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surface exchange with a high adsorption rate, (2) the inversion stage, and (3) moderate adsorption. Higher 
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Ion exchange with clinoptilolite reduced the amount of heavy metals from the AMD, although the final  

concentrations were considerably higher than the set requirement of 10 µg Cu/L. Precipitation as an initial step before 

ion exchange was therefore tested. The results showed a better removal of iron, copper and zinc with 99.6, 97.3, and 

37.7 % from Folldal, and 98.3, 98.7, and 59.9 % from Løkken, respectively. Even though the use of precipitation 

gave much better results, the final concentrations of the heavy metals were still above the acceptable environmental 
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Abstract 

The sorption of heavy metals from Acid Mine Drainage (AMD) by using clinoptilolite, a natural 

zeolite, was studied in this thesis. The behavior of clinoptilolite, as an ion exchanger, was studied 

to see if the concentration of iron, copper, zinc, and manganese could be reduced to acceptable 

environmental standards. Folldal works, Løkken works, and Røros copper works were the mines 

investigated during this study. However, experiments were conducted on the AMD from Folldal 

and Løkken works.  

From the kinetic experiments, the percent adsorption and distribution ratio (Kd) were determined 

as a function of heavy metal concentration. The percent adsorption showed that the ion exchange 

process followed three stages; (1) surface exchange with a high adsorption rate, (2) the inversion 

stage, and (3) moderate adsorption. Higher concentrations of clinoptilolite had a better treatment 

effect on iron, copper and zinc. The results also indicated competition between iron and 

manganese, where iron ions occupied the adsorption sites of manganese ions when all the surface 

sites are taken. The amount of manganese, unlike the other metals, increased with time during the 

experiment. The distribution ratio showed different results for each metal. In general for iron, 

copper, and zinc there was an increase in the distribution ratio as the heavy metal concentration 

decreased. This indicated that all the metals were to some extent exchanged with the cations of 

the clinoptilolite. The AMD from both areas contained large concentrations of total organic 

carbon (TOC), and it is assumed that fouling of the clinoptilolite could occur.  

Equilibrium isotherms were determined and the results showed that neither the Langmuir nor the 

Freundlich isotherm have a good fit to the experimental data. The results showed that the 

adsorption capacity of clinoptilolite decreased as a result of surface coverage, and the selectivity 

sequence was determined to be Fe
3+ 

> Cu
2+

 > Zn
2+

 > Mn
2+ 

for both Folldal and Løkken.

Ion exchange with clinoptilolite reduced the amount of heavy metals from the AMD, although the 

final concentrations were considerably higher than the set requirement of 10 µg Cu/L. 

Precipitation as an initial step before ion exchange was therefore tested. The results showed a 

better removal of iron, copper and zinc with 99.6, 97.3, and 37.7 % from Folldal, and 98.3, 98.7,  

and 59.9 % from Løkken, respectively. Even though the use of precipitation gave much better 

results, the final concentrations of the heavy metals were still above the acceptable environmental 

standard. 
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Sammendrag 

Sorpsjon av tungmetaller fra surt gruvevann (AMD) ved bruk av clinoptilolite, en naturlig zeolitt, 

har blitt undersøkt i denne oppgaven. Oppførselen til clinoptilolite har blitt undersøkt for å se om 

konsentrasjonen av jern, kobber, sink og mangan ble redusert til pålagte krav. Gruvene ved 

Folldal verk, Løkken verk og Røros kobberverk har blitt undersøkt. Det er kun gruvevannet fra 

Folldal og Løkken det har blitt utført forsøk på.  

De kinetiske forsøkene viste at den prosentvise adsorpsjonen og fordelingsforholdet (Kd) var 

avhengige av tungmetallkonsentrasjonen. Den prosentvise adsorpsjonen viste at 

ionebytteprosessen fulgte tre ulike stadier; (1) overflatereaksjoner med høy adsorpsjonsrate, (2) 

inversjonssteg, og (3) moderat adsorpsjon. Det har vist seg at større mengde clinoptilolite gir 

bedre renseeffekt av jern, kobber og sink. Resultatene indikerer også at det er konkurranse 

mellom jern og mangan. Jernionene overtar adsorpsjonsområdene til mangan når alle 

tilgjengelige plasser er tatt. I motsetning til de andre metallene øker konsentrasjonen av mangan i 

løpet av forsøket. Fordelingsforholdet viser ulike resultater for de forskjellige metallene. Felles 

for jern, kobber og sink, er at fordelingsforholdet øker samtidig som metallkonsentrasjonen 

minker. Dette indikerer at noe av metallet utveksles med kationene fra clinoptilolite. AMD fra 

begge områdene inneholder store mengder organisk materiale (TOC), og det antas at det vil 

forekomme gjentetting av clinoptilolite.  

Likevekts-isotermer ble bestemt og resultatene viste at verken Langmuir eller Freundlich 

isotermet var tilpasset de eksperimentelle data. Resultatene viste at adsorpsjonskapasiteten for 

clinoptilolite ble redusert som et resultat av overflatedekning. Clinoptilolites selektivitetsserie ble 

bestemt til å være Fe
3+ 

> Cu
2+

 > Zn
2+

 > Mn
2+ 

for både Folldal og Løkken.

Det har vist seg at ionebytting med clinoptilolite reduserer noe av tungmetallinnholdet i 

gruvevann. Likevel er endelig metallinnhold langt fra å oppfylle kravet om 10 µg Cu/L. Utfelling 

som behandlingstrinn i forkant av ionebytting, har derfor blitt testet. Resultatene viste bedre 

fjerning av jern, kobber og sink med henholdsvis 99.6, 97.3 og 37.7 % reduksjon fra Folldal, og 

98.3, 98.7 og 59.9 % reduksjon fra Løkken. Selv om utfelling i forkant av ionebytte gav bedre 

resultat, ble sluttkonsentrasjonene fortsatt høyere enn de aksepterte kravene. 





v 

Table of Contents

Acknowledgement ........................................................................................................................... ii 

Abstract .......................................................................................................................................... iii 

Sammendrag .................................................................................................................................... iv 

List of Figures .............................................................................................................................. viii 

List of Tables ................................................................................................................................... xi 

1. Background ............................................................................................................................... 1

1.1 Introduction ....................................................................................................................... 1 

1.2 Research goal and objectives ............................................................................................. 2 

2. Acid Mine Drainage .................................................................................................................. 3

2.1 General background information about acid mine drainage .................................................. 3 

2.1.1 Physical and biological factors ........................................................................................ 5 

2.2 Heavy metals .......................................................................................................................... 7 

3. Problem areas ............................................................................................................................ 9

3.1 Folldal works ........................................................................................................................ 10 

3.1.1 The pollution situation in Folldal center ........................................................................ 10 

3.1.2 Folla ............................................................................................................................... 11 

3.2 Løkken works ....................................................................................................................... 13 

3.2.1 The pollution situation in Løkken .................................................................................. 13 

3.2.2 Orkla .............................................................................................................................. 15 

3.3 Røros copper works .............................................................................................................. 16 

3.3.1 The pollution situation at Storwartz ............................................................................... 17 

3.3.2  Djupsjøen – Hitterelva - Glomma ................................................................................. 17 

4. Ion exchange ........................................................................................................................... 19



vi 

4.1 Fundamentals of ion exchange ............................................................................................. 19 

4.2 Adsorption Isotherms ........................................................................................................... 21 

4.2.1The Langmuir isotherm ................................................................................................... 22 

4.2.2 The Freundlich isotherm ................................................................................................ 24 

4.3 Natural zeolite - clinoptilolite ............................................................................................... 25 

4.3.1 Selectivity ...................................................................................................................... 25 

5. Materials and methods ............................................................................................................ 27

5.1 Zeolite source and conditioning ........................................................................................... 27 

5.2 Water samples ....................................................................................................................... 28 

5.2.1 Folldal Center ................................................................................................................. 28 

5.2.2 Løkken works ................................................................................................................. 28 

5.3 Analysis of metal composition ............................................................................................. 29 

5.4 Batch adsorption studies ....................................................................................................... 29 

5.4.1 Kinetic studies ................................................................................................................ 30 

5.4.2 Adsorption isotherms (equilibrium studies) ................................................................... 31 

5.4.3 Effect of competing ions ................................................................................................ 31 

5.4.4 Effect of solution pH ...................................................................................................... 31 

5.5 Ion exchange in combination with precipitation .................................................................. 31 

5.5.1 The relationship between theory and practice................................................................ 32 

5.6 Sources of error .................................................................................................................... 33 

6. Results and discussion ............................................................................................................ 35

6.1 Analysis of the metal composition ....................................................................................... 35 

6.2 Kinetic studies ...................................................................................................................... 35 

6.3 Adsorption isotherms (equilibrium studies) ......................................................................... 42 



vii 

6.4 Effect of competing ions ....................................................................................................... 46 

6.5 Effect of solution pH ............................................................................................................ 47 

6.6 Ion exchange in combination with precipitation .................................................................. 48 

6.6.1 Precipitation ................................................................................................................... 48 

6.6.2 Ion exchange .................................................................................................................. 51 

6.7 Differences between the AMDs from Folldal center and Løkken works ............................. 53 

7. Conclusion .............................................................................................................................. 55

7.1 Kinetic studies ...................................................................................................................... 55 

7.2 Adsorption isotherms ............................................................................................................ 56 

7.3 Effect of competing ions ....................................................................................................... 56 

7.4 Precipitation in combination with ion exchange .................................................................. 56 

7.6 Further work ......................................................................................................................... 57 

References ...................................................................................................................................... 59 

Appendix 1: E- mail correspondence with Grethe Braastad from Miljødirektoratet ..................... 63 

Appendix 2: Product data sheet – Natural zeolite .......................................................................... 65 

Appendix 3: Heavy metal concentration ........................................................................................ 71 

Appendix 4: Calculations for the kinetic studies ........................................................................... 79 

Appendix 5: Calculation of the adsorption isotherms .................................................................... 85 

Appendix 6: Log C – pH diagrams ................................................................................................ 95 





viii 

List of Figures 

Figure 1: Model for the oxidation of pyrite (The International Network for Acid Prevention, 

2012) ................................................................................................................................................. 4 

Figure 2: Oxidation rate of ferrous iron species as a function of pH (Morgan & Lahav, 2007) ...... 6 

Figure 3: Map of Norway, showing selected sulfide mines (Banks et al., 1997) ............................ 9 

Figure 4: Copper runoff from Folldal center (Miljødirektoratet, 2013b) ....................................... 11 

Figure 5: Map of the lower part of the river Folla and the river Glomma  (Iversen & Arnesen, 

2003) ............................................................................................................................................... 12 

Figure 6: Sketch of the AMD stored inside Løkken works ............................................................ 14 

Figure 7: Copper runoff from Løkken works (Miljødirektoratet, 2013c) ...................................... 15 

Figure 8: Map of lower rivers Orkla. Raubekken (Løkken works) and Bjøråa (Dragset plants) is 

highlighted (Iversen & Arnesen, 2003) .......................................................................................... 16 

Figure 9: Map over the upper part of the river Glomma in the Røros area. Prestbekken from 

Storwartz is also shown (Iversen & Arnesen, 2003) ...................................................................... 18 

Figure 10: Cation exchange resin: "(a) resin initially immersed in an aqueous solution containing 

B+ cations and X- anions; (b) cation exchange resin in equilibrium with aqueous solution of B+ 

cations and X- anions" (Crittenden et al., 2005, p. 1362) .............................................................. 20 

Figure 11: (a) Sampling site at Folldal center; (b) collecting the water ........................................ 28 

Figure 12:  (a) Sampling site at Løkken works; (b) collecting the water ....................................... 29 

Figure 13: Kinetic experiment with AMD from Løkken ............................................................... 31 

Figure 14: Addition of sodium hydroxide to AMD from Løkken ................................................. 32 

Figure 15: Kinetics of heavy metal ion adsorption with 5, 10 and 30 g of clinoptilolite, Folldal 

center; (a) iron (Fe
3+

); (b) copper (Cu
2+

); (c) zinc (Zn
2+

); (d) manganese (Mn
2+

) ......................... 36

Figure 16: Kinetics of heavy metal ion adsorption with 5, 10 and 30 g of clinoptilolite, Løkken 

works; (a) iron (Fe
3+

); (b) copper (Cu
2+

); (c) zinc (Zn
2+

); (d) manganese (Mn
2+

) ......................... 37



ix 

Figure 17: Variation of metal ions on clinoptilolite as a function of initial concentration,

Folldal center: m = 30,007g, V = 100 -75 mL, time 15-180 min ................................................... 40 

Figure 18: Variation of metal ions on clinoptilolite as a function of initial concentration,

Løkken works: m = 30,013g, V = 100 - 75mL, time 15-180 min .................................................. 41 

Figure 19: Dynamics of ion exchange of heavy metals with the clinoptilolite;

(a) Folldal center, m = 30,007g; (b) Løkken works, m = 30,013g ................................................. 42 

Figure 20: Linear regression to find the isotherm parameters for iron, for the AMD from Folldal 

center: (a) Langmuir; (b) Freundlich.............................................................................................. 43 

Figure 21: Adsorption isotherms of heavy metal ions (Fe
3+

, Cu
2+

, Zn
2+

 and Mn
2+

)

described by Langmuir and Freundlich models, Folldal center ..................................................... 45 

Figure 22: Adsorption isotherms of heavy metal ions (Fe
3+

, Cu
2+

, Zn
2+

 and Mn
2+

)

described by Langmuir and Freundlich models, Løkken works .................................................... 46 

Figure 23: AMD after precipitation and sedimentation ................................................................. 48 

Figure 24: Log C - pH diagram for iron (Fe
3+

), copper (Cu
2+

), zinc (Zn
2+

) and manganese (Mn
2+

)

for the AMD from Folldal center ................................................................................................... 50 

Figure 25: Linear regression to find isotherm parameters, iron ..................................................... 87 

Figure 26: Linear regression to find isotherm parameters, copper ................................................ 87 

Figure 27: Linear regression to find isotherm parameters, zinc ..................................................... 88 

Figure 28: Linear regression to find isotherm parameters, manganese .......................................... 89 

Figure 29: Linear regression to find isotherm parameters, iron ..................................................... 91 

Figure 30: Linear regression to find isotherm parameters, copper ................................................ 91 

Figure 31: Linear regression to find isotherm parameters, zinc ..................................................... 92 

Figure 32: Linear regression to find the isotherm parameters, manganese .................................... 93 

Figure 33: Log C-pH diagram for Fe in a system with 15.56 mM TOTFe, Folldal center ............ 97 

Figure 34: Log C-pH diagram for Cu in a system with 1.25 mM TOTCu, Folldal center ............ 99 

Figure 35: Log C-pH diagram for Zn in a system with 0.86 mM TOTZn, Folldal center ........... 101 



x 

Figure 36: Log C-pH diagram for Mn in a system with 0.14 mM TOTMn, Folldal center ........ 103 

Figure 37: Log C-pH diagram for Fe in a system with 50.75 mM TOTFe, Løkken works ......... 105 

Figure 38: Log C-pH diagram for Cu in a system with 2.24 mM TOTCu, Løkken works ......... 107 

Figure 39: Log C-pH diagram for Zn in a system with 2.17 mM TOTZn, Løkken works .......... 109 

Figure 40: Log C-pH diagram for Mn in a system with 0.33 mM TOTMn, Løkken works ........ 111 





xi 

List of Tables 

Table 1: Chemical composition and physical properties of natural zeolite ................................... 27 

Table 2: Physical properties of natural zeolite ............................................................................... 27 

Table 3: Initial concentrations of Fe, Cu, Zn and Mn and methodological uncertainties in the 

samples from Folldal center and Løkken works ............................................................................ 35 

Table 4: Concentration, metal concentration per g of clinoptilolite and percentage reduction of 

heavy metals in AMD, after 3h of contact with clinoptilolite, Folldal center ................................ 38 

Table 5: Concentration, metal concentration per g of clinoptilolite and percentage reduction of 

heavy metals in AMD, after 3h of contact with clinoptilolite, Løkken works ............................... 38 

Table 6: Langmuir and Freundlich adsorption isotherm model parameters for heavy metal ion 

adsorption from solution by clinoptilolite ...................................................................................... 44 

Table 7: Amount of TOC in the AMD from Folldal center and Løkken works ............................ 47 

Table 8: Heavy metal concentration before and after precipitation, and the percentage removal of 

metals by precipitation, Folldal center ........................................................................................... 49 

Table 9: Heavy metal concentration before and after precipitation, and the percentage removal of 

metals by precipitation, Løkken works .......................................................................................... 49 

Table 10: Theoretical and practical amounts of dry matter for AMD from Folldal center and 

Løkken works ................................................................................................................................. 50 

Table 11: Ion exchange of heavy metal concentration in AMD in contact with 30 g clinoptilolite 

after precipitation, Folldal center ................................................................................................... 51 

Table 12: Ion exchange of heavy metal concentration in AMD in contact with 30 g clinoptilolite 

after precipitation, Løkken works .................................................................................................. 51 

Table 13: Total amount and percentage of heavy metal removed by combining precipitation and 

ion exchange in the AMD from Folldal center............................................................................... 52 

