noble metal becomes solid elemental metal when it receives electrons from the less noble 

metal, which in turn is dissolved as metal ions. For example, Ahmed et al. (2011) studied 

the cementation of copper from acidic sulfate-containing medium using zinc ash. (Han 

2002, 98) 

An electrochemical method was suggested by Park et al. (2015) to produce oxidizing and 

neutralizing agents that will decrease the need for chemicals. In solutions, Fe3+ and Fe2+ 

generally precipitate at the pH ranges of 3-4 and 7-8, respectively. The pH range for 

precipitation of Fe2+ is similar to Zn. Therefore, to prevent the co-precipitation of Zn and 

Fe, Fe2+ should be oxidized first to Fe3+. In the study of Park et al. (2015), Fe2+ in anolyte 

was directly oxidized to Fe3+ on an electrode surface. During the experiments, a high 

concentration of hydroxides was generated by the cathodic reaction. The hydroxides can 

be used as neutralizing agents. Anode material and current intensity influenced oxidation 

reaction rate. Usage of a graphite anode resulted in the highest oxidation rate, and higher 

current intensity enhanced oxidation rate. Additionally, the use of a solar cell reduced 

energy consumption. (Park et al. 2015) 

3.3 From Sludge to Pure Metal 

Metal recovery from precipitated AMD sludges has been discussed for decades. 

However, such technologies are rarely adopted because the sludge reprocessing costs are 

high and the processing is complex. Still, the option for metal recovery is becoming more 

attractive with increasing environmental pressures and mining costs, especially when 

coupled with income from the recovered metals. After metals have been extracted from 

the liquid AMD into a sludge, there are two principal approaches for metal recovery from 

the sludge: hydrometallurgical and pyrometallurgical methods. Many of the 

hydrometallurgical approaches involve leaching of the sludge followed by some other 

method described in section 3.2, while the pyrometallurgical processes utilize metal 

recovery by smelting. (Zinck 2005, 31) 
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Smelting is a pyrometallurgical process that extracts metals from ores by heating the 

minerals to their melting points. Flux, for example limestone, ironstone or silica, is a 

substance that may be added to the process to lower the smelting temperature and to 

decrease the viscosity of the slag. The fuel for the smelting can be introduced in the form 

of for example coke, coal, firewood or charcoal. Oxygen is provided by a blast of 

compressed air, and the temperature in the furnace is about 1000 °C. The fed materials in 

the furnace react producing a layered melt, which consists of a lighter slag layer on top 

of the heavier molten metal at the bottom of the furnace. (Lottermoser 2008, 13) 

The mining industry might be able to use smelting for metal recovery from neutralized 

mine water sludge, but this option depends on the distance to an available smelter, 

transportation costs, quantities generated and contaminants present. The sludge requires 

drying before the smelting process. The sludge may also require other pretreatment 

stages, if there are certain impurities present in the sludge that have a negative impact on 

the smelter performance. (Zinck 2005, 33) 

3.4 Utilization of Concentrate 

3.4.1 Construction Material and Paste 

Many of the constituents in neutralized AMD sludge are the same as those used in cement 

manufacturing and can therefore be utilized as raw materials in the manufacturing of 

construction materials. These components are for example calcite, gypsum, silica, 

aluminum, iron and manganese. In other words, the utilization of sludge reduces mining 

of raw materials for production of building material. (Simate & Ndlovu 2014) 

Verbrinnen et al. (2015) investigated incorporating spent zeolite- and perlite-supported 

magnetite adsorbents as raw material in the production process of ceramics. Examples of 

such ceramic products can be construction materials like bricks, floor and roof tiles. The 

dried and ground (<0.1 mm) zeolite- or perlite-supported magnetite, both loaded with 

molybdenum, was mixed with dried industrial sludge contaminated with mainly inorganic 

contaminants. The sludge/adsorbent ratio was 97/3. Water was added to the sludge-

adsorbent mixture to obtain a water content of 20 w/w% and the mixture was pelletized 

to obtain spheres with a diameter of about 1.5 cm. The pellets were dried and heated at 
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1100 °C for 30 minutes. After cooling, the aggregates were ground (< 4 mm) and 

subjected to a 24 h leaching test. The results showed that molybdenum is stabilized in the 

matrix: the concentrations in the leachate were reduced to less than 1.5 mg/kg, which are 

0.5-1% of their initial values. To study the stabilization after heating of other oxyanion 

forming elements and cation forming heavy metals, such as Cr, Ni, Cu, Zn, As, Cd and 

Pb, the industrial sludge was spiked with these elements, ceramics were produced and the 

leachate concentrations were measured, again with good results. It was suggested that the 

method described might be elaborated to other residues that are obtained after removal of 

toxic compounds from wastewater, like coagulation/precipitation sludges. (Verbrinnen et 

al. 2015) 

One way already widely in use in mines, is to dispose mining waste by filling excavated 

stopes with a paste that is made of tailings and cement. Ore holes are backfilled once the 

ore has been removed, to prevent collapsing and damage to the environment. This kind 

of filling also reduces the amount of tailings stored in tailings ponds on the surface. The 

concentrate coming from AMD evaporation can be mixed with a paste meant for filling 

the ore holes. A case study of this has been performed at Oulu Water Alliance Ltd. The 

evaporation experiment results will be presented in section 6.2. The formed paste 

mixtures were poured into cylinders and dried. Examples of paste cakes are shown in Fig. 

4. The dried paste cakes were tested (results not available) for compression resistance by 

a sub-supplier of Oulu Water Alliance Ltd., to discover a paste recipe that qualifies for 

filling ore holes. 

 

Figure 4. Examples of paste cakes that were made to demonstrate the mine water 

concentrate usage as the hole filling material in mines at Oulu Water Alliance Ltd.  
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3.4.2 Pigments 

The sludge obtained from AMD can be considered for the production of inorganic 

pigments. A two-step selective precipitation process was developed by Hedin (2003), to 

produce commercially usable iron oxides from AMD. This process used magnesium 

oxide and sodium hydroxide as neutralizing reagents and resulted in the ferrous and ferric 

oxyhydroxide sludge that can be thermally transformed to ferric pigment. The production 

of pigments from AMD in this way was however discovered more expensive than from 

naturally mined iron oxides. The product values are not enough to support the 

construction of mine drainage treatment systems, but they do appear to be sufficient to 

support the management and long-term operation and maintenance of treatment systems. 

Even passive AMD treatment systems have long-term operation and maintenance costs 

that must be considered. These can be lessened in the long run by considering the potential 

for iron oxide production before the treatment system is constructed. (Hedin 2003) 

In addition to the research by Hedin (2003), also Marcello et al. (2008) have investigated 

the use of ferric oxides from mine drainages as pigments. Fuel cell technologies have 

been used for simultaneous AMD treatment and power generation, and also to generate 

iron oxide particles for pigments and other applications. An AMD fuel cell for 

simultaneous removal of metals and production of electricity based on a microbial fuel 

cell technology was developed by Cheng et al. (2007; 2011). Ferrous iron was oxidized 

in the anode chamber under anoxic conditions, while oxygen was reduced at the cathode. 

Resulting insoluble ferric iron was precipitated at the bottom of the anode chamber. The 

iron oxide particles were then transformed to goethite (α-FeOOH) by drying. (Cheng et 

al. 2007; 2011) 

3.4.3 Coagulants for Wastewater Treatment 

Municipal wastewater is commonly treated by dosing the wastewater with coagulants. 

Often large volumes of coagulants are required, which is costly. Therefore, it is 

reasonable to search for alternative coagulants. Wei et al. (2008) studied successfully the 

removal of phosphorous from wastewaters using iron and/or aluminum hydroxide sludge. 

They hypothesized that sludge produced by the neutralization of AMD could be 

appropriate for phosphorus removal, because it is composed primarily of aluminum and 

iron hydrous oxides that correspond to adding aluminum or ferric chloride to wastewater. 
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Another study by Menezes et al. (2009) supports this idea. Menezes et al. (2009) 

precipitated the metals from AMD at pH 3.8 and recovered 90 % of the iron and 28 % of 

the aluminum. This precipitate was washed, and dissolved in sulfuric acid, which 

produced a coagulant with 12.4 % and 1.3 % ferric and aluminum contents, respectively. 

In wastewater treatment tests this coagulant proved at least as efficient as the coagulants 

more conventionally used. This kind of coagulant production could be easily established 

at AMD treatment plants and it would reduce sludge waste problem and produce a 

valuable chemical reagent. (Mezenes et al. 2009) 

 

Also studies by Sibrell et al. (2009) and Sibrell and Tucker (2012) have shown that dried 

AMD sludge or residuals can be used as an adsorbent to remove phosphorus from 

wastewaters. This phosphorus that has been absorbed by the AMD sludge can later be 

stripped from the sludge and recycled into a fertilizer, and also the mine drainage sludge 

can be regenerated and reused. (Simate & Ndlovu 2014) Components of the AMD sludge 

from lime treatment plants have also been studied as adsorbents for the removal of metals 

(Edwards & Benjamin 1989) and carcinogenic dyes (Netpradit et al. 2003) from 

wastewater.  
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4 EVAPORATION 

4.1 Theoretical Background 

Separations by evaporation are based on the difference in composition between a liquid 

mixture and the vapor formed from it. The required vapor phase is created by partial 

evaporation of the liquid feed through adding heat, followed by total condensation of the 

vapor. The composition difference between a liquid mixture and the vapor arises from the 

differing effective vapor pressures of the components in the liquid mixture. (de Haan & 

Bosch 2013, 15) 

At a specified temperature, the vapor pressure of the substance is the pressure in which 

vapor and liquid are in equilibrium. Vapor pressures for many compounds are published 

in literature and often correlated as a function of temperature by the Antoine equation (de 

Haan & Bosch 2013, 21):  
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where Ai, Bi and Ci are the Antoine constants of component i and Pi
0 is the absolute vapor 

pressure [Pa] of component i and T is the temperature [°C]. The vapor pressure of a 

substance increases with temperature, because at higher temperatures the molecules can 

escape more readily from the attractive interactions that bind them to the other molecules 

in the liquid phase. In an open vessel, the liquid vaporizes from its surface as it is heated. 

At the temperature at which the vapor pressure of the liquid substance is equal to the 

external pressure, vaporization can occur throughout the bulk of the liquid, which is called 

boiling. The temperature at which the vapor pressure of the liquid substance is equal to 

the external pressure is called the boiling temperature of the liquid at that pressure. 