Table 14: Total amount and percentage of heavy metal removed by combining precipitation and 

ion exchange in the AMD from Løkken works .............................................................................. 52 



xii 

Table 15: Comparing the amount of removed heavy metals from ion exchange alone and the 

combination of precipitation and ion exchange: m = 30g .............................................................. 52 

Table 16: Percentage adsorption of iron......................................................................................... 79 

Table 17: Percentage adsorption of copper .................................................................................... 79 

Table 18: Percentage adsorption of zinc ........................................................................................ 79 

Table 19: Percentage adsorption of manganese ............................................................................. 80 

Table 20: Percentage adsorption of iron......................................................................................... 80 

Table 21: Percentage adsorption of copper .................................................................................... 80 

Table 22: Percentage adsorption of zinc ........................................................................................ 81 

Table 23: Percentage adsorption of manganese ............................................................................. 81 

Table 24: Variation of metal ions on clinoptilolite as a function of initial concentration, Folldal 

center: m = 30,007g, V = 100- 75 ml, time 0-180 min .................................................................. 82 

Table 25: Variation of metal ions on clinoptilolite as a function of initial concentration, Løkken 

works: m = 30,013g, V = 100 - 75ml, time 0-180 min .................................................................. 82 

Table 26: Dynamics of ion exchange of heavy metals with the clinoptilolite, Folldal center ....... 83 

Table 27: Dynamics of ion exchange of heavy metals with the clinoptilolite, Løkken works ...... 83 

Table 28: Calculation of isotherm parameters, iron ....................................................................... 86 

Table 29: Calculation of isotherm parameters, copper .................................................................. 87 

Table 30: Calculation of isotherm parameters, zinc ....................................................................... 88 

Table 31: Calculation of isotherm parameters, manganese ............................................................ 88 

Table 32: Calculation of adsorption isotherms, iron ...................................................................... 89 

Table 33: Calculation of adsorption isotherms, copper .................................................................. 89 

Table 34: Calculation of adsorption isotherms, zinc ...................................................................... 90 

Table 35: Calculation of adsorption isotherms, manganese ........................................................... 90 

Table 36: Calculation of the isotherm parameters, iron ................................................................. 90 



xiii 

Table 37: Calculation of isotherm parameters, copper .................................................................. 91 

Table 38: Calculation of isotherm parameters, zinc ....................................................................... 92 

Table 39: Calculation of isotherm parameters, manganese ............................................................ 92 

Table 40: Calculation of the adsorption isotherms, iron ................................................................ 93 

Table 41: Calculation of the adsorption isotherms, copper ............................................................ 93 

Table 42: Calculation of the adsorption isotherms, zinc ................................................................ 94 

Table 43: Calculation of the adsorption isotherms, manganese ..................................................... 94 

Table 44: Calculation of log C - pH diagram for iron, Folldal center ............................................ 98 

Table 45: Calculation of log C - pH diagram for copper, Folldal center ..................................... 100 

Table 46: Calculation of log C - pH diagram for zinc, Folldal center ......................................... 102 

Table 47: Calculation of log C - pH diagram for manganese, Folldal center .............................. 104 

Table 48: Calculation of log C - pH diagram for iron, Løkken works ......................................... 106 

Table 49: Calculation of log C - pH diagram for copper,  Løkken works ................................... 108 

Table 50: Calculation of log C - pH diagram for zinc, Løkken works......................................... 110 

Table 51: Calculation of log C - pH diagram for manganese, Løkken works ............................. 112 

Table 52: Practical amount of dry matter in 100 ml AMD from Folldal center .......................... 113 

Table 53: Theoretical amount of dry matter in 100 ml AMD from Folldal center ...................... 113 

Table 54: Practical amount of dry matter in 100 ml AMD from Løkken works ......................... 113 

Table 55: Theoretical amount of dry matter in 100 ml AMD from Løkken works ..................... 114 





 

1 

 

1. Background 

1.1 Introduction 

The Norwegian mining industry has a long history dating back approximately 1000 years to the 

Akersberg silver mine in Oslo. In the early 1600s large-scale mining for copper and sulfur 

became common (Segalstad et al., 2006). The mining industry remained active until the late 

1900s but then closed down due to low profitability. The mining industry on Svalbard,  however, 

is still active, producing sand, gravel, stone, industrial minerals, iron ore and coal (Skei, 2010).  

The many years of mining activities in Norway has resulted in the pollution of many ecosystems 

near these mines, since few measures were taken during the production period. Even though the 

activity around the mines ended many years ago, there are still a number of different problems 

related to these sites. Many of the decommissioned sulfide mines have led to acid drainage 

problems (Skei, 2010). Acid drainage problems can lead to polluted waterways and have severe 

consequences for the biodiversity. In the literature this problem is called Acid Mine Drainage 

(AMD), and it is caused when sulfide-bearing materials come into contact with oxygen and 

water.  

Three of the previous sulfide mine districts in Norway, Folldal, Løkken, and Røros, have 

problems with polluted discharge water. The main concern with AMD is the amount of heavy 

metals found in the mine water. Large quantities of heavy metals have a negative effect on the 

environment since these metals are not degradable. Despite the fact that the sulfide mines have 

been closed down for many years, AMD poses major threats to the ecosystems nearby the mines. 

Fish and other organisms living in the nearby rivers are especially affected.   

Today there are many possible ways to manage AMD. The treatment options are numerous and 

can be optimized to treat a specific water composition. The treatment option will vary from one 

site to another due to different needs that must be taken into account. One option is ion exchange. 

This method is not commonly used in Norway, but with the proper choice of material, ion 

exchange can be a cost effective and an environmental friendly choice. To see if ion exchange is 

a valid choice for treatment of AMD, different laboratory tests have to be conducted and 

evaluated.  
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1.2 Research goal and objectives  

AMD is a potential threat to the environment and must therefore be treated before it is discharged 

into a nearby river. The problem description is as follows:  

This master thesis will investigate the three decommissioned mine sites, Folldal, Løkken, and 

Røros. Furthermore, ion exchange as an active treatment option for the AMD from Folldal and 

Løkken will be examined in the laboratory. Natural zeolite as the ion exchanger will be tested. 

The thesis will study how natural zeolite preforms with respect to: 

 Kinetic studies 

 Effect of solution pH 

 Adsorption isotherms (equilibrium studies) 

 Effect of competing substances such as other metals and total organic carbon (TOC) 

The aim of the master thesis is to determine whether or not ion exchange is a valid choice for the 

three locations.  
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2. Acid Mine Drainage 

AMD is often associated with both working and decommissioned sulfide mines. The problems 

related to AMD are widespread and have large impacts on the environment, especially since 

AMD has a high content of heavy metals. The water quality of nearby recipients tends to be poor 

and the combination of acid water and high metal concentration has adverse effects on the 

ecosystem.   

2.1 General background information about acid mine drainage 

Drainage from underground mines or backfilling from mines can cause acid or alkaline water. 

AMD is acidic water produced due to the presence of sulfides. It has a pH below 5.0 and it tends 

to contain significant quantities of iron, sulfate and other metals. Alkaline drainage water has a 

pH above 6.0 and occurs because of carbonate material, however it may still contain metals and 

become acidic due to oxidation and hydrolysis (Skousen, 2011).  

Oxidation of minerals is usually a slow process since the minerals are not in direct contact with 

oxygen. However, mining expose minerals in their reduced form to come in contact with oxygen 

which results in oxidation. This can occur in the depths of the mines or when the minerals are 

brought up to the surface. Sulfides in the form MS2 (M stands for metal) will lead to the 

production of protons (H
+
) that form acidic water. The most common sulfide mineral is pyrite 

(FeS2) and in contact with water, the result is often formation of AMD. Sulfides can react with a 

variety of other metals such as As, Bi, Cd, Co, Cu, Fe, Ga, In, Hg, Mo, Pb, Re, Sb, Se, Sn, Te and 

Zn (Banks et al., 1997). Other common sulfide minerals that occur, are chalcopyrite (CuFeS2), 

covellite (CuS), and arsenopyrite (FeAsS) (Skousen, 2011). AMD often occurs from a reaction 

with pyrite, but other metals will dissolve as a result of the acid water, causing the water to have a 

high metal content. 

The formation of AMD is related to three primary conditions: (1) sulfide minerals, (2) water or 

humid atmosphere and (3) an oxidant, generally oxygen from the atmosphere (Akai & Koldas, 

2009).  Since pyrite is one of the most common sulfide minerals, it will be examined further.  

The oxidation of pyrite can be viewed as a complex cycle of reactions, as seen in Figure 1, and 

from Equations (1) to (5).  
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Figure 1: Model for the oxidation of pyrite (The International Network for Acid Prevention, 2012) 

Equation (1) describes the dissolution of pyrite into ferrous iron (Fe
2+

), sulfate (SO4
2-

) and 

protons (H
+
):  

     
 

 
                  

                    

The amount of ferrous iron and sulfate represents an increase in the total amount of dissolved 

solids. The increasing level of protons will lead to acid water and therefore a reduction in pH. 

The pH, amount of available oxygen, and bacterial activity will determine whether further 

oxidation will take place. If all the criteria are met, ferrous iron will oxidize to ferric iron (Fe
3+

) 

(Akai & Koldas, 2009). The rate of reaction (2) will according to Benjamin (2002)  increase by a 

factor of 100 for every unit increase in solution pH. In addition to helping control the conversion 

rate of ferrous iron to ferric iron, the pH affects the ultimate solubility of the iron once the system 

equilibrates:  

     
 

 
           

 

 
                 

At a pH between 2.3 and 3.5, precipitation of ferric hydroxide (Fe(OH)3) will occur. The 

presence of ferric hydroxide in the water can cause the water to have a maroon color: 
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As seen in Figure 1, ferric iron can also oxidize more of the pyrite. This applies mainly to the 

ferric iron that is not converted to ferric hydroxide. The reaction is shown in Equation (4): 

                             
                     

The total oxidation reaction, with oxygen as the oxidant, is shown in Equation (5) which is a 

combination of Equation (1) – (3):  

     
  

 
   

 

 
                 

                     

The majority of the equations above are specific for pyrite. As mentioned before, sulfide can 

react with many different ions and form other minerals. Each of these minerals has different 

pathways, stoichiometries and reaction rates, and can thus produce different compositions of 

AMD. However, this study focuses on pyrite because it is the most common sulfide mineral and 

the research on other sulfide minerals is limited.  

2.1.1 Physical and biological factors  

To ensure that the rates of the chemical reactions described in Equation (1) to (5) are optimal, the 

different physical and biological factors that the AMD process is depended on needs to be 

standardized. Some of the reactions described are too slow to contribute to the process if the 

specific factors are not satisfactory.  

Physical factors of importance are pH, temperature, availability of oxygen and the surface area of 

the minerals. In addition to these factors the permeability of the waste rock dumps is very 

important. Higher permeability leads to higher diffusion of oxygen, and thus the rate of the 

oxidation increase. An increase in the chemical oxidation rate can result in higher temperature 

and more oxygen ingress because of convection (Akai & Koldas, 2009).  

Equation (2) describes the oxidation of ferrous iron to ferric iron with oxygen as the oxidizing 

agent. This reaction is the rate-limiting step in the oxidation process of pyrite. Stumm and 

Morgan (1996) describe the oxygenation kinetics for Equation (2), which follows the rate law as 

seen in Equation (6): 

  [      ]

  
  [      ][   ]    
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Where k is the oxidation rate constant [min
-1

atm
-1

mol
-2

liter
2
] and    

is the partial pressure of 

oxygen [atm].  From Equation (6) it is possible to see that the oxidation rate is first order with 

respect to ferrous iron and the partial pressure, and that the equation is second order for 

hydroxide (OH
-
). The relationship between the oxidation rate and pH described in Equation (6) is 

shown in Figure 2. 

 

Figure 2: Oxidation rate of ferrous iron species as a function of pH (Morgan & Lahav, 2007) 

From Figure 2, it is possible to see that when the pH is low, the oxidation rate is independent of 

pH. Whereas, for pH values above 4.0, the oxidation rate is dependent on pH, this is because of 

the second order dependency on hydroxide (Stumm & Morgan, 1996). When studying the 

relationship between the oxidation rate and pH, it is possible to see that for high pH values the 

rate would be independent of the pH. However, this has limited relevance since AMD remains on 

the acidic side of the pH scale. The oxidation rate will also increase with an increase in 

temperature for a given pH. Available surface area is also of relevance to the oxidation rate since 

a larger surface area can cause a greater portion of pyrite to oxidize.  
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Since decommissioned mine water tends to be acidic, the oxidation rate of ferrous iron to ferric 

iron is not dependent on pH. The oxidation reaction is, however, dependent on microbial activity 

since microorganisms can accelerate the reaction rate. For the oxidation process described in 

Equation (2) to take place, it is necessary that the chemoautotroph bacterias Thiobacillus 

ferroxidans and Leptospirillum ferrooxidans are present. T. ferroxidans are most efficient in the 

pH range between 1.5 and 3.0, whereas L. ferrooxidans are functional for a wider pH range 

(Schrenk et al., 1998). The energy for their metabolic process comes from the oxidation of 

reduced sulfur and iron, and carbon dioxide is used as the carbon source (Banks et al., 1997). 

Studies done by Boon et al. (1999) show that L. ferrooxidans are more important for the 

oxidation of pyrite, and in addition they dissolve pyrite more extensively than T. ferroxidans. 

However, one or both types of bacteria need to be present to generate AMD.  

2.2 Heavy metals 

The large amount of heavy metals found in AMD is one of the main reasons for being concerned 

about AMD. Heavy metals are harmful for the environment since the metals are not 

biodegradable and therefore accumulate in living organisms (Motsi et al., 2009). Metals defined 

as heavy metals have a density above 5 g/cm
3
, and approximately 60 of the naturally occurring 

elements are heavy metals (Store Norske Leksikon, 2009). The most common heavy metals in 

Norwegian mine drainage are copper, zinc, cadmium, lead, and iron (Miljødirektoratet, 2013a). 

Copper is usually the metal of greatest importance in a pollution context, since copper has a 

greater toxic effect on the ecosystem than any other heavy metal (Banks et al., 1997). The 

acceptable environmental concentration has therefore been set to 10 µg Cu/L (Miljødirektoratet, 

2013a). It is assumed that if the copper concentration is below this limit, the concentration of the 

other heavy metals will also be satisfactory. 

The level of heavy metals in the water from decommissioned mine sites varies for the different 

mines, and from year to year. The released amounts of heavy metals vary with rainfall and 

temperature. Heavy rainfalls result in higher concentration of heavy metals in the river systems, 

since the storm water runoff carries the pollutants. This is particularly visible during the spring 

flooding, that contributes to a great part of the yearly heavy metal contamination 

(Miljødirektoratet, 2013a).  
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3. Problem areas  

For many years mining was a vital part of the Norwegian economy. The Caledonian mountain 

chain, especially Trøndelag County is rich in sulfide-bearing minerals of iron, copper, sulfur, and 

zinc (Banks et al., 1997). The mining activity in the 19
th

 century resulted in an increase of 

polluted waterways. In the 1960s and 1970s, a contamination peak was reached due to acid 

drainage that polluted several important river systems (Iversen & Arnesen, 2003). The main 

problems with AMD in Norwegian mines have been from both underground mines and waste 

deposits. The problems are related to old mines and mining methods that are no longer in used.  

AMD has been an important source for the problems related to water quality in many Norwegian 

lakes and rivers. This has resulted in a negative influence on the ecosystem, especially the 

accumulation of heavy metals in fish. The problems related to AMD have been known for many 

years. In the 1980s the Norwegian Environment Agency (Klif) established guidelines for the 

permissible concentrations of heavy metals in aquatic environments. The requirement, as 

mentioned earlier, should not exceed 10 µg Cu/L. This requirement will, in most cases, result in 

an almost normal situation with regards to heavy metal accumulation in fish, drinking water 

supply and water for other practical uses.   

The mines chosen for this study are three of Norway’s largest pyrite mines, Folldal works, 

Løkken works and Røros copper works. Løkken works and Røros copper works are located in 

Trøndelag County, while Folldal works is in Hedmark, as shown in Figure 3.  

 

Figure 3: Map of Norway, showing selected sulfide mines (Banks et al., 1997) 
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All three locations have had problems with AMD. Even though all of the mines are now closed 

down, and despite the fact that measures have been taken, the pollution potential is still high at 

the three locations. At all of these sites, heavy metals are leaking into the different recipient 

waters. To get a better picture of the situation, it is necessary to look at each case separately. 

3.1 Folldal works 

Folldal works consists of five mines around the area of Folldal, the main mine is Folldal center. 

In addition there are the Northern mine, Southern mine, Nygruva and Grimsdal mines (Rui, 

2009). Folldal works was established in 1748 for the extraction of copper, zinc, and sulfur. The 

main mine in Folldal center was closed in 1941 and the others in1968. An exception is the mine 

in Hjerkinn at Tverrfjellet, which was in operation from 1968 to 1993 (Eide, 2013).  