(Atkins 1994, 185) 

For ideal liquid and vapor mixtures the relationship between the liquid and vapor 

compositions is expressed by Raoult’s law (Coulson et al. 1983, 262): 
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where yi is the mole fraction of component i in the vapor, xi is the mole fraction of 

component i in the liquid, and P is the total pressure. Raoult’s law is sufficient to be used 

for mixtures that differ only little from ideality. Deviations from the ideal mixture laws 

can be accounted for by the use of activity coefficients γ and deviations from the gas laws 

in the vapor phase by the fugacity coefficients φ. The relationship between the liquid and 

gas phase compositions is often expressed in the form of equilibrium K-values: 

,
i

i
i

x

y
K    (8) 

where Ki is the K-value for component i. The relative volatility αij of two components i 

and j can be expressed as the ratio of their K-values: 
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Ideal mixtures obey Raoult’s law: 
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where Ki
0 and Kj

0 are the ideal K-values for the components i and j. For real mixtures 

activity coefficients and fugacities are included: 
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where γi is the liquid phase activity coefficient for component i and φi is the gas phase 

fugacity coefficient for component i. At relatively low pressures φi can be approximated 
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as 1. By substituting the Ki
0 values from Eq. (10), Eq. (12) is simplified to (Coulson et al. 

1983, 263): 
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4.2 Traditional Evaporation Technology 

Different type of evaporators of various designs and operating characteristics have been 

developed for different kinds of feeds. Evaporation can be done in batch or continuous 

mode, with one or several successive equipment. The shapes and positions of the heat 

exchangers can vary depending on the liquid properties and the space available for the 

equipment, or the evaporation can be achieved by reducing the pressure in a flash 

evaporator. (Billet 1988, 56 - 231) In some cases also direct-heated evaporation 

technology can be used, utilizing solar energy or submerged combustion units (Coulson 

et al. 1983, 338).  

The selection of a suitable evaporator type for a particular application depends on the 

following factors (Coulson et al. 1983, 339-340): 

1. The throughput required. 

2. The viscosity of the feed and the increase in viscosity during evaporation. 

3. The nature of the product required; solid, slurry or concentrated solution. 

4. The heat sensitivity of the product. 

5. Whether the materials are fouling or non-fouling. 

6. Whether the solution is likely to foam. 

7. Whether direct heating can be used. 

Most industrial evaporators employ tubular heating surfaces, which means that the 

heating medium (typically steam) is separated from the evaporated liquid by tubular 
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heating surfaces (Green & Perry 2007, section 11, 111). Falling-film evaporators belong 

to the category of continuous-flow evaporators. A schematic picture of the heat exchanger 

of a falling-film evaporator is presented in Fig. 5. The liquid flows downwards and is 

evenly distributed into the externally heated vertical tubes. The liquid flows down along 

the inner walls of the tubes in the form of a film, and is partially evaporated in the process. 

Vapor and concentrate are separated in the lower part of the heat exchanger. The 

concentrate is led to product tanks or subsequent effects or circulated back up to the same 

heat exchanger. The formed vapor can also be used as a heat source somewhere in the 

process. The residence time of the liquid in falling-film evaporators is relatively short, 

and for this reason they are applicable for heat-sensitive solutions. (Billet 1988, 135) 

 

Figure 5. Heat exchanger of a falling-film evaporator. 

Viscosity of the evaporated liquid restricts the use of falling-film evaporators, because 

the evaporated liquid must be evenly divided into the tubes, and it must be able to flow 

fluently through the heat exchanger. Falling-film evaporators are generally not very 
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suitable for severely fouling liquids or liquids with high solids content. This is because of 

the difficulty in plugging the feed distributors that are needed to distribute the feed evenly 

into the tubes in the heat exchanger. (Green & Perry 2007, section 11, 113). 

4.3 Mechanical Vapor Recompression Evaporation 

Basically, evaporation processes require a lot of energy. Vapor recompression -

technologies use a compression process to produce a compressed high-temperature vapor, 

which is then used for heating in the heat exchanger. The latent heat of 

condensation/evaporation is recycled, which can cause remarkable savings in energy. (Li 

et al. 2015)  

Evaporated vapor can be recompressed using either thermal or mechanical compression. 

In thermal vapor recompression (TVR) part of the evaporated vapor is compressed in a 

steam driven ejector. In mechanical vapor recompression (MVR), a special fan is used to 

compress the vapor flow (Billet 1988, 24). In literature, the term mechanical vapor 

compression (MVC) is sometimes also used along with the term mechanical vapor 

recompression. 

The operating principle of mechanical vapor recompression is similar to that of a heat 

pump, which in literature is often referred to as a refrigeration system. In the case of an 

evaporation system equipped with an MVR fan, the circulation fluid is steam, which is 

evaporated from the fluid that is concentrated. The schematic picture of a refrigerator 

system is presented in Fig. 6.  
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Figure 6. Refrigeration system (taken from Theodore (2011, 245)). 

As can be seen in Fig. 6, the refrigeration cycle begins when a refrigerant substance enters 

the compressor as a low pressure gas (1). Once compressed, it leaves as a hot high 

pressure gas and enters the condenser (2), where the gas condenses to a liquid and releases 

heat to the outside environment. The cool liquid then enters the expansion valve at a high 

pressure (3), at which the flow is restricted and the pressure is lowered. In the evaporator 

(4), heat from the source to be cooled is absorbed and the liquid is evaporated. The 

refrigerant then repeats the process and the cycle continues. (Theodore 2011, 245) 

MVR evaporation systems have been recently used mainly in seawater desalination 

processes. Although the MVR systems have been widely studied, they have not been 

widely applied in wastewater treatment processes. The MVR systems used in wastewater 

treatment with reliable and long-term operations are limited to the use in China. Zhou et 

al. (2014) built a laboratory prototype MVR system, which included a horizontal tube 

falling film evaporator operated at vacuum conditions. The steam capacity of the system 

was 20 kg/h. The performance of the system was investigated using high salinity 

wastewater containing Na2SO4. A comprehensive design model was developed, which 

focused on the prediction of the specific power of the compressor and the heat transfer 

areas of the evaporator. The specific power consumption for the vapor compressor was 

55.6 kWh/m3. It was found that the evaporation rate increases by increasing the evaporate 



35 

temperature from 70 °C to 85 °C. The evaporation rate and specific power consumption 

increase linearly with temperature difference in the heat transfer. On the other hand, the 

heat transfer area of evaporator reduces with the increase of temperature difference. This 

inferred that there should be an optimum value of temperature difference that will lead to 

the optimum system with lower power consumption and smaller heat transfer area. (Zhou 

et al. 2014) 
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5 CORROSION 

5.1 Introduction 

Practically all environments are corrosive to some extent. It cannot be straightforward 

stated which elements and circumstances are most corrosive or least corrosive because 

the corrosion phenomenon depends on many variables, but in general, inorganic 

materials are more corrosive than the organics. Corrosion can be defined as the 

destruction of material due to a reaction with its environment. Rusting is a term that is 

reserved particularly for steel and iron corrosion. Rusting of steel by water and air results 

in a hydrated iron oxide. Many other metals form oxides as well as when corrosion 

occurs. (Fontana 1987, 4-5) 

There are many reasons for considering corrosion of materials. Careful selection of 

corrosion-resistant materials for process equipment may decrease considerably the 

maintenance and operating costs of the equipment. Sometimes small changes in the 

process or addition of a new ingredient can change corrosion characteristics 

significantly, which may lead to a plant shutdown because of unexpected and increased 

corrosion. Corrosion of construction materials releases metal ions into the solution, 

which is harmful for the production of materials with high purity requirements, such as 

pigments and drugs. Use of secure materials, such as e.g. chromium alloyed stainless 

steels, decreases the risk of leaking of costly or hazardous chemicals into the 

environment throughout holes in pipes produced by corrosion. (Fontana 1987, 5-8) 

Corrosion can occur in many different ways. Uniform attack is a corrosion type that 

proceeds uniformly over the whole exposed surface area, and represents the greatest 

destruction of metal on mass basis. Galvanic corrosion occurs when a metal or alloy is 

electrically coupled to another metal or conducting nonmetal in the same electrolyte. 

During galvanic coupling, corrosion of the less corrosion-resistant metal increases while 

corrosion of the more corrosion-resistant metal decreases. Crevice corrosion is 

sometimes also called deposit or gasket corrosion, because it is often associated with 

small volumes of a stagnant solution that is gathered in small holes, crevices and gasket 

surroundings. An even more localized corrosion attack is pitting corrosion, which is very 

destructive and insidious. Only a small percent weight loss in the structure causes 
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equipment to fail, and the holes are difficult to detect because of their small size. Other 

corrosion types are intergranular corrosion, selective leaching, erosion corrosion and 

stress corrosion. Intergranular corrosion is defined as the selective dissolution of grain 

boundaries without appreciable attack of the grains themselves. This dissolution is 

caused by potential differences between the grain-boundary region and any precipitates, 

intermetallic phases, or impurities that form at the grain boundaries. Dealloying, also 

referred to as selective leaching or parting corrosion, selectively removes the more active 

metal from an alloy, leaving behind a porous weak deposit of the more noble metal. 

Erosion corrosion may occur when fluid is in rapid motion in relative to metal surface. 

Stress corrosion refers to cracking caused by the presence of tensile stress and corrosive 

medium. (Davis 2000, 100-164) 

5.2 Reactions in Corrosion (Fontana 1987) 

Corrosion is an electrochemical reaction and it can be generally described by a few 

anodic and cathodic reactions. Anodic reactions are expressed according to: 

,e  nMM n
  (15) 

and cathodic reactions according to: 

,H2e2H 2 
  (16) 

O,2H4e4HO 22  
  (17) 

,4OH4eO2HO 22

    (18) 

,e 23   MM   (19) 

.e MM     (20) 

M stands for a metal atom in Eqs. (15) and (20). In Eq. (15) metal is oxidized to a metal 

ion and n is the number of electrons e-. In Eq. (16) hydrogen is formed. Oxygen is reduced 
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in acid solutions (17) or neutral to basic solutions (18). Metal ions are reduced according 

to Eq. (19) or depositioned according to Eq. (20).  

5.3 Corrosion in Mineral Acids 

Most of the severe corrosion problems involve the presence of mineral acids or their 

derivatives. In some cases corrosion can increase with the concentration of the acid and 

in some other cases it decreases. Fig. 7 shows the behavior of steel corrosion when 

imposed to different concentration sulfuric acid solutions. 

 

Figure 7. Corrosion rate of carbon steel at different temperatures and sulfuric acid 

concentrations (taken from Panossian et al. (2012)). 