3.1.1 The pollution situation in Folldal center 

The most important problems concerning Folldal works have been associated with the main mine 

in Folldal center, since this is the mine that releases most heavy metals. The amount of heavy 

metals from the other mines at Folldal works are so small in comparison to the contribution from 

Folldal center, that they have been disregarded in this study (Iversen & Arnesen, 2003). The two 

main sources for the AMD are the mine water from inside of the mine and drainage from mine 

tailings. In the 1980s, high concentrations of copper were discovered in the river Folla. As seen 

in Figure 4, the copper runoff from the main mine into Folla, was calculated to be 16 tons in 

1985. During the period 1992 to 1994 drainage measures were implemented. Unfortunately, these 

measures did not have a positive effects on the heavy metal concentrations in the river Folla 

(Miljødirektoratet, 2013b). The amount of heavy metals being released varies from year to year. 

This is mainly associated with variations in rainfall and temperature fluctuations. The weather 

variations have direct impacts on the oxidation process and consequently the amounts of metals 

leaking into the river (G. Braastad, personal communication, 7
th

 March 2014). High intensity 

rainfall events will to a greater extent lead to increased levels of heavy metals in the runoff, 

which in turn leads to the increase of heavy metals entering the recipient (Miljødirektoratet, 

2013a) 
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Figure 4: Copper runoff from Folldal center (Miljødirektoratet, 2013b) 

Folldal center is protected by the Directorate for Cultural Heritage as a national cultural 

monument. This complicates the situation since it is not permitted to remove minerals, cover the 

tailings, or to fill up the mine. This protection makes it difficult to prevent AMD and the only 

option remaining is drainage treatment, which was previously attempted without success (Skei, 

2010). Both the Norwegian Ministry of Trade and Industry (NHD) and the Norwegian 

Directorate of Mining has proposed different treatment options for the area (Miljødirektoratet, 

2013b). There is currently no treatment plant for the runoff from Folla center but there is an 

ongoing project that is considering several alternatives (E. Eide & G. O. Slåen, Personal 

communication, 20
th

 March 2014). The plan is to implement a lime-precipitation plant by 2015.  

3.1.2 Folla 

The main recipient of runoff from Folldal center is the river Folla that is a tributary stream of the 

large river Glomma. This river stretches from the mountains at Dovre, through Hjerkinn, 

proceeding down to Folldal and then to Alvdal. The total length of the river from Vålåsjøen at 

Dovre to Alvdal, where it joins Glomma, is 108 km and the catchment area is 2170 km
2
 (Iversen 

& Arnesen, 2003). Figure 5 shows a map over lower Folla and the part where it meets Glomma. 

During the time when the mines were in operation, the pollution from Folldal center was led 

directly into Folla. After the mine was closed in 1941, some of the drainage was collected into a 
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pond. The pond was not covered, and this led to the precipitation of different hydroxides causing 

even greater pollution of the water. In 1993, when Hjerkinn mine was closed, some of the 

contaminated soil was collected and dumped into the pond. Although some of the contaminated 

soil was removed from the pond, most of it remained. Despite the fact that drainage measures 

were carried out early in the 1990s, there is still a problem with polluted water going into Folla 

today. For many years the Norwegian Institute for Water research (NIVA) monitored the water in 

Folla. Their studies have shown that the AMD consist of mostly copper, iron and zinc, and the 

main source of these contaminants is drainage from tailings and from inside the mine (Iversen & 

Arnesen, 2003). Studies show that the copper concentration of the AMD from the mine is            

79.6 mg Cu/L, which entails that the copper concentration in Folla is so high that there is no 

biological life for about 20 km downstream the river (E. Eide & G. O Slåen, Personal 

communication, 20
th

 March 2014). The runoff also affects Glomma, which has a copper 

concentration above 10 µg Cu/L (Miljødirektoratet, 2013b). In Figure 5, the area marked in red 

shows the sections of the river with a copper concentration exceeding 10 µg Cu/L. 

 

Figure 5: Map of the lower part of the river Folla and the river Glomma  (Iversen & Arnesen, 2003) 
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3.2 Løkken works 

Løkken works is located in Meldal in Sør-Trøndelag County. There was mining in this area from 

1654 until 1987. The mining area consisted of four main shafts and the system was about four 

kilometer long (Banks et al., 1997). Production has varied over a large timeframe. During the 

period 1654 to 1844 the production consisted mainly of copper. From 1851, mining of pyrite 

minerals was dominating, mainly as raw material for the production of sulfuric acid. Between 

1931 and 1962 the mining was based on copper and sulfur. From 1974 until 1987 mining of 

copper and zinc dominated (Miljødirektoratet, 2013c). According to J.A. Holmen the mines at 

Løkken contain the largest amount of copper containing sulfur ores in Norway. (Personal 

communication, 20
th

 March 2014) 

3.2.1 The pollution situation in Løkken 

Throughout the years the pollution situation at Løkken works has been complex, and it is the 

mining area in Norway that has the greatest pollution potential. Periodically there have been 

considerable levels of heavy metals in the discharge sources in the mine water, leachate from 

overturn, effluent from concentration plant, and runoff from landfills (Miljødirektoratet, 2013c). 

All the different mineral withdrawals and discharge sources have led to a very complex pollution 

situation in the area. In the period between the early 1970s and 1990s, the mine water was the 

main pollution source into the river Orkla. Studies done by NIVA in the 1990s, showed that 

around 48 tons of copper and 70 tons of zinc entered the river Orkla yearly (Miljødirektoratet, 

2013c). To minimize the discharge of heavy metals, Løkken works stored the mine water inside 

the mine and then used Wallenberg mine as a small “treatment plant” for the incoming mine 

water and waste drainage (J. A. Holmen, Personal communication, 20
th

 March 2014). How the 

water is stored can be seen from Figure 6. The idea to use Wallenberg mine as a “treatment 

plant”, was proposed because the copper content in the incoming water was high, whereas the 

outgoing water had a lower content. The reason for this is, that copper adheres to pyrite and 

alkaline rock, which the mine consisted of. This measure was implemented from 1991 to 1992. 

As a result of this, the main source of runoff is from the various landfills, which are characterized 

as the rocks that have the highest sulfide content in Norway (Skei, 2010).  
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Figure 6: Sketch of the AMD stored inside Løkken works 

As a result of using the Wallenberg mine as a “treatment plant”, the copper concentration was 

reduced to around 7 µg Cu/L as an annual mean. In 2004, the supply of copper into the river 

Orkla was reduced by 70 % compared to the 1985 level. However, since 2004 there has been an 

increase in the metal discharge into the river Orkla. The reason was the limitation of the alkaline 

rock that was used for treatment, and this has resulted in a higher copper concentration entering 

the river Orkla in recent years. Figure 7 shows the yearly copper input in the runoff from Løkken 

works (Miljødirektoratet, 2013c). The concentration varies from year to year, as for Folldal 

works, the variations are mainly due to weather changes (G. Braastad, Personal communication, 

7
th

 March 2014).  

After 2005, it became clear that the measures implemented in 1992 were not adequate, and it 

became necessary to implement new initiatives to ensure that the metal concentration leaking into 

the river Orkla was kept at a minimum. Increased monitoring in the area has been implemented 

and will continue until new measures are applied (Miljødirektoratet, 2013c).  
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Figure 7: Copper runoff from Løkken works (Miljødirektoratet, 2013c) 

3.2.2 Orkla 

The main recipient for the pollution from Løkken works is Orkla. The river flows from the lake 

Store Orkelsjøen to Orkanger at Orkdalsfjorden and the distance is 172 km (Iversen & Arnesen, 

2003). The runoff from Løkken works ends up in Orkla through two different pathways. From 

Løkken the runoff goes through Raubekken stream before it ends up in Orkla. From the 

Wallenberg area the water runs through lake Fagerlivatn on its way to Orkla (Miljødirektoratet, 

2013c).  

The heavy metal runoff from Løkken works has been the greatest pollution problem associated 

with Norwegian sulfide mines. Although implemented measures have reduced the copper content 

leaking into Orkla, the runoff from Løkken works still pollutes the river. It is important to protect 

Orkla from pollution because Orkla is one of Norway’s most important salmon rivers. 

Contaminants that have negative effects on aquatic organisms and fish can thus lead to serious 

consequences affecting fish development, the sports fishing industry in the area and food quality 

(Miljødirektoratet, 2013c).  

Since 1973, NIVA has monitored the water coming from Løkken works into Orkla. The 

measurements conducted by NIVA are taken at Vormstad, which also gets water from Dragset 

works and Høydalsgruva. The samples show that there is pollution from these two areas as well 
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as a the contribution from Løkken works. The area marked in red in Figure 8 shows which parts 

of Orkla river with a copper concentration above10 µg Cu/L. 

 

Figure 8: Map of lower rivers Orkla. Raubekken (Løkken works) and Bjøråa (Dragset plants) is highlighted 

(Iversen & Arnesen, 2003) 

3.3 Røros copper works 

The Røros mining district covers a large area and it can be divided into two main mine districts, 

Østgruvefeltet and Nordgruvefeltet. Both areas count 13 mines in total (Gvein, 2009). Røros 

copper works operated for 334 years, in the period from 1644 to 1978 (Miljødirektoratet, 2013d). 

The main environmental problem has been AMD from waste rock disposal and landfills. Røros 

has been a part of the World Heritage since 1980, and in 2010 there was an expansion of the 

circumference of the area (Riksantikvaren, 2012). The treatment options are limited because the 

area is a part of the cultural heritage.    
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3.3.1 The pollution situation at Storwartz  

The Storwartz area was the largest mine field in Røros and most of the heavy metal 

contamination originates from this area. The production started in 1644 and ended in 1973. The 

main products from these mines are iron, copper, and zinc. The long and varied mining activities 

in Storwartz have resulted in large amounts of waste spread all over the area. This waste has led 

to a strong AMD through the watershed Hittervassdraget and all the way down to the river 

Glomma (Miljødirektoratet, 2013d).  

Chemical analyses show that the drainage from the Storwartz area is the dominating contributor 

of heavy metals into the lake Djupsjøen, where the copper concentration is approximately           

30 µg Cu/L. The concentration of heavy metals varies due to variations in the climate. For 

example, the spring floods can carry high concentrations of heavy metals into the recipient. The 

high content of heavy metals in the lake Djupsjøen and the river Hitterelva has resulted in a 

reduced biodiversity. There is a need for some type of treatment process. Unfortunately, no 

treatment methods have been implement partially due to the fact that the Røros mining area is a 

cultural heritage (Miljødirektoratet, 2013d).  

3.3.2  Djupsjøen – Hitterelva - Glomma  

The Hitterelva river starts in the lake Storhittersjøen east of Røros, flows through the lakes 

Grunnsjøen, Djupsjøen, Stikkillen and Hittersjøen, before it runs through the town Røros and 

then joins the river Håelva and ends up in the river Glomma. The total length of the river is 16 

km down to Glomma. The pollution that is found in the water mainly comes from the Storwartz 

area (Iversen & Arnesen, 2003). 

The runoff from Storwartz goes directly into the lake Djupsjøen. The AMD comes from a 

combination of mine water and waste deposits. The pollution from the mine water is relatively 

small compared to the pollution from the landfills. The runoff from the Storwartz mining area is 

divided into two pathways and both end up in Djupsjøen and then the river Hitterelva. The water 

can either flow from the streams Stormyrbekken or Prestbekken.  

Glomma is also affected by the drainage that comes from the mines in Storwartz. There are two 

rivers that run into Glomma around the same point, Hitterelva and Håelva. Studies done by 

Iversen and Arnesen (2003) show that the pollutants found in Glomma originates from the mines 
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in Storwartz. Figure 9 shows a map of Glomma around Røros. The parts marked in red have a 

copper concentration above 10 µg Cu/L. 

 

Figure 9: Map over the upper part of the river Glomma in the Røros area. Prestbekken from Storwartz is also 

shown (Iversen & Arnesen, 2003) 
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4. Ion exchange  

Considering the number of mines with sulfide minerals in Norway, the formation of AMD is 

inevitable. Some of the effluents from these mines contain toxic substances such as heavy metals 

that in large quantities have negative effects on the surrounding environment. It would be 

preferable to prevent the formation of AMD. This is, however, difficult to achieve for all of the 

mines.  

Treatment options for AMD are usually divided into either active or passive treatment. Both 

options include chemical and biological treatments to neutralize and remove metals from the 

solution. Active treatments generally include the traditional treatment processes such as 

neutralization, precipitation, aeration, adsorption, and ion exchange. Passive treatments are 

methods that take advantage of natural biological and geochemical processes. Typical passive 

treatment systems for AMD include anaerobic wetlands and anoxic limestone drains.  

In this thesis, ion exchange as a treatment option will be examined further. Ion exchange is 

characterized by the replacement of one adsorbed ion with an exchangeable ion (Stumm & 

Morgan, 1996). When using ion exchange it is possible to replace the undesirable ions with other 

ions which will not contribute to contamination of the environment. Compared to other 

traditional treatment methods, ion exchange is, in some cases, a cheaper alternative. In 

comparison to ion exchange, precipitation is unfavorable when dealing with large volumes of 

AMD. The reason is that precipitation requires coagulation, flocculation and sedimentation which 

take up space. Furthermore, large amounts of sludge containing heavy metals will be produced 

and require proper handling.  

4.1 Fundamentals of ion exchange 

The use of natural materials as an ion exchanger for water treatment has been in use for 

thousands of years. However, it was not until 1854 that the first systematic study was conducted 

by Thomson and Way. They observed that ammonium ions adsorbed onto soils releasing calcium 

ions in equivalent amounts. Aluminum silicates present in the soil was responsible for the 

exchange, and the exchange of ions differed from true adsorption (Crittenden et al., 2005) 

Ion exchange is a reversible process of ions between a liquid phase and a natural or artificial 

medium. The ion exchange resin can be designed to remove specific ions, but generally there will 
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be an exchange of more than one ion species (Droste, 1997). The ion exchange resin will 

eventually be saturated with the ions that should be removed from the water, and it is therefore 

necessary to regenerate the ion exchanger. The regeneration process is implemented by putting 

the ion exchanger in contact with a regeneration solution that can consist of various salt and acid 

solutions. The choice of regeneration solution depends on the particular application of the resin. 

(Crittenden et al., 2005). The reactions for normal operation and regeneration are shown in 

Equation (7) and (8): 

             
                      

  
                                 

Where B represents the metal that one wants to remove, A is the ion from the ion exchanger, n is 

the charge and   
  is the anionic group attached to the ion exchange resin. Figure 10 shows a 

schematic framework of the cation exchange resin described in Equation (7): 

 

Figure 10: Cation exchange resin: "(a) resin initially immersed in an aqueous solution containing B+ cations 

and X- anions; (b) cation exchange resin in equilibrium with aqueous solution of B+ cations and X- anions" 

(Crittenden et al., 2005, p. 1362) 

The equilibrium relation for Equation (7) is  

              
[  ] 

 [  
    ] 

[    ] 
 [   ] 

              

Where         is the selectivity coefficient, [  ] 
   and [   ]  is the concentration of A and B 

in the solution and [    ] 
  and [  

    ] is the concentration of A and B on the exchange resin.  
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The selectivity coefficient is primarily dependent on the nature and valence of the ion, type of 

resin and its saturation, and the ion concentration in wastewater. It is  typically valid over a 

narrow pH range (Metcalf et al., 2014a).  However, the selectivity coefficient is rarely constant 

because the ion activity within the lattice structure of the ion exchanger is unknown. The 

coefficient is also dependent on the ion exchange phase, which keeps changing as the reaction 

described in Equation (7) takes place (Stumm & Morgan, 1996). 

4.2 Adsorption Isotherms 

When studying ion exchangers, it is common to look at the theory and design for adsorption, 

since this also applies to ion exchange. There is no common terminology when it comes to 

describing an adsorptive system. However, some terms are well-accepted, and the definitions are 

given below: 

Adsorption is the accumulation of a substance at or near an interface relative to its 

concentration in the bulk solution. Desorption is the reverse of an adsorption; i.e., it is the 

release of an adsorbed substance to the bulk solution. The substance that adsorbs is called 

the adsorbate, and the solid which it binds is called the adsorbent (Benjamin, 2002, p. 

553). 

The amount of adsorbate that an adsorbent can take up is determined by the characteristics, the 

concentration of the adsorbate, and water temperature. Important factors describing the adsorbant 

are solubility, saturation, the molecular structure, and weight. Generally, an adsorption isotherm 

describes the amount of material absorbed as a function of the concentration at a constant 

temperature (Metcalf et al., 2014a). Adsorption isotherms are typically derived empirically by 

collecting data for the adsorption density, q, as a function of the dissolved concentration of the 

adsorbate. The data is then attempted to fit simple equations. The isotherm can be used to predict 

the adsorbate behavior for systems with conditions that have not yet been examined 

experimentally. To accurately describe the adsorption that takes place over a wide range of 

conditions, the adsorption isotherms needs to consider the characteristics of the ion exchanger, 

the solution, and the interaction between these two components (Benjamin, 2002).  
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4.2.1The Langmuir isotherm 

The Langmuir adsorption isotherm describes the equilibrium between the surface of the 

adsorbent and solution as a reverse chemical equilibrium between species. (Crittenden et al., 

2005). To make use of the Langmuir isotherm three assumptions are required (Altig, 2010, p. 2): 

 The surface of the adsorbant is in contact with a solution containing an adsorbate 

which is strongly attached to the surface. 

 The surface has a specific number of sites where the solute molecules can be 

adsorbed. 

 The adsorption involved the attachment of only one layer of molecules to the 

surface, i.e. monolayer adsorption. 

Langmuir equation can be derived by using the application for mass law, and the reaction for 

monolayer adsorption is shown in Equation (10) (Stumm & Morgan, 1996):  

                      

Where S is the surface site of the adsorbent, A is the adsorbate and SA is the adsorbate on the 

adsorbent. The equilibrium constant, Kads, for the reaction is described in Equation (11). It is 

assumed that the Langmuir equation has a constant free-energy change,      
  for all sites 

(Crittenden et al., 2005).  

      
[  ]

[ ]  [ ]
         

                   

Both [S] and [SA] contribute to the maximum concentration of surface sites. A better way to 

express Equation (11) is by introducing ST which is the total number of sites available on the 

adsorbent: 

[  ]  [ ]  [  ]               

By inserting Equation (12) into Equation (11) and rewriting the equation one can obtain an 

expression for the concentration of the adsorbate on the adsorbent, [SA]: 

[  ]  [  ]
    [ ]

      [ ]
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From Equation (13) the surface concentration would be expressed in mmol/m
2
 which is not 

desirable in mass balances. Instead, one would want to express the Langmuir equation in mass 

loading per mass of adsorbent. The surface concentration can be defined as shown in Equations 

(14) and (15), which give expressions for the equilibrium absorbent-phase concentration of an 

adsorbate (q) and the maximum adsorbent-phase concentration of adsorbate when the surface 

sites are saturated with adsorbate (qmax) (Crittenden et al., 2005):  

   
[  ]

 
               

     
[  ]

 
               

In both the equations, m, is the mass of the adsorbent. Equation (13) can then be written as: 

      

    [ ]

      [ ]
               

From Equation (16) it is possible to see that the isotherms incorporate two constants, qmax, which 

is the maximum adsorption density and Kads. When Kads[A] is smaller than one, the denominator 

in Equation (16) is approximately equal to one and the isotherm becomes linear (Benjamin, 

2002): 

           [ ]                

On the other hand, if Kads[A] is bigger than one, the fraction in Equation (16) will be 

approximately one, which will result in (Benjamin, 2002): 

                       

To get a better understanding of whether or not the material tested fits the Langmuir isotherm, it 

is common to rearrange Equation (16) to a linear form (Crittenden et al., 2005): 

[ ]

 
 

 

        
 

[ ]

    
               

Often when conducting experiments with ion exchange, there will be more than one adsorbant 

present. The equation for competitive Langmuir adsorption is given as a generalization of 

Equation (16) (Benjamin, 2002): 
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      [ ] 
   ∑       [ ]      

               

Where j is the adsorbates that compete for the surface sites for any species i. When working with 

competitive Langmuir adsorption it is important to include another assumption, there are no 

interactions between the adsorbate species on the adsorbent (Stumm & Morgan, 1996).  

4.2.2 The Freundlich isotherm 

The Freundlich isotherm is used to describe heterogeneous adsorbents. The isotherm was derived 

empirically in 1912 (Metcalf et al., 2014a). The Freundlich equation can be derived from the 

Langmuir equation in combination with the thermodynamics for heterogeneous adsorption. 

Deriving the Freundlich isotherm is complex and it will not be detailed. The Freundlich isotherm 

is defined as shown in Equation (19): 

     [ ]
 

 ⁄                

Where q describes the quantity of adsorbate associated with the adsorbent, Kf is referred to as the 

Freundlich capacity factor, [A] is the equilibrium concentration of the adsorbate in solution and 

1/n is the Freundlich intensity parameter.  

Like the Langmuir isotherm, the Freundlich isotherm is defined by two constants; Kf and n. Kf 

describes the adsorption density under standard conditions, and n indicates how the binding 

strength can change as a result of changes in the adsorption density (Benjamin, 2002).   

The Freundlich isotherm on a linear form is described in Equation (20): 

          (  )  (
 

 
)     [ ]                

The difference between the two isotherms is that the Langmuir isotherms look at the density at 

each adsorption site individually, whereas the total adsorption density represents the summation 

of the adsorption densities onto a variety of sites for the Freundlich isotherm (Benjamin, 2002). 

When looking at competitive adsorption, the competitive effect can be of importance for even 

small fractions of the surface that are being occupied by another adsorbant. If there are only a few 

strong binding sites on an adsorbent, the strongest adsorbant will occupy these areas. Even 

though there might be plenty of other sites available, the competitive effect will be significant. A 

description of the competitive Freundlich isotherm is given in Equation (21): 
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       [ ] ∑    [ ] 
 
  

  

       

             

A,B and C are the various adsorbates competing for the adsorbent surface (Benjamin, 2002). 

4.3 Natural zeolite - clinoptilolite 

In the subsequent experiments, natural zeolite will be used as the ion exchange resin. Natural 

zeolites are among the most common inorganic cation exchangers. They are known for their 

selectivity abilities, temperature resistance, and ionizing radiations. They are also environmental 

friendly (Colella, 1996). The natural zeolites are hydrated aluminosilicate minerals and belong to 

the mineral group of tectosilicates, and they are commonly made from glass-rich volcanic rocks 

(tuff). The general structure of zeolites is a three-dimensional framework of a SiO4 and AlO4 

tetrahedral. The aluminum ions are so small that they are able to position themselves in the center 

of the tetrahedron, between four oxygen atoms. There will be a negative charge in the lattice of 

the zeolite because the aluminum ions (Al
3+

) will replace the silicon ions (Si
4+

). The negative 

charge of zeolite is balanced with cations, such as sodium, potassium, calcium or magnesium, 

which are exchangeable with other cations such as heavy metals (Erdem et al., 2004).  

Clinoptilolite is the most common form of natural zeolite. Since clinoptilolites are naturally 

formed, the chemical composition will vary for each specific location. However, the typical 

physiochemical properties for natural clinoptilolites such as, chemical stability, thermo stability, 

and the high rate of sorption equilibrium are generally similar. The pore diameters of 

clinoptilolite vary from around 0.45 to 0.6 nm. The pore size determines the size of ions that can 

enter the clinoptilolite pores and undergo ion exchange (Bogdanov et al., 2009). 

4.3.1 Selectivity  

Ion exchange resins have a certain preference for ions in aqueous solution, this is called 

selectivity (Crittenden et al., 2005). Generally there are certain chemical and physical rules that 

apply to the selectivity of an ion exchange resin. The most important chemical properties are the 

atomic number and magnitude of valance of the ion that should be removed. Overall an ion 

exchange resin will prefer a counterion of higher valence, as seen from the example below: 

   Cations: Th
4+

 > Al
3+

 > Ca
2+

 > Na
+
 (Crittenden et al., 2005)     
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Physical factors of importance include pore size distribution, type of functional groups on the 

polymer chains and the hydration radius which leads to swelling or pressure within the resin. The 

hydration radius is the water molecules surrounding an ion in an aqueous solution. The radius of 

hydration tends to become larger as the size of the ion decreases. When it comes to selectivity, 

ions with smaller hydrated radius are preferred since the swelling pressure in the resin is reduced 

and the ions are more tightly bound to the resin. A small hydrated radius implies that ions with an 

increasing ionic number are preferred since the hydrated radius is inversely proportional to the 

ionic radius. The resin selectivity for ions, therefore increases with increasing atomic number, 

increasing ionic radius, and decreasing hydrated radius (Crittenden et al., 2005).  
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5. Materials and methods 

5.1 Zeolite source and conditioning  

The samples of natural zeolite used in this study were provided by the Norwegian distributor 

Alfsen & Gundersen in collaboration with the Italian distributor Carbonplant Srl. The samples of 

clinoptilolite were from the Leidi Angelo Srl Company in Zandobbio in the Northern part of 

Italy. The clinoptilolite was used in its natural state, without any modifications. Information 

about the product was provided by Carbonplant Srl and can be seen in Appendix 2.  

The empirical chemical formula of the clinoptilolite used is (Ca,K2,Na2,Mg)4Al8Si40O96   24H2O. 

The particle size range used in this study was 1 to 5 mm. Table 1 shows the mineralogical 

composition of the material. The clinoptilolite mainly consist of silica (SiO2), alumina (Al2O3), 

quicklime (CaO), and potassium oxide (K2O). Table 2 shows the physical properties of the 

clinoptilolite. 

Table 1: Chemical composition and physical properties of natural zeolite 

Chemical composition [%] 

SiO2 68,7 

Al2O3 10,2 

CaO 4,2 

K2O 2,1 

 

Table 2: Physical properties of natural zeolite 

Physical properties Values 

Density 900-950 kg/m
3 

Specific surface area 500-600 m
3
/g 

Average capacity of cation exchange 1.13 meq/g 

Humidity packaging 4 % 

 

For an alkaline solution the relative scale of cation exchange on the clinoptilolite is determined to 

(Appendix 2): 

Cs
+
 > NH

4+
 > Pb

2+
 > K

+
 > Na

+
 > Ca

2+
> Mg

2+
 > Ba

2+
 > Cu

2+
 > Ni

2+
 > Cd

2+
 > Zn

2+
 > Fe

3+
 > Mn

2+
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5.2 Water samples 

Water samples were collected from Løkken works and Folldal center on March 20
th

, 2014. 40 

liters samples of polluted mine water were collected from each of the study sites and transported 

back to the water laboratory at NTNU. To ensure minimal changes in the AMD composition, the 

water samples were placed in a cold and dark storage room until analysis. A sample from Røros 

was not collected for practical reasons. 

5.2.1 Folldal Center 

In Folldal, Major E. Eide (Personal communication, 20
th

 March 2014) showed the discharge area 

for the collection of the AMD. Figure 11 shows the sampling site in Folldal. During the sampling 

it was cloudy, otherwise the weather was stable.  

 

Figure 11: (a) Sampling site at Folldal center; (b) collecting the water 

The brown-red color of the water indicates high concentration of dissolved metals. According to 

E. Eide, the water mainly consists of dissolved iron, copper, zinc, and sulfur.  

5.2.2 Løkken works 

J. A Holmen (Personal communication, 20
th

 March 2014), from Orkla industrial museum, helped 

to collect the water from Gammelgruva at Løkken works. The sampling site was inside the mine 

and pictures of the site are shown in Figure 12. 
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Figure 12:  (a) Sampling site at Løkken works; (b) collecting the water 

The ore previously taken out of the mine was mainly copper and zinc. There is still a lot of iron 

ore in the mine, however, the iron was never utilized because the ore also contains large amounts 

of zinc, which has a negative effect on the iron ore. The AMD mainly contains dissolved sulfur, 

iron, copper, and zinc. It is, however, possible to find traces of manganese, arsenic, lead and 

cobalt since these, and other metals, has also been found in the extracted ore (Holmen, 2012). 

 5.3 Analysis of metal composition  

The definition of heavy metals is not a firmly defined term. In toxicology the definition of heavy 

metals includes cadmium, mercury, and lead. All of these metals can bioaccumulate and have a 

toxic effect on living organisms (Life Extension, 1995 - 2014). However, during this thesis, 

heavy metals are, as mentioned in chapter 2.2, defined as metals with a density above 5 g/cm
3
. 

The metals examined in this study are iron, copper, zinc, and manganese.  

The analysis of the metal composition of the initial AMD and the treated solutions was measured 

using a high resolution inductive coupled plasma instrument (HR-ICP-MS) by Syverin Lierhagen 

at The Department of Chemistry at NTNU. The water samples were preserved with 0.1 M HNO3 

and analyzed directly without any further dilution.  

5.4 Batch adsorption studies  

A batch method was used to examine the exchange of heavy metals on clinoptilolite. The 

experiments were conducted using different quantities of natural zeolite; 5, 10 and 30 g, with 

initially 100 mL of AMD. At specific time intervals (0, 15, 30, 60, 120 and 180 min) a 5 mL 
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sample of the treated water was taken out and put into sampling tube. Between each sample the 

glass pipettes was rinsed with distilled water. The concentration of the different metals was 

determined by HR-ICP-MS.   

To determine the amount of heavy metals adsorbed from the solution on to the ion exchanger, the 

mass balance expression was used:  

   
 

 
                       

Where qe is the equilibrium adsorbent-phase concentration of the adsorbate                                    

[mg adsorbate/g adsorbent], V is the volume of solution added to the beaker [L], m is the mass of 

adsorbent [g], Ci is the initial concentration of the adsorbate [mg/L] and Ce is the equilibrium 

concentration of adsorbate [mg/L] (Crittenden et al., 2005).   

The percentage adsorption [%] and the distribution ratio, Kd [mL/g] were calculated by using 

Equation (23) and (24): 

              
      

  
                   

Where Cf is the final concentration of heavy metals in the solution (mg/L). 

   
                            

                           
 

 

 
  

  

  
               

If Equation (23) and (24) are put together the relationship between them will be as shown in 

Equation (25): 

              
     

   
 
 

               

5.4.1 Kinetic studies 

The experiment was conducted for the AMD from Folldal and Løkken. Figure 13 shows how the 

kinetic experiment was set up. The weights of the natural zeolite that were used in the kinetic 

studies were 5, 10 and 30 g. The natural zeolite was tested with an initial AMD volume of 100 

mL. To ensure that all the water came in contact with the natural zeolite a magnet stirrer was 

used. Samples of 5 mL were taken periodically at 0, 15, 30, 60, 120 and 180 min. In the end the 

metal composition of the treated AMD was determined. 
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Figure 13: Kinetic experiment with AMD from Løkken 

5.4.2 Adsorption isotherms (equilibrium studies) 

For the equilibrium studies, the measurements obtained from the kinetic studies were used as a 

basis to develop and describe the adsorption isotherm relationships for the two different 

solutions. The two isotherm models which were used are the Langmuir and Freundlich models. A 

description of the models can be found in chapter 4.2. 

5.4.3 Effect of competing ions 

The composition of AMD contains more than one metal and in this thesis iron, copper, zinc, and 

manganese were studied. During the batch experiments the different metals were analyzed 

separately. However, the selectivity of a specific metal on the clinoptilolite can be influenced by 

other metals and content of organic matter in the AMD.  

5.4.4 Effect of solution pH 

The effect of solution pH on the adsorption capacity was investigated by comparing the 

adsorption at the initial pH of 2.6 and 2.4, for Folldal and Løkken, with the adsorption capacity at 

pH 7.0. For each test 100 mL of AMD and 30 g of natural zeolite was used. To increase the 

solutions pH to 7.0, 2 M sodium hydroxide (NaOH) was added.  

5.5 Ion exchange in combination with precipitation 

A combination of precipitation and ion exchange was tested to see if the two treatment methods 

could achieve the set requirements. Precipitation is often conducted by the addition of hydroxides 
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or sulfides (Strakis, 2013). In this experiment, the addition of sodium hydroxide was chosen 

because hydroxide formation is the most common precipitation method.  

The first step of the experiment was to add 2 M sodium hydroxide (NaOH) to the AMD to cause 

precipitation of metal hydroxides and to reach pH 6.0. Figure 14 shows the addition of sodium 

hydroxide to the AMD from Løkken. When the desirable pH was attained, the solution was 

allowed to sediment in order to remove most of the particles before the ion exchange took place. 

The sedimented solution (100 mL) was added to glass bottles with 30 g of clinoptilolite. At 

specific time intervals of 0, 7.5, 15, 30 and 60 min, samples of the treated AMD was taken and 

analyzed for metal concentration.  

 

Figure 14: Addition of sodium hydroxide to AMD from Løkken 

5.5.1 The relationship between theory and practice 

To see if the precipitation consists mainly of metal hydroxides, the relationship between theory 

and practice was studied. This was done by filtering 100 mL of AMD through a 0.45 µm filter. 

Sodium hydroxide was then added to the AMD until it reached pH 6.0. The solution was placed 

in a heating cabinet, which held a temperature of 105
o
C, for 24 hours before the dry matter was 

weighed. The practical value was compared to the theoretical value calculated from the metals 

log C – pH diagrams. 
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5.6 Sources of error 

Upon conducting laboratory experiments there may be numerous sources of error. During the 

experiments some errors may be human imprecision, equipment imprecision, unaccounted for 

outside influences such as temperature, logic errors and calculation errors.    

The vision is a source of uncertainty and there may therefore be errors connected to the 

measurements of the volume of AMD. The equipment that was used had not been washed with 

acid and may therefore have influenced the metal analysis since residues from previous 

experiments may have been present. It was assumed that the temperature in the laboratory was 

stable, but since this was not controlled the temperature is a source of uncertainty. The analysis of 

the heavy metal concentration was conducted by the Department of Chemistry. When several 

people are involved in the same project misunderstandings can arise and thus affect the end 

result.  
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6. Results and discussion 

6.1 Analysis of the metal composition  

The AMD from Folldal and Løkken have an orange brown color and a low pH. This indicates 

that there are high levels of dissolved metal in the water. Table 3 shows the initial metal 

concentration for the selected metals. To give an indication of the metal concentration in the 

AMDs from Folldal and Løkken, the values are compared to the heavy metal concentration in the 

AMD from the Wheal Jane Mine in Cornwall, UK. The initial metal concentration from Wheal 

Jane Mine is 200, 12, 85 and 15 mg/L for iron, copper, zinc, and manganese, respectively (Motsi 

et al., 2009). When comparing the metal concentration in the AMDs the differences are large, 

especially for iron and copper. The difference is larger between the AMD from Løkken and the 

Wheal Jane Mine.  