The corrosion of ordinary carbon steel by strong (> 50 mass-%) sulfuric acid is 

complicated, which can be seen in peculiar dips shown in the curves in Fig. 7. Fig. 7 also 

suggests that the corrosion rate of the steel is greater for carbon steel at lower sulfuric 

acid concentrations. The sulfuric acid concentrations in Fig. 7 exceed the value of 100 %, 

which is physically impossible. However, oleum, which is also called fuming acid, is 

made by dissolving SO3 in 100 % sulfuric acid, and this mixture is considered to contain 

over 100 % sulfuric acid. For example, acid containing 20 % free SO3 is called either 20 

% oleum or 104.5 % sulfuric acid. (Fontana 1987, 319) 

The corrosion resistance of carbon steel in sulfuric acid results from the formation of a 

protective FeSO4 layer and does not depend on the steel composition. Preventive 
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procedures should be selected to preserve this protective layer, because all factors that 

damage the soft and poorly adherent protective FeSO4 layer will cause an increase in the 

corrosion rate of carbon steel in concentrated sulfuric acid. Acid dilution, high 

temperature and an increase in the relative movement between the metal and the acid are 

the most important factors that cause damage to the protective layer. (Panossian et al. 

2012) 

Hydrochloric acid HCl is very corrosive to most of the common metals and alloys. It is 

the most difficult of the common acids to handle from the standpoints of corrosion and 

materials of construction. The presence of air, oxidizing agents or impurities further boost 

the corrosion effect. For example, iron containing ferric chloride is a destructive pitting 

agent. Hot strong acid containing substantial amounts of ferric chloride or cupric chloride 

presents a problem that is very difficult to solve by using commercial metals and alloys 

and many nonmetallics. (Fontana 1987, 346-347) 

5.4 Measurement of Material Corrosion Rate 

Corrosion rates are expressed in a variety of ways in the literature. Typical expressions 

are the percent weight loss of a material or milligrams per square centimeter per day. 

From an engineer’s point of view it is useful to express corrosion rate as a rate of 

penetration or the thinning of a structural piece, which predicts the life of a given 

structural element of the process equipment. Therefore, applying the expression of 

corroded material thickness in millimeters per year is suitable for describing corrosion 

rate for material selection purposes. (Fontana 1987, 13-14) 

Corrosion rate experiments can be done as field tests, pilot-scale tests or laboratory tests. 

Full-scale field experiments are most reliable, but because they are also most expensive, 

it is often reasonable to satisfy with laboratory experiments. A wide range of different 

measuring principles have been introduced, and the methods of exposing the tested 

sample to the corrosive environment vary. Electrochemical corrosion-rate measurements 

are especially useful, because they enable rapid measurements and can be used for 

monitoring the corrosion rate of various process streams. They can be used also for 

measuring the corrosion rate of structures like underground pipes and tanks, which 

cannot be visually inspected. With these techniques it is possible to measure accurately 
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very low corrosion rates that would otherwise be difficult to measure using traditional 

weight loss techniques. Potential, current, and resistance properties are measured either 

individually or collectively. The combined measurement of potential and current over a 

wide range of conditions results in polarization curves that describe the electrochemical 

reactions. The combined measurement of potential and current at potentials that are very 

close to the freely corroding potential of the system gives rise to linear polarization 

curves. (Davis 2000, 427-448) 

5.4.1 Tafel Extrapolation 

Tafel extrapolation is an electrochemical corrosion-rate measurement technique that uses 

polarization measurement data from the anodic or cathodic reactions (Eqs. (15) – (20)) 

between a metal sample and the tested liquid. Cathodic polarization measurements are 

preferred, because they are easier to measure experimentally. An example of an 

experiment circuit for cathodic polarization measurements is shown in Fig. 8.  

 

Figure 8. Electric circuit for polarization measurements (Fontana 1987, 500). 

The tested metal sample is generally called the working electrode and cathodic current is 

supplied to it by means of an auxiliary counter electrode that is composed of an inert 

material. Current is measured with a current meter and potential of the working electrode 

is measured with respect to a reference electrode by a potentiometer-electrometer circuit 

as visualized in Fig. 8. The potential and the current are simultaneously measured at 

various settings. Before current is brought to the system, the corrosion potential Ecorr [V] 

of the sample in relation to the reference electrode is measured. When potential of the 
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metal sample with respect to the reference electrode is plotted against the logarithm of 

the applied current, a figure resembling Fig. 9 is produced. (Fontana 1987, 499-500) 

 

Figure 9. The principle of Tafel-extrapolation corrosion measurements (modified 

from Fontana (1987, 501)).  

The applied-current polarization curve is not linear at low currents, but it becomes linear 

at higher currents in a semilogarithmic plot. Applied cathodic current equals the 

difference between the current corresponding to the reduction process (cathodic current) 

and that corresponding to the oxidation or dissolution process (anodic current). When the 

applied current is very high, it approaches the total actual cathodic current, because the 

total anodic current becomes negligible. The high-current linear region of the curve is 

called the Tafel region. In order to determine the corrosion rate, this Tafel region is 

extrapolated to the corrosion potential Ecorr [V]. As a result, the current corresponding to 

the corrosion potential icorr is obtained. (Fontana 1987, 499-502) 

The current corresponding to the corrosion potential, icorr [A], can be used to calculate 

corrosion penetration rate rcorr [mm/a]. The corrosion penetration rate can be derived from 

the Faraday’s law, which is expressed in Eq. (21): 
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where Q is electric charge [C], nec is the number of electrons involved in the 

electrochemical reaction, F is the Faraday constant (= 96.485 C/mol), W is the mass of 

the electroactive species [g] and Mmw is the molecular mass of the corroding species 

[g/mol]. 

By rearranging Eq. (21) and substituting the term Mmw/n with equivalent weight (EW [g]) 

and Q with it from Faraday’s Law, Eq (21) can be presented in the form of Eq. (22): 

.
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EWit
W


   (22) 

By dividing Eq. (22) with time (t [s]), the term W/t expresses corrosion rate as grams per 

second in Eq. (23): 

.
Ft
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t
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   (23) 

To provide an indication of penetration, Eq. (23) is further divided by the electrode area 

A [cm2] and the density d of the corroding material [g/cm3], which gives corrosion rate 

rcorr in cm/s in Eq. (24): 
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   (24) 

When the resulting equation is converted into the form where rcorr is in mm/a, the 

Faraday’s constant F is expressed as microamperes times seconds and the term icorr/A is 

expressed as current density Icorr. Thus, the corrosion rate can be presented in the final 

form:  
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   (25) 

Eq. (25) can be used for calculating corrosion rate directly from Icorr, which is the current 

density corresponding to the corrosion potential (Ecorr). (Princeton Applied Research 

2010) 
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The Tafel method is useful for measuring very low corrosion rates, and under ideal 

conditions its accuracy is equal or better than the conventional weight loss methods. 

Because this technique is relatively quick to use, it can also be used for continuous 

monitoring of a system. There are some restrictions, however. The Tafel region should 

extend over a current range of at least one order of magnitude. Also, the method can be 

applied only to systems containing one reduction process, because the Tafel region may 

get distorted if there are more than one reduction process present. (Fontana 1987, 501) 

5.4.2 Linear Polarization 

Linear Polarization is an electrochemical corrosion-rate measurement technique that is 

also referred to as polarization resistance technique. A polarization resistance 

measurement is performed by scanning through a potential range that is very close to the 

corrosion potential, Ecorr. The resulting current is plotted versus potential, as shown in 

Fig. 10. (Princeton Applied Research 2010) 

 

Figure 10. Applied-current linear polarization curve, ŋ represents overpotential 

(taken from Fontana (1987, 502)). 

The corrosion current, icorr, and the slope of this linear curve are related to the kinetic 

parameters of the system according to: 
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In Eq. (19) the term ΔE/Δiapp is the slope of the polarization resistance plot, where ΔE is 

expressed in volts and Δiapp is expressed in μA. The slope has units of resistance, hence, 

it is referred as the polarization resistance. βa and βc are the Tafel slopes of anodic and 

cathodic reactions and icorr is the current corresponding to corrosion potential. If the 

dimensionless βa and βc values are known, icorr can be solved from Eq. (26) and corrosion 

rate can be calculated by substituting into Eq. (24). (Fontana 1987, 502-503) 

The slope of the linear polarization curve is controlled mainly by icorr and is relatively 

insensitive to changes in βa and βc values. For this reason it is possible to formulate a 

reasonably accurate approximation for Eq. (26). If it is assumed that 0.12 volts represent 

the average for anodic and cathodic beta values in all corrosion systems, Eq. (26) reduces 

to Eq. (27) (Fontana 1987, 503):  
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6 PILOT PLANT EVAPORATION EXPERIMENTS 

6.1 Evaporation Process Description 

The pilot MVR evaporator applied in the evaporation experiments was manufactured by 

EPCON Evaporation Technology AS, who promises an energy consumption of 8 – 40 

kWh/t evaporated water for full-scale falling film MVR evaporators. The capacity of the 

pilot equipment is 50 – 100 kg evaporated steam per hour, and the evaporation can be 

performed at the temperature range of 30 – 100 °C. Apart from a clean water circulation 

system, all the structural components of the evaporator have been constructed from EN 

1.4404 steel grade, also known as 316L. A simplified flow diagram of the pilot single-

effect falling film MVR evaporator is given in Fig. 11. The detailed PI-chart of the pilot 

evaporator system is presented in Appendix 1.  

 

 

Figure 11. Pilot plant applied in the evaporation experiments. Condensate streams 

are marked with blue color. FFE is the falling film evaporator. 

As can be seen in Fig. 11, the liquid flowing from the falling film evaporator is recycled 

back on top of the falling-film evaporator. The height of the falling-film evaporator tubes 

is 4 meters. On top of the evaporator, the liquid is divided evenly through 5 nozzles into 
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19 tubes. The diameter of each tube is 3.81 cm. The liquid flows downwards in the tubes 

as a thin film on the tube surface. The liquid that is not evaporated in the heat exchanger 

is collected to a bottom cone and recycled by pumping up again. The produced steam is 

led into a cyclone, which separates the liquid droplets from the vapor. Again liquid is 

circulated, and the vapor/steam flows to the MVR fan (Fig. 12), which compresses the 

vapor into a higher pressure. This compressed hot vapor is used as a heat source in the 

shell side of the falling film evaporator for heating and evaporating the recycled liquid. 

Some steam is also brought to the process from a boiler, if needed. The condensate from 

the steam side of the heat exchanger is used in the preheater to heat the fresh liquid feed.  

 

Figure 12. Applied MVR fan in the pilot evaporation experiments. 

The pilot evaporation experiments were conducted in vacuum. The pressures after the 

MVR fan were in the range of 200 – 500 mbar, i.e. still below atmospheric pressure. 

Vacuum was produced into the system with a pump connected to the vapor side of a plate 

heat exchanger, which is used for cooling and condensation of the vapor that is not used 

at the preheater. The preheater was not used in the pilot experiments with AMD from 

mine Y, because it was out of order during the experiments. 

6.2 Experimental Procedure and Measurements 

Temperatures, pressures, fouling, energy consumption and feeding rates were monitored 

during pilot experiments. Temperatures inside the evaporator were measured partially 

with installed stationary temperature sensors, but for the most part temperatures were 
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measured from the outer surface of the pipes with a separate movable temperature sensor 

equipment. The pH of the concentrate and condensate were also observed during the 

experiments. Boiling point elevation is a phenomenon that describes how the boiling 

point of a solution is higher than the pure solvent. If the boiling point rises significantly 

as a function of density, it can affect considerably to the energy efficiency of the 

evaporation process. The detailed explanations for measurement results in columns in 

Appendix 2 and 3 are shown in Table 2. 

The flow rates and volumes of the feed consumption and condensate production were not 

measured precisely with technical instrumentation, but they were visually estimated by 

observing the liquid level in the transparent feed containers. The momentary condensate 

production flow rates were calculated by measuring the time required for filling a 10-liter 

measuring vessel. The flow rate of condensate was approximated to be equal to the 

consumption of feed, although in reality the condensate total volume is 90-99 % of the 

volume of the feed. 

The evaporation process experiments with the pilot evaporator were performed as a fed 

batch process. At the beginning of evaporation, a certain feed volume were fed into the 

system. When the circulated solution reached certain density, outlet valve was 

automatically opened for a certain time period (a few seconds). When the liquid volume 

reduced below a lower control limit due to evaporation or removal of concentrate, a feed 

valve was automatically kept open for a certain time period.  
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Table 2. The main measurements taken from the evaporator pilot plant. 

Measured property Description 

Time The time moment at which the measurements were made. 

T cyclone [°C] The temperature measured from the outer pipe surface of the 

cyclone. 

T bottom cone [°C] The temperature measured from the outer pipe surface of the 

evaporator bottom cone. 

FANin [°C] The temperature measured from the outer pipe surface of the 

MVR-fan inlet. 

FANout [°C] The temperature measured from the outer pipe surface of the 

MVR-fan outlet. 

Qcondensate [dm3/h] The condensate flowrate. 

D [kg/m3] The density of the circulating liquid inside the evaporator. 

T steam [°C] The temperature of evaporated steam measured with installed 

stationary temperature sensor before compression in the 

MVR-fan. 

T [°C] The temperature of circulating liquid in the bottom cone 

measured with installed stationary temperature sensor. 

P steam [mbar] The pressure of steam after compression in the MVR-fan 

measured with installed stationary pressure sensor. 

∆P [mbar] The pressure difference between compressed steam and the 

circulating liquid. Measured with installed stationary pressure 

sensors. 

Target T [°C] 
The target evaporation temperature defined in the evaporator 

settings. 

Target D [kg/m3] 
The target concentrate density defined in the evaporator 

settings. 

MVR operating speed  

[ %] 

The operating speed for MVR fan defined in the evaporator 

settings. 

Cumulative energy 

consumption [kWh] 

Consumption of energy measured with an electricity-meter 

board. 

Average energy 

consumption 

[kWh/m3] 

Consumption of energy per m3 of produced condensate. 

6.3 Evaporation of Process Water of Mine X at the Pilot Plant  

6.3.1 The Source and Characteristics of the Feed 

The process water used in the pilot evaporation experiments coming from mine X 

originated from a counter current decantation wash circuit of the ore enrichment process. 

The purpose of the wash circuit is to wash away unwanted metals and acid from the 

enriched ore. 
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The main components, other than water, of the liquid feed used in evaporation experiment 

are shown in Table 3. The composition data in Table 3 was analyzed by a subcontractor. 

The pH of the feed was approximately 0.5.  

Table 3. Concentration of main components, apart from water, of the feed from 

mine X. 

Component Average concentration [mg/l] Standard deviation [%] 

Al 490.8 22 

As 558.4 42 

Ca 498.2 5 

Co 17.3 7 

Cr 4.4 14 

Cu 104.5 7 

Fe 7314 27 

K 70.5 10 

Mg 3734 8 

Mn 97.8 11 

Na 203.2 7 

P 4.8 60 

Ni 65 12 

S 17640 13 

Zn 53.3 5 

F- 10.2 20 

Cl- 28.3 7 

SO4
2- 50080 16 

 

The pilot experiment with the process water from mine X was performed by Oulu Water 

Alliance Ltd in December 2014. The pilot equipment was run only during the daytime, 

and not during the night-time, because of the need of constant monitoring of the process 

behavior due to the potential problems related to the corrosion behavior of the liquid. The 

corrosion experiments and results are discussed in section 7. A two-day continuous 

experiment run was done at the end of the pilot experiment, during which the maximum 

density was achieved and concentrate was occasionally removed. During this the process 

was observed to be stable and the results were more truthful compared to the only-daytime 

results. This is because when the evaporation is run only daytime, the density of the 

circulated liquid increases gradually starting from the initial density of the feed, which 

was 1035 g/l on day 4. However, the actual feed density may have been slightly lower, 

because the density measurement on day 4 was made some time after the evaporation 
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process was started. The feed density calculated in the simulations described in section 8 

was 1014.5 kg/m3, which implies that the actual feed density was indeed slightly lower 

than the measured value. During the continuous two-day run the density target of the 

concentrate was kept continuously at a high level, 1360 – 1400 g/l, which corresponds to 

the common situation in a full scale evaporation plant. 

6.3.2 Results and Discussion 

The results from evaporation experiment with the feed from mine X are summarized 

briefly in Appendix 2. In addition to the results shown in Appendix 2, the energy 

consumption was monitored with an electricity-meter board, which measured the energy 

consumption of the whole pilot equipment, including the MVR fan, pumps and lighting 

etc. The pH of the feed and the condensate were approximately 0.5 and 4 and they 

remained the same throughout the whole experiment. The pH of the concentrate decreased 

along with increasing sulfuric acid concentration. The pH of the concentrate increased 

from 0.5 to -0.3 during the experiment. The conductivity of the condensate was 

approximately 40 – 80 μS/cm. This indicates that the condensate was relatively pure 

water, since the conductivity of drinking water is usually between 50 and 500 μS/cm 

(Banna et al. 2014). The temperature of the condensate varied in the range of 30 – 45 °C. 

It was observed that the preheater increased the temperature of the feed stream 

approximately 15 °C in typical operating conditions.  

On day 1 of the experiments the process functioned normally and the MVR fan was used 

at a high capacity (90 – 99%). The consumption of energy per cubic meter of treated water 

was approximately 74 kWh. When the density of the concentrated liquid reached the 

value of 1250 – 1300 g/l, the liquid foamed strongly, and for this reason an antifoaming 

chemical was used. Since day 2 a flawed gasket in the MVR fan caused some problems, 

and because of this the fan could not be always utilized to its full potential, but it was run 

only at the capacity range of 40 – 80%. On day 1 the MVR fan was run at the maximum 

operation speed and the temperature differences between MVR inlet and outlet were 

approximately 15 °C. Later at lower operating speed and with the flawed gasket the 

temperature differences reduced to 5 – 10 °C. This weakened the energy efficiency of the 

evaporation. When the fan capacity was over 75 %, the consumption of electricity was 
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approximated to be about 150 kWh/m3 condensate produced, whereas at 40 % capacity 

the electricity consumption was 200 – 300 kWh/m3 of condensate produced.  

At high densities (1300 – 1350 g/l) remarkably large amounts of solid crystals were 

observed to form into the concentrate. The composition of these solids was examined 

based on the ICP-OES–metal analysis and XRD-analysis technique results. The analyses 

were performed by a subcontractor. According to the results (not shown) the metal ratios 

in the solid crystals and in the liquid were very similar. The proportion of magnesium was 

higher and the proportion of sulfate was lower in the solid crystals than in the liquid. 

Condensate impurity levels were within allowable levels.  

Figs. 13 and 14 present the evaporation measurement results from day 2. On day 2, the 

condensate flow rate varied mainly in the range of 40 – 80 l/h, and the achieved 

concentrate densities were only 1260 g/l at most, which can be seen in Fig. 13. As shown 

in the measurement results in Fig. 14, the evaporation temperature varied mainly in the 

range of 60 – 70 °C. On day 2 The MVR fan increased the temperature of steam 

approximately 5 – 15 °C. The pressures in the bottom cone and outlet of the MVR fan 

were in the range of 200 – 300 mbar and 300 – 500 mbar, respectively. The differences 

between pressures in the bottom cone and the MVR outlet were 50 – 120 mbar. The target 

temperatures for evaporation were 70 – 85 °C throughout the whole experiment, but these 
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were not entirely achieved because of pressure fluctuation in the buffer fluid, which 

caused malfunction in the boiler.  

 

Figure 13. Condensate volume flow and concentrate density as a function of time on 

day 2 of the pilot experiment with process water from mine X.  

 

Figure 14. Measured temperatures and pressures as a function of time on day 1 of 

the pilot experiment with process water from mine Y.  

The process water feed from mine X did not cause visually notable corrosion in the pilot 

plant. The equipment remained relatively clean and there was no need to perform any 

cleaning procedures during the experiments. The boiling point elevation was estimated 
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by plotting the temperature difference between the cyclone and bottom cone against the 

liquid density. As the density of the circulated liquid increases, the boiling point elevation 

increases and the temperature difference of the fluids in the heat exchanger reduces, 

which weakens heat transfer and hence evaporation rate. The boiling-point elevation was 

at its highest value, approximately 3 – 4 °C, when the liquid density increased from feed 

density to the density of final concentrate 1370 g/l. The boiling point elevation was not 

severe, so the evaporation process can be carried out at least up to the density of 1400 

kg/m3.  

The final concentrate volume at the end of the evaporation pilot plant test was 5-10 % of 

the initial volume of the treated liquid. The appearance of the feed, concentrate and 

condensate are shown in Fig. 15. 

 

Figure 15. The appearance of the handled liquids (mine X) from left to right: feed, 

concentrate and two condensates. 

In the pilot experiment the energy consumption (100 – 300 kWh/m3 of condensate 

produced) was high compared to theoretical consumption of 8 – 40 kWh/t announced by 

the manufacturer of the equipment for a full scale plant. This is because the pilot plant is 

not optimized with respect to electricity consumption, and the whole capacity of MVR 

fan could not be utilized because of the broken gasket. As concluded later in section 8.2, 

the MVR fan was greatly oversized for the pilot plant and therefore it was used far away 

outside from the optimal operation range. Also the insufficient thermal insulation 

weakened the energy efficiency of the pilot plant. It was found that the energy 
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consumption depends on the performance of the MVR fan. When the MVR fan were run 

at low capacity, the steam produced by the boiler was needed to sustain the process 

operation. Naturally, this also increased the energy consumption. 