Table 3: Initial concentrations of Fe, Cu, Zn and Mn and methodological uncertainties in the samples from 

Folldal center and Løkken works 

 

                     Folldal center                        Løkken works 

Metal 

Initial 

concentration 

[mg/L] 

Initial concentration 

[mmol/L] 

Initial 

concentration 

[mg/L] 

Initial concentration 

[mmol/L] 

Fe
3+

 869.12 ± 26.9 15.56 2834.47 ± 405.3 50.75 

Cu
2+

 79.63 ± 3.7 1.25 174.38 ± 14.3 2.74 

Zn
2+

 56.19 ± 3.8 0.86 141.71 ± 4.7 2.17 

Mn
2+

 7.70 ± 0.4 0.14 18.33 ± 0.8 0.33 

 

Dissolved iron can be found in two oxidation states, ferrous (Fe
2+

) and ferric (Fe
3+

) iron. The 

determination of whether the AMD contains ferrous or ferric iron was not possible to implement. 

Further in this thesis it is assumed that the iron in the AMD is in the form of ferric iron. This 

assumption is made based on the fact that oxygen was present at the collection site for AMD at 

Folldal and Løkken.   

6.2 Kinetic studies  

The results of the kinetic studies can be seen in Figures 15 and 16, where the adsorption of metals 

from the AMD onto the natural zeolite is shown. The calculations used to create the graphs are 

available in Appendix 4. The adsorption rate can be divided into three different stages. The 
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various stages are more evident for the results from Løkken than the results from Folldal. During 

the first stage (0 – 15 minutes) the adsorption rate is rapid for all metals. The rapid change in 

metal concentration is observed for all metals from both Folldal and Løkken. The small decrease 

in the graphs characterizes the second stage (15 – 30 minutes) of the adsorption rate. This 

inversion phenomenon describes the desorption process which occurs during some periods of the 

ion exchange process (Sprynskyy et al., 2006).  

 

Figure 15: Kinetics of heavy metal ion adsorption with 5, 10 and 30 g of clinoptilolite, Folldal center;              

(a) iron (Fe
3+

); (b) copper (Cu
2+

); (c) zinc (Zn
2+

); (d) manganese (Mn
2+

) 

In the third stage (30 – 180 minutes) the adsorption rate is lower compared to the first stage, as 

seen from the figures. The exception is the adsorption rate of iron in solution with 30 g of 

clinoptilolite, which has a slope quite similar to the slope in the first stage. The level of metal 

removed during the different stages varies between the different metals. Unlike the other metals, 

the adsorption rate for manganese decreases for all amounts of clinoptilolite.  

 



 

37 

 

 

Figure 16: Kinetics of heavy metal ion adsorption with 5, 10 and 30 g of clinoptilolite, Løkken works;               

(a) iron (Fe
3+

); (b) copper (Cu
2+

); (c) zinc (Zn
2+

); (d) manganese (Mn
2+

) 

The difference in adsorption rate is due to the specific crystalline structure of the clinoptilolite. 

During the first stage, the exchange of heavy metals takes place in the micropores on the surface 

of the clinoptilolite grains (Sprynskyy et al., 2006). In this stage most of the pores in the 

clinoptilolite are available for diffusion of metals and this availability leads to the high adsorption 

rate. The desorption in the second stage is probably a counter-diffusion of exchangeable cations 

from the deeper layers of the clinoptilolite (Sprynskyy et al., 2006). During the third stage, the 

easily available exchange sites on the clinoptilolite are occupied. The remaining available sites 

are difficult to reach which implies that the exchange of heavy metals is reduced compared to the 

exchange rate during the first stage. For iron, copper, and zinc, the AMD solutions with 5 and 10 

g of clinoptilolite show either a decrease or stabilization of the adsorption rate after 180 minutes. 

From the development of the adsorption rate it is assumed that the exchange of metals primarily 

occur on the clinoptilolites surface, since the rate appears to stabilize or decrease during the third 

stage. The situation is different for AMD solutions with 30 g of clinoptilolite because the 
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adsorption rate keeps increasing. This is especially visible for iron. This development suggests 

that there are still available exchange sites on the clinoptilolite.  

The effect of the adsorbent dose on the uptake of the heavy metals is also shown in Figures 15 

and 16, as well as Tables 4 and 5.  

Table 4: Concentration, metal concentration per g of clinoptilolite and percentage reduction of heavy metals 

in AMD, after 3h of contact with clinoptilolite, Folldal center 

    
 

5g    
 

10g    
 

30g    

  

Initial 

conc. 

[mg/L] 

Metal 

conc. 

[mg/L] 

Metal 

conc. 

[mg/gL] 

Percentage 

removed 

[%] 

Metal 

conc. 

[mg/L] 

Metal 

conc. 

[mg/gL] 

Percentage 

removed 

[%] 

Metal 

conc. 

[mg/L] 

Metal 

conc. 

[mg/gL] 

Percentage 

removed 

[%] 

Fe
3+

 869.1 798.9 159.2 8.1 725.5 72.4 16.5 286.2 9.5 67.1 

Cu
2+

 79.6 71.2 14.2 10.6 67.3 6.7 15.5 53.0 1.8 33.4 

Zn
2+

 56.2 54.9 10.9 2.3 51.9 5.2 7.5 41.6 1.4 25.9 

Mn
2+

 7.7 8 1.6 -3.4 7.9 0.8 -2.5 10.5 0.3 -36.2 

 

Table 5: Concentration, metal concentration per g of clinoptilolite and percentage reduction of heavy metals 

in AMD, after 3h of contact with clinoptilolite, Løkken works 

  
 5g 

 
 10g 

  

30g 

 

 

Initial 

conc. 

[mg/L] 

Metal 

conc. 

[mg/L] 

Metal 

conc. 

[mg/gL] 

Percentage 

removed 

[%] 

Metal 

conc. 

[mg/L] 

Metal 

conc. 

[mg/gL] 

Percentage 

removed 

[%] 

Metal 

conc. 

[mg/L] 

Metal 

conc. 

[mg/gL] 

Percentage 

removed 

[%] 

Fe
3+

 2834.5 2559.3 505.9 9.7 2531.9 252.8 10.7 2015.9 67.2 28.9 

Cu
2+

 174.4 162.5 32.1 6.8 158.6 15.8 9.0 141.8 4.7 18.7 

Zn
2+

 141.7 136.1 26.9 3.9 134.6 13.4 5.0 121.4 4.0 14.3 

Mn
2+

 18.3 17.8 3.5 2.8 18.8 1.9 -2.7 22.1 0.7 -20.6 

 

It was observed that an increase in the amount of clinoptilolite had a positive effect on the 

reduction of iron, copper, and zinc. A reason for this is that an increase in the amount of 

clinoptilolite corresponds to more available adsorption sites for the ion exchanger. It is apparent 

that the available adsorption sites in solutions with 5 and 10 g of clinoptilolite are limited 

compared to solutions with 30 g. This relationship is clearly displayed for the adsorption of iron 

from the AMD from Folldal. Over the three hours the experiment was conducted, the adsorption 

rate for the solutions with 5 and 10 g had a lower slope than the solution with 30 g of 

clinoptilolite. Since the slope of the adsorption rate for 30 g of clinoptilolite does not stabilize, in 

contrast to solutions 5 and 10 g clinoptilolite, it suggests that there are still available adsorption 

sites on the natural zeolite 
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The treatment effect from ion exchange with clinoptilolite is far from satisfactory, since the metal 

concentrations in the samples were still high after three hours of treatment. The requirement to 

reduce the concentration of copper to less than 10 µg/L, is far from fulfilled. Clinoptilolite’s effect 

on the AMD from Folldal and Løkken differ. The treatment effect of the heavy metals is better for 

the AMD from Folldal. One possible reason for the differences is related to the original 

concentrations of metals in the AMD from the two areas. The AMD from Løkken has an higher 

metal concentration which may have influenced the ion exchange process. Despite the differences 

between the two solutions, the ion exchange of the AMD from both areas has a negative effect on 

the amount of manganese. A cause for this might be the effect of competing ions. This will be 

discussed further in section 6.4. 

Distribution ratio 

The distribution ratio, Kd, indicates the selectivity, capacity, and affinity of an ion for ion 

exchange (Motsi et al., 2009). Figures 17 and 18 illustrate the distribution ratio as a function of 

the metal concentration over time. The complete set of data used to perform the calculations of 

the distribution ratio is presented in Appendix 4.  

The graphs for iron, copper, and zinc from Folldal indicate that the distribution ratio increases 

with a decrease in the metal concentration (Erdem et al., 2004). The graphs for iron, copper, and 

zinc from Løkken have a different development.  The distribution ratio initially increases with a 

decrease in the metal concentration, and at a certain point the distribution ratio starts to decrease 

as the metal concentration increases before returning to the original behavior (distribution ratio 

increases as the metal concentration decreases). 

The distribution ratio of manganese for the AMD from both Folldal and Løkken, has a reverse 

development compared to the other metals. The manganese concentration increases while the 

distribution ratio decreases. This development corresponds well to the kinetic results for 

manganese. One possible reason for the development of manganese might be, as previously 

mentioned, the effect of competing ions which will be further discussed in chapter 6.4. 
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Figure 17: Variation of metal ions on clinoptilolite as a function of initial concentration,                                

Folldal center: m = 30,007g, V = 100 -75 mL, time 15-180 min 

A large distribution ratio indicates that the ions are distributed more onto the resin and therefore 

fewer ions remain in solution, and vice versa. (Davies, 2012). As seen for the graphs for iron, 

copper, and zinc from Folldal and Løkken, the distribution ratio increases between the initial high 

metal concentration and the lower final metal concentration. This means that the metals to some 

degree are exchanged with the cations from the clinoptilolite. The results from Folldal and 

Løkken suggest that iron is best adsorbed, followed by copper and zinc. However, the 

development of the distribution ratio for the metals from Løkken are lower that the values from 

Folldal. As mentioned previously, this may be a cause of the initial concentration of heavy metals 

in the AMD which was higher for the solution from Løkken. 
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Figure 18: Variation of metal ions on clinoptilolite as a function of initial concentration,                              

Løkken works: m = 30,013g, V = 100 - 75mL, time 15-180 min 

Exchangable cations 

The role of the exchangable cations of the clinoptilolite is shown in Figure 19. The graphs show 

that the increase of exchangable cations is inversley proportional with the removal of heavy metal 

ions. For both solutions the dominating exchangable cations are calcium and magnesium, and the 

order of exchange after three hours is Ca
2+

 > Mg
2+

 > K
+
 > Na

+
. The results from Folldal show 

that the amount of exchangable calcium ions exceed the heavy metal concentration during the 

experiment. This is not the case for the results from Løkken, where the concentration of iron ions 

is far greather than the concentation of exchangable ions. The amount of exchangeble ions in 

solution is larger for the AMD from Løkken. An explanation can be that there are more heavy 

metals, especially iron, in the AMD from Løkken.  
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Figure 19: Dynamics of ion exchange of heavy metals with the clinoptilolite;                                                                                          

(a) Folldal center, m = 30,007g; (b) Løkken works, m = 30,013g 

6.3 Adsorption isotherms (equilibrium studies) 

The adsorption of heavy metals of AMD from Folldal and Løkken, in solution with 30 g of 

clinoptilolite, was fitted to the Langmuir and Freundlich isotherms. To find the Langmuir and 

Freundlich isotherms Equation (16) and (19) were used: 

Langmuir: 

      

    [ ]

      [ ]
               

Freundlich: 

     [ ]
 

 ⁄                
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To use Equation (16) and (19) the isotherm parameters had to be determined. This was done by 

rearranging the Langmuir and Freundlich isotherms to a linear form, as seen from Equation (17) 

and (20):  

Langmuir: 

[ ]

 
 

 

        
 

[ ]

    
               

Freundlich: 

          (  )  (
 

 
)     [ ]                

The equation for the linear regression was applied to find the isotherm parameters. Figure 20 

shows the linear regression to find the Langmuir and Freundlich isotherm parameters for iron for 

the AMD from Folldal. The linear regressions for the other metals are available in Appendix 5.  

 

Figure 20: Linear regression to find the isotherm parameters for iron, for the AMD from Folldal center:                                       

(a) Langmuir; (b) Freundlich 

Table 6 show the Langmuir and Freundlich isotherm parameters for adsorption of heavy metal 

ions in solution with 30 g clinoptilolite.  
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Table 6: Langmuir and Freundlich adsorption isotherm model parameters for heavy metal ion adsorption 

from solution by clinoptilolite 

  

Folldal center 

  

Løkken works 

 

 
Langmuir Freundlich Langmuir Freundlich 

 
qmax Kads 1/n Kf qmax Kads 1/n Kf 

Fe
3+

 0.294 -0.003 -1.553 1.47 10
4
 0.492 -0.001 -3.314 2.48 10

11 

Cu
2+

 0.013 -0.022 -3.312 4.71 10
4
 0.016 -0.008 -5.011 6.57 10

9
 

Zn
2+

 0.004 -0.025 -4.844 4.63 10
6
 0.003 -0.008 -11.125 1.14 10

22
 

Mn
2+

 0.000 0.097 n/a* n/a* 0.000 -0.045 n/a* n/a* 
*not available 

Figure 21 show that neither the Langmuir or Freundlich isotherms reveal any particular good 

correlation to the experimental data from Folldal. Figure 22 show that the Langmuir and 

Freundlich isotherms follow the tendency of the experimental data from Løkken. The 

experimental isotherm for manganese, for the AMD from both areas, is reverse due to the fact 

that the manganese concentration increased during the experiment. It was not possible to develop 

the Freundlich isotherm for the manganese.  

Langmuir isotherm 

According to the maximum adsorbent-phase concentration of adsorbate, qmax, the sorption on the 

clinoptilolite follow the same selectivity sequence for the AMD from both Folldal and Løkken: 

Fe
3+

 > Cu
2+

 > Zn
2+

 > Mn
2+

 

The clinoptilolite prefers iron over the other metals and is thus in agreement with the rules of 

selectivity which says the ion exchange resin tends to assimilate ions of higher valence. When it 

comes to copper, zinc, and manganese which all have the same valence, the selectivity of the ion 

exchange resin follows different rules. According to Crittenden et al. (2005) ion exchange resins 

prefer ions with small hydration radius. The hydration radius for copper, zinc, and manganese are 

4.19, 4.30 4.38 Å, respectively (Motsi et al., 2009). Copper has the smallest hydration radius and 

is therefore preferred over zinc and manganese. Manganese, with its largest hydration radius, is 

clinoptilolite’s least favored metal.  

As seen from Figures 21 and 22, the Langmuir isotherm deviates from the experimental data. An 

assumption made when developing the Langmuir isotherm is that the adsorptive surface is 

uniformly flat and infinite in extent. This is, however, not the case, since some adsorption sites 

are in the middle of the crystalline structure whereas other can be on the edges. These differences 



 

45 

 

cause the different sites to have various affinities for the adsorbate molecules. The model also 

assumes that each adsorption site is independent of each other. This assumption does not 

correspond to reality since a reaction on one site can affect other areas of the material (Benjamin, 

2002). 

 

Figure 21: Adsorption isotherms of heavy metal ions (Fe
3+

, Cu
2+

, Zn
2+

 and Mn
2+

)                                    

described by Langmuir and Freundlich models, Folldal center 

Freundlich isotherm 

The capacity factor, Kf, from the Freundlich isotherm, shows the same selectivity sequence as the 

Langmuir isotherm. Just as the Langmuir isotherm, the Freundlich isotherm also deviates from 

the experimental data.  

The intensity parameter, 1/n, indicates the adsorption capacity of the clinoptilolite for the 

different metals. The results in Table 6 show that the intensity parameter is below one for the 

AMD from Folldal and Løkken. This indicates that the average binding strength will decrease as 

a result of an increase in the surface coverage (Benjamin, 2002). Consequently, the adsorption of 

metals subsides as the metal concentration decreases. This is consistent with the results for 

copper and zinc, from the kinetic studies where the adsorption rate eventually stabilizes.  
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Figure 22: Adsorption isotherms of heavy metal ions (Fe
3+

, Cu
2+

, Zn
2+

 and Mn
2+

)                                           

described by Langmuir and Freundlich models, Løkken works 

6.4 Effect of competing ions 

The AMD from Folldal and Løkken both consist of various heavy metals with different 

concentrations. As a result of the concentration difference between the heavy metals, it is 

assumed that there will be competition between the cations. This assumption is further confirmed 

when comparing the iron concentration with the other metal concentrations. The large difference 

in metal concentration can lead to clinoptilolite selecting iron over the other metals. 

On the basis of the kinetic results shown in Figures 15 and 16 there is a connection between the 

iron and manganese ions. The adsorption of iron increases whereas the adsorption of manganese 

decreases. This development shows that the iron ions can displace some of the manganese ions 

on the clinoptilolite. The clinoptilolite selectivity of iron over manganese is in agreement with the 

selectivity sequence found in the adsorption isotherm study.  