6.4 Evaporation of Mine Drainage from Mine Y at the Pilot Plant 

6.4.1 The Source and Characteristics of the Feed 

The water tested in the pilot evaporation experiment coming from mine Y was AMD that 

had been pumped out of the mine workings. The composition of the feed from mine Y 

was analyzed by a subcontractor. The main components of the feed are shown in Table 

4. The pH of feed was 3.25.  

Table 4. Concentration of main components, apart from water, of the feed from 

mine Y. 

Component Average concentration [mg/l] Standard deviation [%] 

Al 312 10 

Ca 427 10 

Cu 26.6 9 

Fe 412 10 

K 36.8 10 

Mg 692 10 

Mn 27.3 8 

Na 173 12 

S 2650 10 

Zn 410 11 

Cl- 350 9 

SO4
2- 7500 11 

N 420 18 

 

6.4.2 Results and Discussion 

Pilot experiment with AMD water from mine Y proceeded in the same way as the 

experiment with the process water from mine X. However, after one day of the 

evaporation experiment, the pipes started to leak. Leaking circulation pipes after 

circulation pump can be seen in Fig. 16. The pipes were temporarily fixed and the feed 

valve was closed so that the evaporation could be completed with the remaining liquid in 
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the evaporator. At this point 1.2 m3 of feed had been treated. After this the experiment 

was stopped, the equipment was washed carefully and the holes were fixed. Then the 

evaporation process was started again, but soon after this severe leakages were observed, 

and the experiment was stopped.  

 

Figure 16. Leakages in the circulation pipe of the evaporator. 

The measurements from the pilot evaporation experiment for the feed from mine Y are 

presented briefly in Appendix 3. The detailed explanations for columns in Appendix 2 

and 3 are shown in Table 2. In addition to the results in Appendix 3, the pH of concentrate 

was measured. The pH of concentrate decreased gradually as the density of the 

concentrate increased. The pH decreased from 3.25 to 0.95 when the concentrate density 

simultaneously increased to 1244 g/l. Viscosity remained visually inspected inside 

acceptable limits, less than 50 cP, which is required for the circulated liquid to spread 

evenly to the tubes of the falling film evaporator and subsequently flow fluently on the 

surfaces of the tubes.  

The temperatures in the cyclone and bottom cone were observed to have an unexpected 

behavior. The temperature in the bottom cone should be greater than in the cyclone, but 
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on day 1 the temperature measurements were contrary. This could result from fouling of 

the pipes, or there could have been some malfunction in the temperature sensor. The 

temperatures and pressures used in the pilot experiment with feed from mine Y were 

similar to those used in pilot experiment with the feed from mine X. The measured 

temperatures and pressures on day 1 are presented in Fig. 17.  

 

Figure 17. Temperatures and pressures from pilot experiment with AMD from mine 

Y as a function of time on day 1.  

As can be seen in Fig. 17, the evaporation temperature was approximately 55-68 °C 

during the experiment. The pressures after the MVR fan were approximately 300-400 
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mbar and the pressure in the liquid side was approximately 200-300 mbar. Fig. 18 

presents the measured densities and condensate flow rates on day 1. 

 

Figure 18. Condensate volume flow and concentrate density from pilot experiment 

with AMD from mine Y as a function of time on day 1.  

As can be seen in Fig. 18, the condensate flow rate was mostly 60-80 l/h during the 

experiment. The energy consumption varied mostly in the range of 156-250 kWh/m3 of 

condensate produced when the MVR fan was run at 80-85 % capacity. The energy 

consumption rose only temporarily up till approximately 500 kWh/m3 due to application 

of a low operating speed in the MVR fan. 

Although the equipment was carefully washed with strong sulfuric acid at high 

temperature, lots of dregs accumulated into the pipe inner surfaces. Washed out dregs are 

shown in Fig. 19.  
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Figure 19. Concentrate dregs.  

The color of the concentrate changed from orange to bluish green during the experiment 

due to the increase in the concentration as the evaporation proceeds, which can be seen 

in Fig. 20. This could imply that iron is converted from ferric Fe3+ form to the ferrous 

Fe2+ form, which precipitates into bluish-green iron hydroxide Fe(OH)2.  

 

Figure 20. The appearance of the handled liquids (AMD from mine Y) from left to 

right: feed, two concentrates and condensate. The density of the bluish-green 

concentrate is higher than the density of the orange concentrate. 
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The boiling point of AMD from mine Y elevated only 1 °C during the experiment. The 

boiling point elevation was determined using the density of the feed as the baseline. The 

density of the feed varied from 994-1009 g/l to the highest achieved concentrate density 

1250 g/l. During this time the initial volume of the AMD had decreased to 3 % of the 

initial volume of the feed. At the highest achieved density of 1250 g/l the concentration 

of solids in the concentrate was 30 %. Preheater was not in use in the pilot experiment for 

the AMD for mine Y, which resulted in the decrease of the observed energy efficiency of 

the process. The energy efficiency of the process could probably have been also improved 

by performing the evaporation at a higher temperature. The condensate was of good 

quality. The pH of the condensate was over 5 and conductivity approximately 10 μS/cm. 

The sulfate and metal concentrations of the condensate were approximately 1 ppm and 

ppb, respectively.  

The pilot plant evaporator was made of acid durable steel 316L (EN 1.4404), but the 

material was still severely damaged by corrosion as stated earlier. The corrosion damages 

could possibly be reduced by setting a lower density target for evaporation and 

evaporating at lower temperature. At lower concentrate density, the corrosion-causing ion 

concentrations are lower, which could reduce corrosion rate. On the other hand, lower 

evaporation temperatures would slow down the evaporation rate and probably weaken the 

energy efficiency of the process. Another solution could be the use of other corrosion 

durable materials, such as titanium, plastic or glass fiber in the most vulnerable parts of 

the evaporator. On the basis of the pilot experiment, the most vulnerable parts seem to be 

the circulation pipes, which could be relatively easily replaced with other materials. These 

other materials don’t necessarily need to be heat conductive. Using plastic in the heat 

exchanger would however weaken heat transfer and further the energy efficiency of the 

equipment, compared to using steel or other metals. The suitability of a construction 

material should be examined by corrosion tests. The AMD from mine Y and thus also the 

concentrate produced at the pilot experiment contain relatively large amounts of 

chlorides, which cause generally rapid corrosion. High chloride concentrations combined 

with high iron and copper concentrations make AMD from mine Y very corrosive and 

thus finding a suitable construction material for evaporator is expected to be challenging. 

Even if a suitable construction material was discovered, the evaporation process would 

still be troubled by repetitive washing sequences, which are required because of the dregs 

that is accumulated into the equipment. 
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7 CORROSION EXPERIMENTS 

The target of the corrosion tests was to examine the corrosion behavior of the AMD water 

originated from the mine X with potential construction materials. 

7.1 Tested Construction Materials 

The tested steel products were acquired from Outokumpu Plc. Steel grade 316L/EN 

1.4404 is a widely used molybdenum-alloyed austenitic stainless steel used in various 

process industries and other aggressive environments with higher than average corrosion 

resistance requirements. Steel grade 316L/EN 1.4404 has a low-carbon content and the 

typical chemical composition, in addition to iron, given as mass-% is 0.020, 17.2, 10.1, 

and 2.1 for carbon, manganese, chromium, nickel and molybdenum, respectively. The 

second tested steel product is EN 1.4622, which is a newer ferritic stainless steel grade 

introduced in 2014. It has even higher chromium content compared to EN 1.4404 to 

improve its corrosion resistance. The typical chemical composition of EN 1.4622, in 

addition to iron, given as mass-% is 0.02, 21, 0.4 and 0.4 of carbon, chromium, manganese 

and titanium + niobium, respectively. (Outokumpu 2015)  

7.2 Methods and Experimental Set-up 

The corrosion measurements were performed at temperatures 60 °C, 80 °C, 90 °C and 95 

°C using concentrate densities 1190 g/l, 1300 g/l and 1370 g/l. These temperatures and 

densities were chosen to represent the conditions in a MVR evaporator at different stages 

of the evaporation process. VersaSTAT 3 –potentiostat and Versastudio–software were 

used and connected to carbon fiber counter electrodes, a saturated calomel electrode 

(SCE) through a salt bridge, and a steel sample. The electrodes and the steel sample were 

immersed in a glass container, which contained approximately one liter of concentrate. 

The concentrate liquid was heated and mixed with a magnetic stirrer. Oxygen was 

removed by aerating the liquid with nitrogen. Fig. 21 illustrates the experimental set-up. 
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Figure 21. Experimental set-up of the corrosion tests. 

Corrosion rate was measured from each concentrate sample also at 25 °C for comparison. 

Before measurements, the corrosion potential was measured and observed for a time 

period of approximately 20 minutes at the normal situation without polarization, to ensure 

that system has stabilized enough to produce reliable results in the actual measurements. 

On the basis of the accuracy of the reference electrode, it was decided that during the 600 

second corrosion potential measurement a 2 mV fluctuation was tolerable to conclude 

that the system had stabilized enough. After this followed a series of measurements, on 

the basis of which Linear Polarization Resistance (LPR) and Tafel -derived corrosion 

rates as mm/year could be defined. There were altogether 4 pieces of steel samples, two 

corresponding samples for both steel grades. Those surfaces of the steel samples that were 

exposed to corrosion measurements were polished for 2.5 minutes with fine sandpaper 

and water between each measurement.  

The corrosion potential stayed relatively well in the required 2 mV fluctuation limits in 

all measurements. The highest temperatures were difficult to attain reliably in the system. 

The behavior and accuracy of the thermostat in the magnetic stirrer and lack of proper 

thermal insulation in the glass container caused temperatures to fluctuate during the 
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experiment. The glass container was not entirely leak-proof. Therefore the amount of 

leaked vapor increased at higher temperatures. As a result, the relative proportion of 

components in the concentrate changed during the experiment, especially at temperatures 

over 80 °C. This phenomena decreased the number of repeated measurements at high 

temperatures. In the beginning of the experiments the densities of the concentrates were 

1190, 1300 and 1370 g/l and the volume of each concentrate was approximately one liter. 

In the end of the experiments the volume of the concentrate with a density of 1300 g/l had 

reduced from one liter to 0.65 liters. The other two concentrates with densities of 1190 

g/l and 1370 g/l had reduced to 0.8 liters. The decrease of the concentrate volume during 

the experiments due to leakages has probably increased the densities of the tested 

concentrates. On the other hand, disturbances within the aeration with nitrogen gas caused 

unexpected spikes that caused the concentrate to overflow occasionally out of the glass 

container. Some concentrate was also lost during changing samples in between 

measurements.  

7.3 Results and Discussion 

Average corrosion rate results of the two corresponding A and B steel samples have been 

used to draw Figs. 22 – 28 on a semilogarithmic plot. It was intended that at least two 

measurements for each concentrate and temperature combination with both 

corresponding samples should always be done when possible. The reliability of the results 

was evaluated statistically. Those results that differed remarkably more than the standard 

deviation from the average, were excluded from the data used for drawing Figs. 22 – 28. 

Also those averaged points that did not fit into the exponential legend within error bars, 

were excluded from Figs 22 – 28. Standard deviations were used to determine error bars 

for y values in Figs. 22 – 28. In Figs. 22-24 the x error bars for the temperature were 

estimated to be ± 2 °C. In Figs. 25 – 28 the negative x error for density was estimated as 

5 g/l. The positive error for density was estimated to be 10 g/l to take account of possible 

further concentration of the liquid during the experiments.  
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Figure 22. Calculated corrosion rate as a function of temperature at the concentrate 

density of 1190 g/l. Triangles refer to LPR and circles refer to Tafel. White markers 

refer to steel EN 1.4622 and black markers to EN 1.4404. 

 

Figure 23. Calculated corrosion rate of steel EN 1.4404 as a function of temperature 

at the concentrate density of 1300 g/l. Triangles refer to LPR and circles refer to 

Tafel.  
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Figure 24. Calculated corrosion rate at the concentration density of 1370 g/l. 

Triangles refer to LPR and circles refer to Tafel. White markers refer to steel EN 

1.4622 and black markers to EN 1.4404. 

As a whole, according to Figs. 22 – 24, we can see that the corrosion rates of both steel 

grades increase nearly tenfold when the temperature rises from 25 to 60 °C and 

hundredfold when the temperature rises from 25 to 90 °C. The corrosion rate increases as 

the concentrate density and the temperature increase. This is logical as the pH decreases 

and ion concentrations increase as the concentrate density increases. Similarly, the 

corrosion rates generally increase exponentially as temperature increases. Thus, the 

greatest corrosion rate values, with both calculation methods (LPR and Tafel), are 

produced at the highest density of 1370 g/l and temperature of 95 °C, although it should 

be noted that only one measurement with only one sample was performed at these 

conditions. At 90-95 °C the difficulty of maintaining the desired measurement 

temperatures and the increase in concentrate densities might add some error to the results. 

LPR and Tafel results differ especially with the steel EN 1.4622, which can be seen in 

Figs. 22 and 24. Steel grade EN 1.4622 was abandoned in the middle of the experimental 

campaign, because it repeatedly produced clearly weaker results than the other 

investigated steel grade. For this reason there are no results available for steel EN 1.4622 
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at high temperatures 80-95 °C in Figs. 22 and 24, or for the concentrate, which had the 

density of 1300 g/l (see Fig. 23).  

Figs. 25-28 suggest that an increase in concentrate density at a given temperature affects 

the corrosion rate less significantly than an increase in temperature with a given 

concentrate. This applies to at least the lower temperatures 25-80 °C and steel grade EN 

1.4404 in Figs. 25 and 26. An anomalous behavior of steel grade EN 1.4622 is again 

visible in Figure 28, in which the corrosion rate increases radically as a function of density 

at the temperature of 60 °C.  

 

Figure 25. Tafel corrosion rate for steel EN 1.4404 as a function of density. Circles, 

triangles, squares and rhombuses refer to temperatures of 25 °C, 60 °C, 80 °C and 

90 °C, respectively. 
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Figure 26. LPR corrosion rate for steel EN 1.4404 as a function of density. Circles, 

triangles, squares and rhombuses refer to temperatures of 25 °C, 60 °C, 80 °C and 

90 °C, respectively. 
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Figure 27. LPR corrosion rate for steel EN 1.4622 as a function of density. Circles, 

triangles, squares and rhombuses refer to temperatures of 25 °C, 60 °C, 80 °C and 

90 °C, , respectively. 

 

Figure 28. Tafel corrosion rate for steel EN 1.4622. Circles, triangles, squares and 

rhombuses refer to temperatures of 25 °C, 60 °C, 80 °C and 90 °C, , respectively. 
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The current range applied in the experiments extended well over the recommended range 

of at least one order of magnitude. Considering the heterogeneous nature of the tested 

liquid, the presence of several reduction processes is possible, which could distort the 

behavior of the Tafel plot. However, although it is known that the concentrates contained 

several different metal ions and other elements, the shapes of the current-potential plots 

were reasonably symmetrical.  

Increasing concentrate density did not have a significant effect on the corrosion rate in 

the corrosion experiments with process water from mine X. This was a positive outcome 

from the perspective of applying evaporation to concentrate the process water from mine 

X, since corrosion does not significantly restrict in the investigated density range the 

usage of the construction material. Also the further concentration of the concentrates 

during corrosion experiments should not have affected the obtained corrosion rate results 

too much. LPR and Tafel methods produced different results: generally the results 

calculated with the Tafel method were larger than those calculated with the linear 

polarization method. It is likely that the truth of AMD induced corrosion behavior lies 

somewhere between the results of LPR and Tafel methods. The difference is partly caused 

by the fact that the corrosion potentials of Tafel and LPR differ from each other. This 

difference is derived from the electrochemical reactions that occur on the steel sample 

surface and affect the conditions between the two measurement techniques. The 

differences are bigger at higher temperatures. Also something unknown caused the steel 

grade EN 1.4622 to behave irregularly. The reasons for this may lie in the diverse metal 

composition of this steel grade, which caused accelerated electrochemical surface 

reactions in the metal sample, which disturbed the measurements. 

Corrosion rates less than 0.254 mm/a are considered low, and can be recommended for 

thin-walled process equipment. A corrosion rate of 0.508 mm/a is considered as the 

normal maximum corrosion rate in chemical equipment. (Davis 2000, 47) The corrosion 

rates measured with the process water concentrate from mine X reached the maximum 

value of 0.508 mm/a at the temperature of 60 °C. The temperatures of the concentrate in 

the pilot evaporation process varied between 60 – 75 °C, so the measured corrosion rates 

are slightly too high for long-term operation in a full scale plant. These high corrosion 

rates could be decreased and compromised by choosing the optimal temperature, target 

density and wall thickness for the process equipment.  
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8 SIMULATION OF EVAPORATION PILOT PLANT 

OPERATION  

The operation of the evaporation pilot plant was simulated using Aspen Plus –software 

(version V7.3) according to conditions that correspond to the pilot evaporation 

experiment performed with the process water from mine X. The target of the simulations 

was to examine the energy consumption of the MVR-evaporator pilot plant, evaporation 

phenomena in the evaporator, and performance of the evaporation pilot plant at different 

sulfuric acid concentrations of the concentrate. The mine water mixture behavior was 

simulated by simplifying the composition of the mine water. In the simulations, it was 

assumed that the mine water contained only water and sulfuric acid. The assumption is 

reasonable as these components mainly affect the evaporation phenomena.  

8.1 Materials and Methods 

The continuous fed-batch evaporation performed in the pilot-plant was simulated by 

dividing the process into 5-minute time periods, during which the process conditions were 

presumed to stay stable. After evaporating a certain amount of water from the system, a 

certain feed volume was added to the concentrated liquid, and evaporation was started 

again with the new combined concentration.  

The ENRTL-RK (Electrolyte Non-Random Two-Liquid-Redlich Kwong) property 

method of the Aspen Plus –software was used in the simulations. ENRTL is an activity 

coefficient model that takes into account both molecule-molecule interactions and 

electrolyte behavior related interactions. Redlich Kwong model is a cubic equation of 

state used to calculate the vapor-phase fugacity coefficients.  

The falling film evaporator was simulated using a vertical shell-tube heat exchanger. The 

dimensions of the evaporator were selected, where possible, according to the actual 

evaporator dimensions. The number of tube passes in the evaporator was one, and the 

number of sealing strip pairs was set to zero. The inside shell diameter was defined as 

42.8 cm and the shell to bundle clearance was 10 cm. The length of the heat exchanger 

was 4 m and pitch was 6.5 cm. The total tube number was 19 and the tube pattern was 

selected as rotated triangle. The outer diameter of the tubes was 3.81 cm and the tube 
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thickness was 2 mm. The steel used in heat exchanger was type 316 stainless steel. There 

were two segmental baffles in all passes and the baffle cut (fraction of the shell diameter) 

was 0.008. The inlet and outlet nozzle diameters were 7 cm and 3.81 cm in the shell side 

and tube side, respectively. There was no pressure drop in the tube side of the heat 

exchanger, which is a simplification to the actual evaporator configuration.  

The power requirement for the circulation pump was simulated by defining discharge 

pressure of 860 mbar for the pump. The pump inlet pressure was 220 mbar. After the 

pump an 8.2 m long pipe was attached. Pipe rise was 5 m, inner diameter 4 cm and the 

number of 90 degree elbows was 6. Flow diagram for the simulated system is presented 

in Fig. 29.  

 

Figure 29. Flow diagram of the evaporator pilot-plant used in the simulations. 

Recycle streams are marked with dotted lines. 

As can be seen in Fig. 29, the feed stream is heated in a falling film evaporator. Heated 

vapor and liquid are separated in a separator into liquid concentrate vapor streams. The 

vapor is compressed into higher pressure and temperature in an MVR fan. A heater unit 

block was chosen to represent the work done by the MVR fan in the simulations. The 

power determined by the simulation software for the MVR fan was 0.3965 kW. This value 

was defined by presuming that the MVR fan increased the pressure of the steam from 220 

mbar to 340 mbar and simultaneously raised the temperature by 15 °C. As stated 
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previously, the simulations were performed in 5-minute batches, during which the 

operating conditions were stable. The total mass flow for the AMD feed stream was set 

constant at 3250 kg/h based on the pilot-plant operation data. As stated previously, the 

AMD feed was assumed to contain only water and sulfuric acid. In the mixture a number 

of reactions between water and sulfuric acid occur. The following ionization reactions 

were included in the simulations:  

,HSOOHOHSOH 43242

    (28) 

,SOOHOHHSO 2

4324

    (29) 

.OHOHO2H 32

    (30) 

At the beginning of the simulations the mass fractions of the feed were defined as 0.95 

for water and 0.05 for sulfuric acid. These values correspond to the values of the actual 

feed, which was process water from mine X. To imitate the continuous flow and recycling 

of the steam and concentrate, the simulations were done by substituting the results of the 

previous run into the next 5-minute simulation. After the evaporated steam was 

compressed in the MVR fan, this steam mass flow was substituted into the steam stream 

that was used for heating the concentrate in the heat exchanger in the second 5-minute 

simulation run. The mass of evaporated steam was taken off the mass of the concentrate, 

and the next simulation was run with the new concentrated component mass fractions in 

the concentrate liquid feed stream. If necessary, an additional steam stream coming from 

the boiler was added to the compressed steam stream. To imitate the conditions in the 

actual pilot plant experiment, the pressure of the concentrated liquid was set at 220 mbar, 

and the pressure of the compressed steam was set at 340 mbar. The pressure drop due to 

flow friction in pipes, valves and flanges were omitted in the pilot-plant evaporation 

simulations. Instead, the flow frictions were later on taken into account to evaluate the 

pump workloads.  