A possible reason for the clinoptilolites preference of iron ions could be that the ion exchange 

resin is attracted to ions with a higher valence. Another possibility for the competitiveness 

between iron and manganese may be the concentration difference, which is larger compared to 

the other metal ions.  
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Figures 15 and 16 clearly show that the concentration of manganese ions increases above the 

initial concentration during the three hours the experiment lasted. This is especially visible for the 

solutions containing 30 g clinoptilolite. This phenomenon is not only a result of the 

competitiveness between the iron and manganese ions. When comparing the different amounts of 

clinoptilolite used, it is evident that the amount of manganese increases with the amount of 

clinoptilolite. One possible explanation is that the clinoptilolite consists of a substance which the 

HR-ICP-MS registers as manganese. It has not been possible to follow up this assumption due to 

the time limit of this thesis. Upon further research of the AMD from Folldal and Løkken with 

clinoptilolite, the development of the manganese concentration should be studied.  

In addition to competition between the different heavy metal ions, there is a possibility that the 

amount of organic matter in the AMD affects the clinoptilolites uptake of heavy metals. The 

amounts of total organic carbon (TOC) in the AMD for Folldal and Løkken are given in Table 7.  

Table 7: Amount of TOC in the AMD from Folldal center and Løkken works 

 TOC [mgC/L] 

Folldal center 17.9 

Løkken works 34.8 

 

Large quantities of TOC can result in fouling of the clinoptilolites pores. Fouling is most 

commonly associated with accumulation of substances on the surface and within the pores of a 

structure (Lu et al., 2010). Since the amount of TOC in the AMD from Folldal and Løkken are 

high, there is reason to believe that there is fouling of the clinoptilolite, which possibly can have 

led to a lower exchange of the heavy metals.  

6.5 Effect of solution pH 

The initial pH for the samples from Folldal center and Løkken works was 2.6 and 2.4, 

respectively.  During the three hours the batch experiment was conducted, there were no changes 

in the pH and no precipitation was observed. The metal content in the AMD is high, especially 

the amount of iron, as seen from Table 3. When the pH is increased to 7.0, by adding sodium 

hydroxide, there will be precipitation of metal hydroxides which typically follows Equation (26):  
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As mentioned in chapter two, ferric hydroxide will precipitate when the pH is between 2.3 to 3.5. 

When sodium hydroxide was added and the pH was around 3.0, there was heavy precipitation. 

Because of the high iron content, it is assumed that most of the precipitate was ferric hydroxide. 

Due to the large amount of precipitation it was not, at that time, viewed feasible to complete the 

experiment. This decision was based on the assumption that most of the metal was removed 

during precipitation and ion exchange would therefore have limited treatment efficiency.  

6.6 Ion exchange in combination with precipitation 

The AMDs from Folldal and Løkken have high metal levels and the previous batch studies were 

not satisfactory with respect to the remaining concentrations of heavy metals. Precipitation was 

included as a treatment step to see if a larger proportion of heavy metals would be removed. This 

was done because adding precipitation is one of the most common ways to remove heavy metals 

from wastewater.  

6.6.1 Precipitation 

Sodium hydroxide was added to the AMD solutions until pH 6.0 was reached. Between pH 2.0 

and 3.0 visible signs of precipitation occurred. Stabilization of the pH was not possible before a 

given amount of the metal ions had reacted with the added hydroxides. When the desired pH was 

reached, the samples were set aside so that the particles could sediment. The water had a visible 

change in color after sedimentation. Figure 23 shows the solution after precipitation and 

sedimentation:  

 

Figure 23: AMD after precipitation and sedimentation 

Tables 8 and 9 show the amount of metal that was removed from the AMD after precipitation:  
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Table 8: Heavy metal concentration before and after precipitation, and the percentage removal of metals           

by precipitation, Folldal center 

Metal 

Initial concentration 

[mg/L] 

Concentration after 

precipitation [mg/L] 

Amount of metals removed by 

precipitation [%] 

Fe
3+

 869.1 5.1 99.4 

Cu
2+

 79.6 4.3 94.5 

Zn
2+

 56.2 44.0 21.2 

Mn
2+

 7.7 n.a. n.a. 
n.a.: data not available 

Table 9: Heavy metal concentration before and after precipitation, and the percentage removal of metals            

by precipitation, Løkken works 

Metal 

Initial concentration 

[mg/L] 

Concentration after 

precipitation [mg/L] 

Amount of metals removed by 

precipitation [%] 

Fe
3+

 2834.5 48.1 98.3 

Cu
2+

 174.4 2.2 98.7 

Zn
2+

 141.7 56.8 59.9 

Mn
2+

 18.3 n.a. n.a. 
n.a.: data not available 

The AMDs from Folldal and Løkken show a reduction of the iron, copper, and zinc 

concentrations. Precipitation for the AMD from Folldal had the largest reduction of iron, whereas 

the AMD from Løkken had approximately the same percentage reduction of iron and copper. The 

reduction of zinc was not quite as great as the reduction of the other two metals.  

The amount of metals removed after precipitation is due to the selected pH of 6.0 and the 

difference in metal solubility. Many heavy metals are amphoteric, which means that they can 

exist in strong acids and strong bases. In other words they are capable of donating or accepting a 

proton (Metcalf et al., 2014b). Since iron, copper, zinc, and manganese are amphoteric metals 

their corresponding hydroxides will only precipitate for specific pH values. Precipitation will 

reach its peak when the different metals reach their solubility minimum (Strakis, 2013). The 

solubility minimum for iron, copper, zinc, and manganese is around pH 8, 9, 10 and 11, 

respectively. The solubility minimum can be read from Figure 24, which shows the log C – pH 

diagrams for the various metals from Folldal.  The log C – pH diagrams for the heavy metals 

from Løkken can be seen in Appendix 6. The log C – pH diagrams can tell how much of the 

different complexes a solution contains at a certain pH. For the AMD from Folldal and Løkken at 

pH 6.0, the dominating precipitate are iron(III)hydroxide  (Fe(OH)3) and copper(II)hydroxide 
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(Cu(OH)2). At pH 6.0 the log C – pH diagram from zinc shows that most of the zinc will be 

present as zinc ions.   

 

Figure 24: Log C - pH diagram for iron (Fe
3+

), copper (Cu
2+

), zinc (Zn
2+

) and manganese (Mn
2+

)                                                         

for the AMD from Folldal center 

To see if there is a connection between theory and practice the amount of dry matter from         

100 mL AMD from both Folldal and Løkken was compared to the amount calculated by the help 

of the log C – pH diagrams. Table 10 shows the theoretical and practical amounts of dry matter 

for the AMD from Folldal and Løkken. The calculations can be seen in Appendix 6.  

Table 10: Theoretical and practical amounts of dry matter for AMD from Folldal center and Løkken works 

 
Folldal center Løkken works 

Theoretical amount [mg/100mL] 185.9 586.2 

Practical amount [mg/100mL] 899.6 2337.9 

Difference [mg] 713.7 1751.7 
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The difference is large between the theoretical and practical amount. One possibility is that other 

metal hydroxides form when adding sodium hydroxide. Another possibility is that the TOC 

molecules attach to the metal hydroxides as they precipitate.   

6.6.2 Ion exchange 

Precipitation and sedimentation were followed by ion exchange. Tables 11 and 12 show the 

reduction of the heavy metal ions over a time period of 60 minutes. For both solutions the 

concentrations of iron, copper, and zinc are reduced, with the largest reduction being in the 

copper concentration. Since the amount of iron was so greatly reduced during precipitation, this 

might have had an effect on the selectivity of the clinoptilolite. 

Table 11: Ion exchange of heavy metal concentration in AMD in contact with 30 g clinoptilolite after 

precipitation, Folldal center 

Time [min] [Fe
3+

] [mg/L] [Cu
2+

] [mg/L] [Zn
2+

] [mg/L] [Mn
2+

] [mg/L] 

0 5.1 4.3 44.3 n.a. 

7,5 7.8 3.2 39.5 n.a. 

15 8.3 3.0 37.9 n.a. 

30 7.4 2.4 35.4 n.a. 

60 3.3 2.2 35.0 n.a. 

% adsorption,ion exchange 35.6 49.9 21.0 n.a. 
n.a.: data not available

Table 12: Ion exchange of heavy metal concentration in AMD in contact with 30 g clinoptilolite after

precipitation, Løkken works 

Time [min] [Fe
3+

] [mg/L] [Cu
2+

] [mg/L] [Zn
2+

] [mg/L] [Mn
2+

] [mg/L] 

0 48.1 2.2 56.8 n.a. 

7,5 23.0 1.6 45.8 n.a. 

15 20.3 1.4 44.1 n.a. 

30 17.7 1.3 44.3 n.a. 

60 16.0 1.2 42.5 n.a. 

% adsorption,ion exchange 32.1 44.9 14.3 n.a. 
n.a.: data not available

Tables 13 and 14 show the total amount of heavy metals removed when combining precipitation 

and ion exchange. When comparing the amount of heavy metals removed during precipitation 

and the amount during ion exchange, the majority of metals are removed during the precipitation 

step. 
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Table 13: Total amount and percentage of heavy metal removed by combining precipitation and ion exchange 

in the AMD from Folldal center 

Metal 

Initial concentration 

[mg/L] 

Final concentration 

[mg/L] 

Amount of metal removed 

[%] 

Fe
3+

 869.1 3.3 99.6 

Cu
2+

 79.7 2.2 97.3 

Zn
2+

 56.2 35.0 37.7 

Mn
2+

 7.7 n.a. n.a. 
n.a.: data not available 

Table 14: Total amount and percentage of heavy metal removed by combining precipitation and ion exchange 

in the AMD from Løkken works 

Metal 

Initial concentration 

[mg/L] 

Final concentration 

[mg/L] 

Amount of metal removed 

[%] 

Fe
3+

 2834.5 16.0 99.4 

Cu
2+

 174.4 1.2 99.3 

Zn
2+

 141.7 42.5 70.0 

Mn
2+

 18.3 n.a. n.a. 
n.a.: data not available 

Table 15 shows the percentage of removed heavy metals during ion exchange, precipitation and a 

combination of precipitation and ion exchange. The combination of precipitation and ion 

exchange gives the best treatment effect of the heavy metals. Precipitation is responsible for the 

largest reduction of iron and copper. According to the log C – pH diagrams, the amount of metals 

removed during precipitation would increase with an increase of the pH. Since the majority of 

heavy metals are removed during precipitation it may be profitable to study treatment of AMD 

with precipitation further. 

Table 15: Comparing the amount of removed heavy metals from ion exchange alone and the combination of 

precipitation and ion exchange: m = 30g 

  Folldal center Løkken works  

Metal 

Ion 

exchange 

[%] 

Precipitation 

[%] 

Precipitation 

and ion 

exchange [%] 

Ion 

exchange 

[%] 

Precipitation 

[%] 

Precipitation 

and ion 

exchange 

[%] 

Fe
3+

 67.1 99.4 99.6 28.9 98.3 99.4 

Cu
2+

 33.4 94.5 97.3 18.7 98.7 99.3 

Zn
2+

 25.9 21.2 37.7 14.3 59.9 70 

Mn
2+

 -36.2 n.a. n.a. -20.6 n.a. n.a. 

n.a.: data not available 
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6.7 Differences between the AMDs from Folldal center and Løkken works 

The main difference between the AMDs from Folldal and Løkken is the initial concentrations of 

heavy metals, which were greater for the AMD from Løkken. A cause of this disparity is the 

treatment effect the ion exchange had on the different solutions. The AMD from Folldal in 

solution with clinoptilolite had a larger proportion of the heavy metals removed. Despite the large 

difference in heavy metal content, the experiments showed similarities between the AMD from 

the two locations. Ion exchange with clinoptilolite gave the best reduction of iron, followed by 

copper and zinc. For these three metals the adsorption rate increased with the amount of 

clinoptilolite in solution. The experiments also showed similar results regarding the concentration 

of manganese, which increased during the course of the experiment and increased with higher 

amounts of clinoptilolite. Treatment with precipitation combined with ion exchange gave similar 

results for the AMD from both areas.  

The various experiments show that treatment of AMD with clinoptilolite, behaves differently 

depending on the initial level of heavy metals. The composition of AMD is site specific, which 

means that the treatment of AMD should be evaluated for each location.  
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7. Conclusion  

Norway has a rich mining history and many of the mines contain sulfur-bearing minerals, which 

contributes to the problems with AMD. AMD is mainly formed by the oxidation of pyrite, and 

the chemical reactions that take place makes the water acid and leads to the dissolution of other 

metals. The consequences of AMD are severe since large amounts of heavy metals are added to 

recipient waters, which lead to bioaccumulation of heavy metals in living organisms.   

The decommissioned mines in Folldal, Løkken, and Røros all have problems with AMD. Ion 

exchange with clinoptilolite was tested as a treatment option for the AMD from Folldal and 

Løkken. Both AMD solutions had a large content of heavy metals and the metals studied were 

iron, copper, zinc, and manganese.        

7.1 Kinetic studies 

The kinetic experiment showed similarities between the AMD from Folldal and Løkken. The 

percentage removal of iron, copper, zinc, and manganese was 67.1, 33.4, 25.9 and -36.2 % from 

Folldal, and 28.9, 18.7, 14.3 and -20.6 % from Løkken, respectively. As seen from the results, ion 

exchange had the best treatment effect on iron, followed by copper and zinc. The experiments 

showed that the adsorption rate can be divided into three different stages. The development of the 

adsorption rate suggests that the exchange of heavy metals primarily takes place on the surface of 

the clinoptilolite. During the experiment it was observed that the amount of clinoptilolite 

corresponds to the amount of heavy metals removed. The solutions with 30 g of clinoptilolite had 

a better treatment effect for iron, copper, and zinc than the solutions containing 5 and 10 g 

clinoptilolite. The distribution ratio after 180 minutes for iron, copper, zinc, and manganese was 

5.1, 1.3, 0.9 and -0.7 mL/g from Folldal, and 1.1, 0.6, 0.4 and -0.5 mL/g from Løkken, 

respectively. The development of the distribution ratio showed that there was some degree of 

exchange between the iron, copper, and zinc ions and the exchangeable cations. This coincides 

well with the study done on exchangeable ions, where it is visible that the concentrations of 

calcium and magnesium increase. The removal of manganese ions was unsuccessful for the AMD 

from both areas.   

Despite the similarities, the experiment showed differences between the samples from the two 

sites. The treatment effect was better for the AMD from Folldal. This difference is related to the 
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different concentrations of heavy metal between the AMDs from the two areas. Regardless of the 

differences, the treatment effect from ion exchange with clinoptilolite is far from satisfactory for 

either of the samples.  

7.2 Adsorption isotherms 

The fit between the experimental data and the theoretical isotherms was different for the two 

solutions of AMD. The results for Folldal showed that neither the Langmuir nor the Freundlich 

isotherm had any good correlation with the experimental data. Even though the theoretical 

isotherms did not fit the experimental data from Løkken, the tendency between the Langmuir and 

Freundlich isotherms were similar to the experimental data. The selectivity series was deducted 

from the equilibrium isotherms to Fe
3+

 > Cu
2+

 > Zn
2+

 > Mn
2+

 and it was similar for the AMD 

from both Folldal and Løkken. The intensity parameter for the Freundlich isotherm was below 

one for each of the metals which suggests that the binding strength decreases with the increase of 

surface coverage. 

7.3 Effect of competing ions 

Since the concentration difference between iron and manganese is so large it is assumed that 

there is a competing effect between the two metals. The clinoptilolite prefers iron over 

manganese resulting in the displacement of manganese ions so that the iron ions can attach to the 

adsorption sites. The increase of manganese concentration can not only be a result of the effect of 

competing ions. Since the concentration of manganese exceeds the initial value, there must be 

other factors to consider. A possible explanation could be that the clinoptilolite consists of a 

substance that the HR-ICP-MS registers as manganese.  

Analysis of the AMD shows that both solutions consist of large amounts of TOC. TOC does not 

contribute to the effect of competing ions, but the TOC molecules can lead to fouling of the pores 

of the clinoptilolite, resulting in a smaller reduction of the heavy metals.  

7.4 Precipitation in combination with ion exchange 

The combination of precipitation and ion exchange gave a better removal of the heavy metals 

than ion exchange alone. The percentage removal of iron, copper, and zinc was 99.6, 97.3 and 

37.7 % from Folldal and 99.4, 99.3 and 70.0 % from Løkken, respectively. The precipitation step 
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was primarily responsible for the removal of iron and copper ions from the solutions. Even 

though the reduction of heavy metals was significantly improved when combining precipitation 

and ion exchange, the final heavy metal concentrations are still above the acceptable 

environmental standards. 

The precipitate formed during the addition of sodium hydroxide did not only consist of the metals 

studied in this thesis, since there were significant differences between theoretical and practical 

amount of dry matter. The log C – pH diagrams show that a greater proportion of the heavy 

metals would be removed if the pH was increased further.  

7.6 Further work 

The levels of heavy metals discharged from decommissioned mine sites to nearby rivers has large 

consequences for the ecosystem. It is therefore important to treat the AMD before it is 

discharged. It is evident from the experiments that ion exchange with clinoptilolite is capable of 

removing heavy metals. However, the treatment effect is far from satisfactory. The reason for this 

is probably the high amount of heavy metals. Even though clinoptilolite is not suitable for the 

treatment of AMD, other ion exchange resins might give other results and should therefore not be 

excluded from further research.  