In the actual pilot plant, the upper volume limit for the concentrated liquid was 50 liters. 

The difference between the upper and lower control level of the concentrate container 

tank was estimated to be 20-25 liters. On the basis of the simulations, the time period for 

evaporating 22 liters of water from the circulation liquid was estimated to be 25 minutes, 
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which makes 5 cycles of 5-minute simulation runs. After this a batch of 22 liters of feed 

was added to the concentrated liquid, and the 5-minute simulations were rerun. Next the 

simulations were done at certain sulfuric acid concentrations. Only the component mass 

fractions were changed and other parameters were kept the same. Boiling point elevation 

was determined on the basis of these results.  

8.2 Results and Discussion 

Simulations were conducted at 5-minute batches. After time moments of 25, 50, 80 and 

115 minutes 22-litres of feed were added to the system and simulations were continued 

with the new diluted composition. Fig. 30 illustrates the evaporated liquid mass as a 

function of time. The peaks represent the addition of fresh feed into the system. 

 

Figure 30. Simulated concentrated liquid mass as a function of time. 

Fig. 31 shows the mass fractions of water and sulfuric acid as a function of time. Again 

the addition of feed is visible at certain time moments. 
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Figure 31. Simulated mass fractions of water (black) and sulfuric acid (white) as a 

function of time. 

At the time moment of 140 minutes the mass fractions were 0.7614 for water and 0.2386 

for sulfuric acid. This composition is fairly near to the concentrate density of the mine X 

1370 g/l, which contained 25 % sulfuric acid. The temperatures of the steam streams are 

shown in Fig. 32.  

 

Figure 32. Simulated temperatures of the steam streams and evaporation rate as a 

function of time.  
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As can be seen in Fig. 32, after 75 minutes of operation the evaporation rate suddenly 

decreases from 51.6 to 46 and further to 33.2 liters per hour, which affects the 

temperatures of the steam streams. After this moment, the evaporation rate increases first 

gradually. Then an additional steam stream from the boiler was added to the evaporated 

stream to make altogether 46 kg/h steam. The evaporation rate increased radically 

momentarily, but then started to reduce again. Again some extra steam was added to make 

altogether 50 kg/h. After this addition evaporation rate first started to increase, and later 

decrease. This behavior would indicate that some extra steam is needed to keep the 

process running steadily. 

The sulfuric acid concentrations corresponding to liquid densities were determined during 

the pilot plant experiments by titration with a NaOH solution. These values are useful 

when comparing the simulation results to the experimental values. According to titration 

results, the sulfuric acid concentrations were 18-19 % and 25 % for densities 1200 and 

1370 g/l respectively. Fig. 33 shows the simulated results for boiling point elevation at 

different sulfuric acid concentrations at the pressure of 220 mbar. The boiling temperature 

of pure water at the pressure of 220 mbar is approximately 60 °C. 

 

Figure 33. Boiling point elevation simulated at different sulfuric acid concentrations 

at the pressure of 220 mbar.  
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The temperatures in Fig. 33 are the temperatures of the evaporated steam at different 

sulfuric acid concentrations. According to Fig. 28, the boiling point elevation in acid 

concentration range 5 – 25 % is 3 °C. This result confirms the experimental piloting 

results, in which the boiling point elevation was 3 – 4 °C at most. However, it should be 

noted that the appearance of solid crystals and dissolved solids in AMD change the 

properties of the mixture and thus cause boiling point elevation in comparison to the 

values calculated for the water/sulfuric acid mixture in the simulations. This gives some 

error in the simulation results. According to Fig. 33, the boiling point will rise more 

rapidly after concentration of 25 % sulfuric acid, which corresponds to density of 1370 

g/l. Hence, the cost-effectiveness of evaporation past the concentrate density of 1400 g/l 

should be considered carefully.  

According to the simulation results, a 0.4 kW MVR fan is needed to evaporate the 

required amount of water at required conditions (Table 5), if it is presumed that all of the 

electrical energy of MVR is transferred without losses to mechanically compress and heat 

the steam. On the basis of the pilot experiments, the average evaporation rate was 

estimated to be 48 kg/h. The evaporation rate in the simulations was approximately equal 

to the rate in pilot experiments. With this evaporation rate, it takes on average 20.83 hours 

to evaporate 1 m3 of water and during this time period 8.3 kWh of energy is consumed by 

the MVR fan. In the actual pilot plant, the combined power of the other equipment (three 

pumps and a boiler) is 31.9 kW. Adding these to the 17.3 kW power of MVR fan makes 

altogether 49.2 kW, which together consume 1025 kWh of energy in 20.83 hours. This 

would theoretically be the case at the beginning of the evaporation process, when the 

steam must be brought to the heat exchanger from the boiler, because steam is not yet 

produced from the circulating concentrate. When the boiler is no longer necessary, the 

energy consumption per cubic meter of condensate reduces to 545.8 kWh. This is still 

high compared to the results measured during the pilot experiment, i.e. 100-300 kWh per 

cubic meter of condensate.  
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Table 5. Energy calculations. 

Power  

[kW]  
Simulated Calculated 

Calculated 

without 

boiler 

Without boiler 

Pumps 50 % MVR 25 % 

Circulation 

pump 

0.2 
4.9 4.9 2.45 

Vacuum 

pump 

0.15 
3 3 1.5 

Condensation 

pump 

0.05 
1 1 0.5 

Boiler 0.01 23   

MVR 0.4 17.3 17.3 4.3 

Total 0.81 49.2 26.2 8.8 

Energy 

consumption 

per treated 

AMD 

[kWh/m3] 

Simulated Calculated 

Calculated 

without 

boiler 

Without boiler 

Pumps 50 % 

MVR 25 % 

Measured 

Circulation 

pump 
4.2 102.1 102.1 51.0  

Vacuum 

pump 
3.1 62.5 62.5 31.3  

Condensation 

pump 
1.0 20.8 20.8 10.4  

Boiler 0.3 479.2     

MVR  8.3 360.4 360.4 89.6   

Total 17 1025 545.8 182.3 100-300 

 

However, during the pilot experiment the process equipment was not used at its full 

capacity, which reduced energy consumption. Unfortunately, the realized data related to 

the pilot plant operation efficiencies was not available for use. Nevertheless, let us assume 

that the pumps operate only at 50 % capacity and the MVR fan at 25 % of the full capacity, 

and these ratios affect directly to the power and energy consumptions of the equipment. 

With these assumptions, as shown in Table 5, the overall energy consumption is 182.3 

kWh per m3 evaporated vapor, which resembles more to the results from the pilot 

experiment. 

The circulation pump is the biggest and most important pump in the actual pilot plant. 

This pump was simulated with Aspen Plus assuming that the pipe length was 8 m, inner 

diameter 4 cm and pipe rise 5 m and the number of 90 degree elbows was 6. This resulted 

to a pressure increase from 220 mbar in pump inlet to 860 mbar in the outlet. The pressure 
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loss in the pipe was 510.4 mbar. The required and electric horsepower for the pump were 

0.0575 kW and 0.2 kW, respectively. The pump efficiency used was 0.29565764. Since 

the two other pumps were remarkably smaller, it can be roughly estimated that the 

combined required pump power is at maximum 0.4 kW, which is again much smaller than 

the actual calculated full capacity pump powers in Table 5. The power of the boiler in the 

simulations was estimated 0.01 kW. This was calculated by assuming that altogether a 

minimum of 0.0328 kWh of energy is consumed by the boiler during the addition of 11 

kg/h and 5 kg/h of steam at the time moments of 100 minutes and 120 minutes, 

respectively. This combined energy consumption was divided for the whole simulation 

time period of 140 minutes. By assuming minimum total power of 0.81 kW for the whole 

plant, the energy consumption of an MVR evaporation plant is 17 kWh/m3, which is close 

to the 8-40 kWh/m3, which has been announced by the manufacturer for the evaporator 

energy consumption. Based on the simulations it was concluded that the MVR fan and 

the pumps were greatly oversized in the pilot experiments. The energy consumption was 

not the main priority to be optimized in the pilot plant, but the goal was to examine the 

behavior of the concentrate during the evaporation process.  

It is noteworthy that although the process works in reality at certain conditions, the 

simulator may not reach feasible solution and thus the calculations do not converge. This 

is due to the mathematical form of the evaporator model in the simulation software. This 

behavior was observed multiple times during the simulation work. This resulted in the 

need to perform relatively rough simplifications in the simulation model. For example the 

pressures were presumed stable 220 mbar in the concentrate liquid and 340 in the 

compressed steam steams throughout the process. In reality the pressures fluctuate and 

change constantly as well as the temperatures. Also, in addition to water and sulfuric acid, 

the feed and concentrate contained many other elements too. Nevertheless, according to 

the results the simulation results seem feasible and give insight into the performance of 

the pilot plant. 

Lack of exact measurements in the pilot evaporator hindered the creation of the simulation 

model. Temperatures and pressures were measured at only a few places with stationary 

installed temperature sensors. Most of the temperatures were measured from the pipe 

surfaces with movable temperature sensors, which was not very accurate. Also the 

volume flows of feed and condensate were only roughly estimated. A more enhanced 
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pilot evaporator with abundant instrumentation would present a more specific insight into 

the process. In addition to temperature and pressure sensors, also sensors measuring 

corrosion rate would be an interesting and useful addition to the process equipment. 
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9 CONCLUSIONS 

The goal of this thesis was to study evaporation as a potential alternative for treating acid 

mine waters, which are a common environmental problem. Due to evaporation, the 

dissolved metals and sulfate are concentrated and pure water can be produced without the 

addition of chemicals, which is advantageous compared to traditional mine water 

treatment, which often includes chemical neutralization and precipitation. Some 

components from mine waters have been utilized in pigment and wastewater purification 

chemical production, but the suitability of these processes for mine water concentrate has 

not been examined in the literature. In addition to finding suitable utilization alternatives 

for mine waters, it can sometimes be very important to separate the environmentally 

hazardous acid mine water from the environment as soon as possible. On the other hand, 

the volume of the concentrate is considerably smaller than the original water, which 

brings savings in the storage and transportation of acid mine waters.  