The experiments showed that ion exchange in combination with precipitation gave a good 

treatment effect of the heavy metals. The requirement to reach 10 µg Cu/L was, however, not 

fulfilled. Since precipitation removed most of the heavy metals it may be profitable to study the 

treatment of AMD with precipitation further. As neither of the methods studied in this thesis gave 

the desired results, consideration should be given to research other treatment methods.    

This thesis has only touched base on AMD, the problems connected to it and some treatment 

possibilities. The challenges connected to AMD are not only found in Norway but also in many 

other countries where mining has taken place or is still ongoing. In order to prevent further 

damage to the environment, it is important to find good and inexpensive treatment methods for 

AMD.  
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Appendix 1: E- mail correspondence with Grethe Braastad from 

Miljødirektoratet 

Fra: Amita Khan 

Sendt: 7. mars 2014 14:19 

Til: miljostatus@miljodir.no  

Kopi: Miljøstatus 

Emne: SV: Folldal Verk - Løkken Verk 

Hei,  

Mitt navn er Amita og for øyeblikket studerer jeg vann- og miljøteknikk på NTNU. Dette er mitt 

siste semester ved NTNU og nå skriver jeg masteroppgave om forurenset gruvevann ved gruvene 

i Folldal, Løkken og Røros. I forbindelse med dette har jeg noen spørsmål. 

Jeg har sett på nettsidene deres for hvert av de aktuelle områdene; 

Folldal verk (http://www.miljostatus.no/Tema/Ferskvann/Miljogifter_ferskvann/Avrenning-fra-

gruver/Folldal-Verk/)  

- Figuren "Kobberavrenning fra Folldal sentrum" viser variasjonene i kobbermengden, er det en 

spesiell grunn til at det var så lavt innhold i 2003? Hvorfor har den etter dette økt? 

- Dere skriver også at et renseanlegg ble satt i drift høsten 2013. Hva slags type anlegg er dette? 

Løkke Gruber 

(http://www.miljostatus.no/Tema/Ferskvann/Miljogifter_ferskvann/Avrenning-fra-

gruver/Lokken-Gruber/)  

- Fra "Kobberavrenning fr Løkken Gruber" er det en minkning i kobberkonsentrasjonen de siste 

åra. Hva skyldes dette? 

Mvh 

Amita Khan 
Tlf.: 928 38 731 

 

mailto:miljostatus@miljodir.no
http://www.miljostatus.no/Tema/Ferskvann/Miljogifter_ferskvann/Avrenning-fra-gruver/Folldal-Verk/
http://www.miljostatus.no/Tema/Ferskvann/Miljogifter_ferskvann/Avrenning-fra-gruver/Folldal-Verk/
http://www.miljostatus.no/Tema/Ferskvann/Miljogifter_ferskvann/Avrenning-fra-gruver/Lokken-Gruber/
http://www.miljostatus.no/Tema/Ferskvann/Miljogifter_ferskvann/Avrenning-fra-gruver/Lokken-Gruber/
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Fra: Grethe Braastad 

Sendt: 7. mars 2014 14:19 

Til: amita.khan90@gmail.com  

Kopi: Miljøstatus 

Emne: SV: Folldal Verk - Løkken Verk 

Hei Amita 

Det var en spenstig oppgave. 

Folldal er delt inn i to adskilte (mhp forurensning) gruveområder. Det gamle området i Folldal 

sentrum og det nye gruveområdet på Hjerkinn (Tverrfjellet gruve). Disse to områdene har 

ingenting annet felles enn Folla, som er resipienten for avrenningen. 

Renseanlegget du nevner er installert ved Tverrfjellet gruve på Hjerkinn, og et er naturbasert 

anlegg (se vedlegg). 

Når det gjelder avrenning av tungmetaller fra nedlagte gamle gruver så vil disse kunne variere 

ganske mye fra år til år, både mhp konsentrasjon og mengde. Dette har flere årsaker, men spesielt 

værforhold spiller en viktig rolle for oksydasjonsprosesser som fører til syredannelse og derav 

utlekking av metaller. Hvis du klikker deg rundt på gruvesidene på Miljøstatus vil du finne en del 

generell informasjon. 

Riktig lykke til med prosjektet ditt. 

Med hilsen 

Grethe Baarstad 
Seniorrådgiver, industriseksjon 2 (IN2) 

Miljødirektoratet 

Telefon: 03400 / 73 58 05 00 

Mobil: 452 52 394 

E-post: grethe.braastad@miljodir.no 

www.miljødirektoratet.no- www.miljøstatus.no 
  

mailto:amita.khan90@gmail.com
mailto:grethe.braastad@miljodir.no
http://www.miljødirektoratet.no/
http://www.miljøstatus.no/
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Appendix 3: Heavy metal concentration 
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Appendix 4: Calculations for the kinetic studies 

The results of the kinetic experiments were calculated by using Equation (23) from chapter 5. 

              
      

  
                   

Folldal center 

Tables 16, 17, 18 and 19 shows the calculations for the four different metals which dominated in 

the AMD from Folldal. Figure 15 shows the corresponding graphs for all the metals. 

Table 16: Percentage adsorption of iron 

Time 

[min] 

Metalconc.,5g 

[mg/L] 

adsorption 

[%] 

Metalconc.,10g 

[mg/L] 

adsorption 

[%] 

Metalconc.,30g 

[mg/L] 

adsorption 

[%] 

0 869.1 0.0 869.1 0.0 869.1 0.0 

15 859.1 1.2 822.3 5.4 749.5 13.8 

30 843.0 3.0 823.9 5.2 708.9 18.4 

60 865.8 0.4 812.6 6.5 638.5 26.5 

120 831.7 4.3 756.6 12.9 462.6 46.8 

180 798.9 8.1 725.5 16.5 286.2 67.1 

Table 17: Percentage adsorption of copper 

Time 

[min] 

Metalconc.,5

g [mg/L] 

adsorption 

[%] 

Metalconc.,10

g [mg/L] 

adsorption 

[%] 

Metalconc.,30

g [mg/L] 

adsorption 

[%] 

0 79.6 0.0 79.6 0.0 79.6 0.0 

15 75.1 5.7 70.2 11.9 68.5 14.0 

30 71.2 10.6 69.4 12.9 66.4 16.7 

60 72.4 9.0 71.3 10.4 62.2 21.8 

120 67.9 14.7 70.1 12.0 54.9 31.1 

180 71.2 10.6 67.3 15.5 53.0 33.4 

Table 18: Percentage adsorption of zinc 

Time 

[min] 

Metalconc.,5

g [mg/L] 

adsorption 

[%] 

Metalconc.,10

g [mg/L] 

adsorptio

n [%] 

Metalconc.,30

g [mg/L] 

adsorption 

[%] 

0 56.2 0.0 56.2 0.0 56.2 0.0 

15 55.3 1.6 53.0 5.7 52.1 7.3 

30 53.8 4.3 52.6 6.4 48.4 13.9 

60 54.1 3.8 51.2 8.9 47.7 15.1 

120 51.7 8.0 51.8 7.8 43.4 22.7 

180 54.9 2.3 51.9 7.5 41.6 25.9 
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Table 19: Percentage adsorption of manganese 

Time 

[min] 

Metalconc.,5

g [mg/L] 

adsorption 

[%] 

Metalconc.,10

g [mg/L] 

adsorptio

n [%] 

Metalconc.,30

g [mg/L] 

adsorption 

[%] 

0 7.7 0.0 7.7 0.0 7.7 0.0 

15 7.6 1.2 7.6 1.7 7.9 -3.1 

30 7.6 0.9 7.3 4.7 7.9 -2.2 

60 7.8 -1.3 8.2 -6.3 8.2 -6.4 

120 7.4 4.1 7.6 1.5 8.9 -16.2 

180 8.0 -3.4 7.9 -2.5 10.5 -36.2 

 

Løkken works 

Tables 20, 21, 22 and 23 shows the calculations for the four different metals which dominated in 

the AMD from Løkken. Figure 16 shows the corresponding graphs for all the metals. 

Table 20: Percentage adsorption of iron 

Time 

[min] 

Metalconc.,5

g [mg/L] 

adsorptio

n [%] 

Metalconc.,10

g [mg/L] 

adsorptio

n [%] 

Metalconc.,30

g [mg/L] 

adsorptio

n [%] 

0 2 834.5 0.0 2 834.5 0.0 2 834.5 0.0 

15 2 282.3 19.5 2 329.1 17.8 2 248.4 20.7 

30 2 342.7 17.4 2 395.4 15.5 2 326.4 17.9 

60 2 402.6 15.2 2 420.3 14.6 2 311.2 18.5 

120 2 532.7 10.6 2 450.9 13.5 2 177.3 23.2 

180 2 559.3 9.7 2 531.7 10.7 2 015.9 28.9 

 

Table 21: Percentage adsorption of copper 

Time 

[min] 

Metalconc.,5

g [mg/L] 

adsorption 

[%] 

Metalconc.,10

g [mg/L] 

adsorption 

[%] 

Metalconc.,30

g [mg/L] 

adsorption 

[%] 

0 174.4 0.0 174.4 0.0 174.4 0.0 

15 143.6 17.6 153.0 12.3 146.0 16.3 

30 158.0 9.4 158.0 9.4 140.9 19.2 

60 152.3 12.7 152.1 12.8 149.6 14.2 

120 152.7 12.4 162.3 6.9 144.2 17.3 

180 162.5 6.8 158.6 9.0 141.8 18.7 
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Table 22: Percentage adsorption of zinc 

Time 

[min] 

Metalconc.,5g 

[mg/L] 

adsorption 

[%] 

Metalconc.,10g 

[mg/L] 

adsorption 

[%] 

Metalconc.,30g 

[mg/L] 

adsorption 

[%] 

0 141.7 0.0 141.7 0.0 141.7 0.0 

15 131.7 7.0 130.0 8.3 135.8 4.2 

30 133.2 6.0 132.1 6.8 129.4 8.7 

60 129.6 8.6 129.6 8.5 125.3 11.6 

120 135.6 4.3 132.7 6.4 124.2 12.4 

180 136.1 3.9 134.6 5.0 121.4 14.3 

Table 23: Percentage adsorption of manganese 

Time 

[min] 

Metalconc.,5g 

[mg/L] 

adsorption 

[%] 

Metalconc.,10g 

[mg/L] 

adsorption 

[%] 

Metalconc.,30g 

[mg/L] 

adsorption 

[%] 

0 18.3 0.0 18.3 0.0 18.3 0.0 

15 16.2 11.7 16.8 8.2 18.9 -3.1 

30 17.6 4.0 17.9 2.1 19.8 -8.2 

60 16.9 7.7 18.0 2.0 19.9 -8.6 

120 17.4 4.9 18.5 -1.2 21.5 -17.5 

180 17.8 2.8 18.8 -2.7 22.1 -20.6 
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Distribution ratio, Kd 

The distribution ratio was calculated by using Equation (24): 

   
                            

                           
 

 

 
  

  

  
               

For both Folldal and Løkken the values for 30 g of clinoptilolite have been examined. The results 

can be seen from Tables 24 and 25, and Figures 17 and 18. Since there are large differences in the 

concentrations in the first 15 minutes, these values had been excluded in the figures. 

Table 24: Variation of metal ions on clinoptilolite as a function of initial concentration, Folldal center:             

m = 30,007g, V = 100- 75 ml, time 0-180 min 

 

Time 

[min] 

Volume 

[mL] 

Fe
3+ 

[mg/L] 

Kd,Fe 

[mL/g] 

Cu
2+

 

[mg/L] 

Kd,Cu 

[mL/g] 

Zn
2+

 

[mg/L] 

Kd,Zn 

[mL/g] 

Mn
2+

 

[mg/L] 

Kd,Mn 

[mL/g] 

0 100 869.1 0.0 79.6 0.0 56.2 0.0 7.7 0.0 

15 100 749.5 0.5 68.5 0.5 52.1 0.2 7.9 -0.1 

30 95 708.9 0.7 66.4 0.6 48.4 0.5 7.9 -0.1 

60 90 638.5 1.0 62.2 0.8 47.7 0.5 8.2 -0.2 

120 85 462.6 2.3 54.9 1.2 43.4 0.8 8.9 -0.4 

180 80 286.2 5.1 53.0 1.3 41.6 0.9 10.5 -0.7 
 

Table 25: Variation of metal ions on clinoptilolite as a function of initial concentration, Løkken works:                                            
m = 30,013g, V = 100 - 75ml, time 0-180 min 

Time 

[min] 

Volume 

[mL] 

Fe
3+ 

[mg/L] 

Kd,Fe 

[mL/g] 

Cu
2+

 

[mg/L] 

Kd,Cu 

[mL/g] 

Zn
2+

 

[mg/L] 

Kd,Zn 

[mL/g] 

Mn
2+

 

[mg/L] 

Kd,Mn 

[mL/g] 

0 100 2 834.5 0.0 174.4 0.0 141.7 0.0 18.3 0.0 

15 100 2 248.4 0.9 146.0 0.6 135.8 0.1 18.9 -0.1 

30 95 2 326.4 0.7 140.9 0.8 129.4 0.3 19.8 -0.2 

60 90 2 311.2 0.7 149.6 0.5 125.3 0.4 19.9 -0.2 

120 85 2 177.3 0.9 144.2 0.6 124.2 0.4 21.5 -0.4 

180 80 2 015.9 1.1 141.8 0.6 121.4 0.4 22.1 -0.5 

 

  



 

83 

 

Analysis of the role of different exchangeable cations 

The concentration reduction of the heavy metals was compared to the exchanged cations from the 

clinoptilolite, as seen from Tables 26 and 27, and Figure 19. The analysis was based on the 

values when 30 g of clinoptilolite was added to AMD.  

Table 26: Dynamics of ion exchange of heavy metals with the clinoptilolite, Folldal center 

Time 

[min] 

Fe
3+ 

[mg/L] 

Cu
2+

 

[mg/L] 

Zn
2+

 

[mg/L] 

Mn
2+

 

[mg/L] 

K
+
 

[mg/L] 

Ca
2+

 

[mg/L] 

Mg
2+

 

[mg/L] 

Na
+
 

[mg/L] 

0 869.1 79.6 56.2 7.7 n.a. n.a. n.a. n.a. 

15 749.5 68.5 52.1 7.9 64.5 325.4 262.5 12.0 

30 708.9 66.4 48.4 7.9 64.5 387.8 256.5 13.5 

60 638.5 62.2 47.7 8.2 69.3 493.3 259.2 15.3 

120 462.6 54.9 43.4 8.9 135.7 635.5 256.5 17.9 

180 286.2 53.0 41.6 10.5 72.4 730.0 254.8 17.9 
n.a.: data not available 

Table 27: Dynamics of ion exchange of heavy metals with the clinoptilolite, Løkken works 

Time 

[min] 

Fe
3+ 

[mg/L] 

Cu
2+

 

[mg/L] 

Zn
2+

 

[mg/L] 

Mn
2+

 

[mg/L] 

K
+
 

[mg/L] 

Ca
2+

 

[mg/L] 

Mg
2+

 

[mg/L] 

Na
+
 

[mg/L] 

0 2 834.5 174.4 141.7 18.3 n.a. n.a. n.a. n.a. 

15 2 248.4 146.0 135.8 18.9 63.9 409.7 572.8 15.6 

30 2 326.4 140.9 129.4 19.8 58.0 464.6 580.4 14.8 

60 2 311.2 149.6 125.3 19.9 67.2 585.8 567.2 17.4 

120 2 177.3 144.2 124.2 21.5 123.9 718.7 560.5 19.7 

180 2 015.9 141.8 121.4 22.1 99.7 801.9 581.0 20.9 
 n.a.: data not available 
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Appendix 5: Calculation of the adsorption isotherms 

Calculation of the isotherm parameters 

To find the Langmuir and Freundlich isotherms for 30 g of clinoptilolite Equation (16) and (19) 

were used: 

Langmuir: 

      

    [ ]

      [ ]
               

Freundlich: 

     [ ]
 

 ⁄                

To use Equation (16) and (19) the isotherm parameters needs to be determined. To determine 

these parameters the Langmuir and Freundlich isotherms were rearranged to a linear form, as 

seen from Equation (17) and (20):  

Langmuir: 

[ ]

 
 

 

        
 

[ ]

    
               

Freundlich: 

          (  )  (
 

 
)     [ ]                

The equation for the linear regression will be applied to find the parameters: 

Langmuir isotherm parameters:  

 To find the isotherm parameters, CA/qA versus CA was plotted against each other, along with a 

fitted linear regression. The Langmuir parameters were obtained by comparing Equation (17) 

with the results of the linear regression. The calculation of the parameters is as followed:  
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Freundlich isotherm parameters 

To find the isotherm parameters, log qA versus log [Me] was plotted against each other, along 

with a fitted linear regression. The Freundlich parameters were obtained by comparing Equation 

(20) with the results of the linear regression. The calculation of the parameters is as followed: 

 

 
                       

                                

Calculation of the adsorption isotherms 

The Langmuir and Freundlich isotherms will be calculated by using Equation (16) and (19). 

These two isotherms will be compared to the isotherm of the experimental data, which is found 

by the use of Equation (22): 

   
 

 
                      

Figure 21 shows the result from Folldal and Figure 22 the results from Løkken.  