In this thesis, the suitability of the MVR-evaporation process for remediation of acid mine 

water was examined by pilot evaporation experiments, corrosion experiments and 

simulations. The applicability of evaporation for acid mine drainage treatment was 

observed to be very case-specific. The main reason for this is the corrosion of construction 

materials mainly due to the sulfuric acid and chlorides present in the acid mine water, 

which affects the selection of constructing materials for the evaporator, which in turn 

affects considerably the investment costs. On the other hand, the boiling point elevation 

affects energy consumption and maximum economically achievable concentrate density. 

Potential reuse of materials from AMD can produce income that reduces the overall costs 

of the evaporation process. The possibility to reuse the concentrate depends on the 

contents and quality of the evaporated concentrate, but also on the availability and 

effectiveness of refining processes.  

The operation of the pilot evaporator plant was simulated at conditions corresponding to 

those applied during the evaporation experiment with the process water from mine X. The 

usage of simulation software can be a beneficial tool when sizing an evaporator plant, if 

the accurate structure of the equipment is known. The equipment in the pilot plant were 

found to be oversized. Boiling point elevation determined on the basis of the simulations 

was similar to that of determined on the basis of the pilot experiments.  
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Process water from mine Y caused serious corrosion in the pipes of the pilot evaporation 

plant, and for this reason the process water from mine Y is not very suitable to be treated 

with MVR evaporation technology, at least not with the applied construction materials 

and operating conditions. The application of evaporation for AMD from mine Y would 

require corrosion tests and careful selection of less corroding construction materials and 

operating conditions, which may on the other hand cause higher investment and energy 

costs. Even if these things could be compromised, fouling in the heat exchanger would 

still be a problem. The process water from mine X contained much more iron, copper, 

magnesium, sulfate and sulfur than the AMD from mine Y, which contained more zinc 

and chloride than the process water from mine X. Chlorides are probably the cause of the 

greater corrosiveness of AMD from mine Y. 

There were no mine water-derived problems present at the pilot evaporation experiment 

with the process water from mine X. The pipes remained undamaged and fouling was not 

bad enough to require regular washing. The boiling point elevation was slightly higher 

than with AMD from mine Y, but not too high. The measured corrosion rates were slightly 

too high, but the possibility of compromising less corroding circumstances and 

discovering more durable construction materials is not excluded. Hence, evaporation 

seems to be technically feasible alternative to treat the process water from mine X. The 

utilization and reuse methods for AMD from mine X should be investigated 

experimentally. Pigment, coagulant or flocculent production could be suitable utilization 

methods according to the literature due to the high iron content of AMD from mine X.  

Evaporation treatment for mine waters has not been widely studied, and therefore further 

processing of the evaporation products is also not well studied. Condensate is relatively 

pure water, which can be discarded into sewer, or used as process water or in a district 

heating system. Refining of AMD often first requires selective separation of useful 

components. Therefore different precipitation techniques for AMD concentrate should be 

studied and evaluated experimentally. The higher concentrations of different components 

may affect the yield and selectivity of precipitation in contrast to more dilute AMD. 
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APPENDIX 1 

 

PI-chart of the pilot evaporator plant. 



APPENDIX 2 

Table A2.1. Measurements taken from the pilot evaporation experiment with 

process water from mine X. 

 

Table A2.2. Measurements taken from the pilot evaporation experiment with 

process water from mine X. 

 

Time 12:30 13:30 14:30 10:30 12:00 13:45 15:00 15:15 15:45 16:15

T  cyclone [°C] 61.6 66.7 67.8 58.6 62 66.8 64.8 66.9 65.6 68.1

T  bottom cone [°C] 61.4 68.3 69.8 58.3 62 67.8 65.8 68.2 67.1 69.9

FANin [°C] 61.7 66.8 70.5 59.5 64.5 69 66.3 68 67.7 69.8

FANout [°C] 76.5 84.7 83.3 70.7 70.5 75 70.3 73.6 72 74.5

Q condensate [dm
3
/h] 67 77 80 50 43 55 10 24 46

D  [kg/m
3
] 1181 1240 1270 1072 1127 1200 1223 1245 1240 1252

T  steam [°C] 62.2 68 68.7 57.6 59.5 66 62.1 67 64 68

T  [°C] 63.4 70 70.9 66 64.5 69 66.8 70 68.2 71.1

P  steam [mbar] 286 383 393 265 315 320 327 370 346 381

∆P [mbar] 82 96 115 69 70 75 67 73 90 90

Target T  [°C] 60 75 70 70 75 75

Target D  [kg/m
3
] 1200 1200 1200 1250 1290 1290

MVR operating speed [%] 99 99 90 40 80 40 40 40 50

Day 1 Day 2

Time 12:30 13:30 14:00 14:30 15:30 15:50 11:00 13:00 14:30 15:30 16:15 16:45

T  cyclone [°C] 62 65.7 66.2 65.8 67.7 65 50.2 57.9 62.5 67.6 68.2 69

T  bottom cone [°C] 62.5 66.7 67.7 67.5 69.3 66.6 50.1 58 63 68.8 70 71

FANin [°C] 64.8 68.7 68.8 69.9 67.3 53.3 60.7 66.5 68.8 71.3

FANout [°C] 70.8 78.1 74.5 75.6 73 58.6 66.8 71.3 76.8 78.8

Q condensate [dm
3
/h] 63 80 60 48 50 41 26 37.5 48 40 43 50

D  [kg/m
3
] 1176 1236 1241 1250 1273 1267 1035 1116 1184 1226 1250 1260

T  steam [°C] 64.6 67.8 68.2 67.8 69.7 67 48.2 55.6 63.1 66.1 70.4 70.9

T  [°C] 64.4 68.1 69 68.8 70.8 68.1 51.3 59 64.4 68.7 71.7 72.4

P  steam [mbar] 301 343 354 354 380 344 188 261 310 360 4000 400

∆P [mbar] 54 70 68 71 81 73 39 58 56 82 87 91

Target T  [°C] 80 80 80 80 80 80 75 75 75 75 75 75

Target D  [kg/m
3
] 1250 1250 1280 1280 1300 1300 1280 1280 1280 1280 1280 1310

MVR operating speed [%] 90

Day 3 Day 4



APPENDIX 2 

Table A2.3. Measurements taken from the pilot evaporation experiment with 

process water from mine X. 

 

 

 

Table A2.4. Measurements taken from the pilot evaporation experiment with 

process water from mine X. 

 

Time 11:15 12:15 13:15 14:30 15:45 16:30 13:00 14:00 16:00 17:30

T  cyclone [°C] 61 69.4 72 71.5 71.1 71.9 66 68.3 65.7 68.9

T bottom cone [°C] 61 69.8 73 73.8 73.4 74.7 66.4 69 68 70.9

FANin [°C] 63.5 71.5 72.8 72.3 72.5 74.2 68 70.8 69 72

FANout [°C] 69.2 77.2 79.7 79.4 80 87.7 73.3 76.5 78 78

Q condensate [dm
3
/h] 49 67 75 60 55 50 55 67 60 35

D  [kg/m
3
] 1054 1129 1195 1265 1307 1328 1139 1202 1305 1314

T  steam [°C] 61.1 70.1 73.5 75 74.4 75.2 67.3 70.7 68.6 72.8

T  [°C] 62.2 70.9 74.4 76 75.5 76.6 67.7 70.9 69.5 73.2

P  steam [mbar] 286 390 440 470 460 480 345 390 370 420

∆P [mbar] 56 71 84 106 110 122 66 75 96 93

Target T  [°C] 75 85 85 85 85 85 85 85

Target D  [kg/m
3
] 1280 1280 1280 1320 1390 1390 1390 1390

MVR operating speed [%] 75 75 75 75 65 65 70 70 70 60

Day 5 Day 6

Time 13:30 15:15 17:00 14:00 15:00

T  cyclone [°C] 64.6 71.7 68 72.6 68

T  bottom cone [°C] 64.8 72.6 69.3 74.4 70.9

FANin [°C] 66.6 72.8 70.8 73 70.5

FANout [°C] 72.3 79 77.3 89.3 79.8

Q condensate [dm
3
/h] 40 41 38 46 43

D  [kg/m
3
] 1107 1202 1232 1351 1350

T  steam [°C]

T  [°C] 66.4 74 71 78.7 73.5

P  steam [mbar] 330 435 390 500 430

∆P [mbar] 60 81 81 100 120

Target T  [°C] 80 80 80 80 80

Target D  [kg/m
3
] 1400 1400 1400 1360 1360

MVR operating speed [%] 60 60 60 70 70

Day 7 Day 8



APPENDIX 3 

Table A3.1 Measurements taken from the pilot evaporation experiment with AMD 

from mine Y. 

 

Table A3.2 Measurements taken from the pilot evaporation experiment with AMD 

from mine Y. 

 

Time 10:20 11:30 12:00 13:15 14:00 14:30 15:30

T cyclone [°C] 62.8 66.3 67.2 67 53.3

T bottom cone [°C] 61.4 65.9 65.6 66 53.3

FANin [°C] 68.3 68.3 67.3 52.3

FANout [°C] 83 83 84.2 87.1

Q condensate [dm
3
/h] 16.5 85.7 66.67 60 37.5

D  [kg/m
3
] 1009 999 991 994 1005 1015 1033

T  [°C] 17.7 49.5 64.2 67.5 68.4 68.6 54.8

P  steam [mbar] 991 999 337 392 401 402 274

∆P [mbar] 91 98 94 96 116

Target T  [°C] 80 80 80 80 80 80

Target D  [kg/m
3
] 1390 1390 1390 1390 1390 1390

MVR operating speed [%] 40 80 80 80 80

Cumulative energy consumption [kWh] 2506 2515.6 2519.2 2535.9 2545.1 2553.7 2563

Average energy consumption [kWh/m
3
] 533.3 155.9 183.4 478.3 249.6

Day 1

Day 5

Time 8:00 10:15 18:20 21:15 9:20 16:00 21:35 8:50

T cyclone [°C] 65.1 59.8 60.2 59.1

T bottom cone [°C] 65.6 60.8 60.7 59.5

Q condensate [dm
3
/h] 68 66.67 60 55

D  [kg/m
3
] 1200 1244 995 1010 1123 1210 1190 1205

T  [°C] 66 62.1 59 60.9 61 62 59.5

P  steam [mbar] 370 303 270

∆P [mbar] 119 75

Target T  [°C] 80 80 80

Target D  [kg/m
3
] 1390 1390 1280

MVR operating speed [%] 85 85

Cumulative energy consumption [kWh] 2808 2837 2896 2931 3082.9 3250 3404

Average energy consumption [kWh/m
3
] 218.3 193.3 194.4 211 248.4

Day 2 Day 3 Day 4