Folldal center: 

Calculation of the isotherm parameters 

Iron: 

Table 28: Calculation of isotherm parameters, iron 

Time [min] Mass [g] Volume [L] [Fe
3+

] [mg/L] qA [mg/g] [Fe
3+

]/qA [L/g] log [Fe
3+

] log qA 

0 30.007 0.100 869.118 0.000 n.a. 2.939 n.a. 

15 30.007 0.100 749.498 0.399 1880.132 2.875 -0.399 

30 30.007 0.095 708.867 0.534 1327.356 2.851 -0.272 

60 30.007 0.090 638.521 0.768 830.889 2.805 -0.114 

120 30.007 0.085 462.650 1.355 341.545 2.665 0.132 

180 30.007 0.080 286.157 1.943 147.294 2.457 0.288 
n.a.: data not available 
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Figure 25: Linear regression to find isotherm parameters, iron 

Copper: 

Table 29: Calculation of isotherm parameters, copper 

Time 

[min] Mass [g] Volume [L] [Cu
2+

] [mg/L] qA [mg/g] [Cu
2+

]/qA [L/g] 

log 

[Cu
2+

] log qA 

0 30.007 0.100 79.631 0.000 n.a. 1.901 n.a. 

15 30.007 0.100 68.469 0.037 1840.579 1.835 -1.429 

30 30.007 0.095 66.369 0.044 1501.632 1.822 -1.355 

60 30.007 0.090 62.238 0.058 1073.747 1.794 -1.237 

120 30.007 0.085 54.852 0.083 664.230 1.739 -1.083 

180 30.007 0.080 53.046 0.089 598.728 1.725 -1.053 
n.a.: data not available 

 

Figure 26: Linear regression to find isotherm parameters, copper 
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Zinc: 

Table 30: Calculation of isotherm parameters, zinc 

Time [min] Mass [g] Volume [L] [Zn
2+

] [mg/g] qA [mg/g] [Zn
2+

]/qA [L/g] log [Zn
2+

] log qA 

0 30.007 0.100 56.186 0.000 n.a. 1.750 n.a. 

15 30.007 0.100 52.103 0.014 3829.381 1.717 -1.866 

30 30.007 0.095 48.387 0.026 1861.762 1.685 -1.585 

60 30.007 0.090 47.689 0.028 1684.146 1.678 -1.548 

120 30.007 0.085 43.423 0.043 1020.936 1.638 -1.371 

180 30.007 0.080 41.625 0.049 857.768 1.619 -1.314 
n.a.: data not available 

 

Figure 27: Linear regression to find isotherm parameters, zinc 

 

Manganese: 

Table 31: Calculation of isotherm parameters, manganese 

Time 

[min] Mass [g] Volume [L] [Mn
2+

][mg/L] qA [mg/g] [Mn
2+

]/qA [L/g] log [Mn
2+

] log qA 

0 30.007 0.100 7.701 0.000 n.a. 0.887 n.a. 

15 30.007 0.100 7.941 -0.001 -9929.160 0.900 n.a. 

30 30.007 0.095 7.869 -0.001 -13993.128 0.896 n.a. 

60 30.007 0.090 8.193 -0.002 -4995.187 0.913 n.a. 

120 30.007 0.085 8.945 -0.004 -2156.773 0.952 n.a. 

180 30.007 0.080 10.487 -0.009 -1129.419 1.021 n.a. 
n.a.: data not available 
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Figure 28: Linear regression to find isotherm parameters, manganese 

The isotherm parameters for Folldal center can be seen in Table 6.  

Calculation of the adsorption isotherms 

Iron: 

Table 32: Calculation of adsorption isotherms, iron 

Time [min] Mass [g] Volume [L] [Fe
3+

] [mg/L] qe qLangmuir qFreundlich 

0 30.007 0.100 869.118 0.000 0.451 0.401 

15 30.007 0.100 749.498 0.399 0.494 0.504 

30 30.007 0.095 708.867 0.507 0.513 0.550 

60 30.007 0.090 638.521 0.692 0.559 0.647 

120 30.007 0.085 462.650 1.151 0.851 1.067 

180 30.007 0.080 286.157 1.554 -5.050 2.250 

 

Copper: 

Table 33: Calculation of adsorption isotherms, copper 

Time [min] Mass [g] Volume [L] [Cu
2+

] [mg/L] qe qLangmuir qFreundlich 

0 30.007 0.100 79.631 0.0000 0.0311 0.0239 

15 30.007 0.100 68.469 0.0372 0.0401 0.0394 

30 30.007 0.095 66.369 0.0420 0.0429 0.0436 

60 30.007 0.090 62.238 0.0522 0.0506 0.0540 

120 30.007 0.085 54.852 0.0702 0.0824 0.0820 

180 30.007 0.080 53.046 0.0709 0.1005 0.0916 
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Zinc: 

Table 34: Calculation of adsorption isotherms, zinc 

Time [min] Mass [g] Volume [L] [Zn
2+

] [mg/L] qe qLangmuir qFreundlich 

0 30.007 0.100 56.186 0.00000 0.01288 0.01552 

15 30.007 0.100 52.103 0.01361 0.01585 0.02237 

30 30.007 0.095 48.387 0.02469 0.02095 0.03201 

60 30.007 0.090 47.689 0.02548 0.02244 0.03434 

120 30.007 0.085 43.423 0.03615 0.04334 0.05407 

180 30.007 0.080 41.625 0.03882 0.07879 0.06637 

 

Manganese:  

Table 35: Calculation of adsorption isotherms, manganese 

Time 

[min] Mass [g] 

Volume 

[L] [Mn2+][mg/L] qe qLangmuir qFeundlich 

0 30.007 0.100 7.701 0.00000 0.00011 n.a. 

15 30.007 0.100 7.941 -0.00080 0.00011 n.a. 

30 30.007 0.095 7.869 -0.00053 0.00011 n.a. 

60 30.007 0.090 8.193 -0.00148 0.00011 n.a. 

120 30.007 0.085 8.945 -0.00353 0.00012 n.a. 

180 30.007 0.080 10.487 -0.00743 0.00013 n.a. 
   n.a.: data not available 

Løkken works: 

Calculation of the isotherm parameters 

Iron: 

Table 36: Calculation of the isotherm parameters, iron 

Time [min] Mass [g] Volume [L] [Fe
3+

] [mg/L] qA [mg/g] [Fe
3+

]/qA [L/g] log [Fe
3+

] log qA 

0 30.013 0.100 2834.472 0.000 n.a. 3.452 n.a. 

15 30.013 0.100 2248.374 1.953 1151.350 3.352 0.291 

30 30.013 0.095 2326.420 1.693 1374.325 3.367 0.229 

60 30.013 0.090 2311.225 1.743 1325.698 3.364 0.241 

120 30.013 0.085 2177.304 2.190 994.379 3.338 0.340 

180 30.013 0.080 2015.883 2.727 739.110 3.304 0.436 
n.a.: data not available 



 

91 

 

 

Figure 29: Linear regression to find isotherm parameters, iron 

Copper:  

Table 37: Calculation of isotherm parameters, copper 

Time [min] Mass [g] Volume [L] 

[Cu
2+

] 

[mg/L] qA [mg/g] [Cu
2+

]/qA [L/g] 

log 

[Cu
2+

] log qA 

0 30.013 0.100 174.375 0.000 n.a. 2.241 n.a. 

15 30.013 0.100 145.962 0.095 1541.772 2.164 -1.024 

30 30.013 0.095 140.917 0.111 1264.041 2.149 -0.953 

60 30.013 0.090 149.576 0.083 1810.232 2.175 -1.083 

120 30.013 0.085 144.214 0.100 1435.026 2.159 -0.998 

180 30.013 0.080 141.840 0.108 1308.445 2.152 -0.965 
n.a.: data not available 

 

Figure 30: Linear regression to find isotherm parameters, copper 
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Zinc: 

Table 38: Calculation of isotherm parameters, zinc 

Time [min] Mass [g] Volume [L] [Zn
2+

] [mg/g] qA [mg/g] [Zn
2+

]/qA [L/g] log [Zn
2+

] log qA 

0 30.013 0.100 141.706 0.000 n.a 2.151 n.a. 

15 30.013 0.100 135.803 0.020 6904.460 2.133 -1.706 

30 30.013 0.095 129.446 0.041 3168.963 2.112 -1.389 

60 30.013 0.090 125.262 0.055 2286.319 2.098 -1.261 

120 30.013 0.085 124.167 0.058 2124.748 2.094 -1.233 

180 30.013 0.080 121.441 0.068 1798.606 2.084 -1.171 
n.a.: data not available 

 

Figure 31: Linear regression to find isotherm parameters, zinc 

 

Manganese:  

Table 39: Calculation of isotherm parameters, manganese 

Time 

[min] Mass [g] Volume [L] [Mn
2+

][mg/L] qA [mg/g] 

[Mn
2+

]/qA 

[L/g] log [Mn
2+

] log qA 

0 30.013 0.100 18.330 0.000 n.a. 1.263 n.a. 

15 30.013 0.100 18.896 -0.002 -10024.057 1.276 n.a. 

30 30.013 0.095 19.840 -0.005 -3944.897 1.298 n.a. 

60 30.013 0.090 19.909 -0.005 -3785.214 1.299 n.a. 

120 30.013 0.085 21.540 -0.011 -2014.221 1.333 n.a. 

180 30.013 0.080 22.106 -0.013 -1757.266 1.345 n.a. 
 n.a.: data not available 
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Figure 32: Linear regression to find the isotherm parameters, manganese 

The isotherm parameters for Løkken works can be seen in Table 6.  

Calculation of the adsorption isotherms 

Iron: 

Table 40: Calculation of the adsorption isotherms, iron 

Time [min] Mass [g] Volume [L] [Fe
3+

] [mg/L] qe qLangmuir qFreundlich 

0 30.013 0.100 2834.472 0.000 1.194 0.894 

15 30.013 0.100 2248.374 1.953 1.900 1.926 

30 30.013 0.095 2326.420 1.608 1.734 1.720 

60 30.013 0.090 2311.225 1.569 1.763 1.757 

120 30.013 0.085 2177.304 1.861 2.096 2.142 

180 30.013 0.080 2015.883 2.182 2.837 2.765 

Copper: 

Table 41: Calculation of the adsorption isotherms, copper 

Time [min] Mass [g] Volume [L] [Cu
2+

] [mg/L] qe qLangmuir qFrundlich 

0 30.013 0.100 174.375 0.000 0.052 0.039 

15 30.013 0.100 145.962 0.095 0.093 0.094 

30 30.013 0.095 140.917 0.106 0.113 0.112 

60 30.013 0.090 149.576 0.074 0.084 0.083 

120 30.013 0.085 144.214 0.085 0.099 0.100 

180 30.013 0.080 141.840 0.087 0.109 0.109 
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Zinc: 

Table 42: Calculation of the adsorption isotherms, zinc 

Time [min] Mass [g] Volume [L] [Zn
2+

] [mg/L] qe qLangmuir qFreundlich 

0 30.013 0.100 141.706 0.000 0.017 0.013 

15 30.013 0.100 135.803 0.020 0.021 0.021 

30 30.013 0.095 129.446 0.039 0.032 0.036 

60 30.013 0.090 125.262 0.049 0.049 0.052 

120 30.013 0.085 124.167 0.050 0.057 0.058 

180 30.013 0.080 121.441 0.054 0.103 0.074 

Manganese: 

Table 43: Calculation of the adsorption isotherms, manganese 

Time [min] Mass [g] Volume [L] [Mn
2+

][mg/L] qe qLangmuir qFeundlich 

0 30.013 0.100 18.330 0.000 -0.002 n.a. 

15 30.013 0.100 18.896 -0.002 -0.002 n.a. 

30 30.013 0.095 19.840 -0.005 -0.004 n.a. 

60 30.013 0.090 19.909 -0.005 -0.004 n.a. 

120 30.013 0.085 21.540 -0.009 -0.011 n.a. 

180 30.013 0.080 22.106 -0.010 -0.029 n.a. 
n.a.: data not available
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Appendix 6: Log C – pH diagrams 

To create Log C – pH diagrams the concentration of all metal hydroxides for the different pH 

values, need to be calculated. To find these concentrations the stability constant for complexation 

of metals by hydroxides was used. The stability constants from Stumm and Morgan (1996) were 

given as logβi and not as log* βi. The difference between the two equilibrium constants is the way 

the chemical reaction is arranged. Equilibrium constants in the form βi refer to reactions that are 

arranged to show the reaction between an uncomplexed ion and i ligands to form complexes of 

the type MeLi. When using *βi, the reaction is written with the ligand in a protonated form, with 

H
+
 on the product side (Benjamin, 2002). The equilibrium constant has to be converted into the 

form of *βi, since the required reactions should be written as follows:  

                   
                    

The relationship between βi and *βi is: 

        
                

Were Kw is the equilibrium constant for water, which at 25
o
C is10

-14
. 

The complexation reactions for the metals are as follows:  

Ferric iron: 

                                        

                  
                   

                  
                   

                  
                    

Copper: 
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Zinc: 

                                         

                 
                     

                 
                     

                 
                   

Manganese: 

                                          

                  
                    

                  
                   

                  
                  

Concentration calculations: 

For the reaction described in Equation (27) the expression for the equilibrium constant will be: 

     
   (    

 }       

      
               

The equation for the metal hydroxide will then be: 

   (    
 }  

    {    }

     
                

To find the concentration of the metal hydroxide the concentration of the hydrogen and metal ion 

needs to be known. The concentration of the hydrogen ion is dependent on pH and can be found 

using Equation (32):  

                          

The total dissolved metal is given by Equation (33): 

       {    }     ∑
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The metal ion concentration is then found by rearranging Equation (33): 

{    }   
     

   ∑
   

     
 
   

                

The log values of all the concentrations are found and then they are plotted against the pH.  

Below are the figures and tables for all the metals for Folldal and Løkken.  

Folldal center: 

Iron:  

 

Figure 33: Log C-pH diagram for Fe in a system with 15.56 mM TOTFe, Folldal center
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Table 44: Calculation of log C - pH diagram for iron, Folldal center 
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Copper: 

 

Figure 34: Log C-pH diagram for Cu in a system with 1.25 mM TOTCu, Folldal center 
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Table 45: Calculation of log C - pH diagram for copper, Folldal center 
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Zinc: 

 

 

Figure 35: Log C-pH diagram for Zn in a system with 0.86 mM TOTZn, Folldal center 
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Table 46: Calculation of log C - pH diagram for zinc, Folldal center 



 

103 

 

Manganese: 

 

Figure 36: Log C-pH diagram for Mn in a system with 0.14 mM TOTMn, Folldal center 
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Table 47: Calculation of log C - pH diagram for manganese, Folldal center 
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Løkken works 

Iron: 

 

Figure 37: Log C-pH diagram for Fe in a system with 50.75 mM TOTFe, Løkken works 
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Table 48: Calculation of log C - pH diagram for iron, Løkken works 
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Copper 

Figure 38: Log C-pH diagram for Cu in a system with 2.24 mM TOTCu, Løkken works 
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Table 49: Calculation of log C - pH diagram for copper,  Løkken works 
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Zinc: 

 

Figure 39: Log C-pH diagram for Zn in a system with 2.17 mM TOTZn, Løkken works 
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Table 50: Calculation of log C - pH diagram for zinc, Løkken works 
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Manganese: 

 

Figure 40: Log C-pH diagram for Mn in a system with 0.33 mM TOTMn, Løkken works 
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Table 51: Calculation of log C - pH diagram for manganese, Løkken works 
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Comparing theoretical and practical dry matter content in AMD   

Folldal center 

Practical amount:  

Table 52: Practical amount of dry matter in 100 ml AMD from Folldal center 

Weight of beaker [g] 65.4 

Weight of magnet [g] 2.0 

Weight of beaker, magnet and dry matter [g] 68.2 

Dry matter [g] 0.9 

Dry matter [mg] 899.6 

 

Theoretical amount: 

Table 53: Theoretical amount of dry matter in 100 ml AMD from Folldal center 

 

Initial 

metal 

conc. 

[mol/L] 

Conc. of 

soluble metal 

hydroxides at 

pH 6 [mol/L] 

Conc. of 

precipitate 

metal 

hydroxides at 

pH 6 [mol/L] 

Molar 

mass 

[g/mol] 

Conc. 

precipitated 

metal 

hydroxides at 

pH 6 [mg/L] 

Amount 

dry matter 

in 100 ml 

AMD [mg] 

Fe(OH)3
0
 1.56E-02 1.80E-04 1.54E-02 106.87 1.64E+03 1.64E+02 

Cu(OH)2
0
 1.25E-03 5.18E-05 1.20E-03 97.56 1.17E+02 1.17E+01 

Zn(OH)2
0
 8.60E-04 1.08E-08 8.60E-04 99.40 8.55E+01 8.55E+00 

Mn(OH)2
0
 1.40E-04 8.83E-15 1.40E-04 88.95 1.25E+01 1.25E+00 

Dry matter 

[mg] 

     

185.85 

 

Løkken works 

Practical amount:  

Table 54: Practical amount of dry matter in 100 ml AMD from Løkken works 

Weight of beaker [g] 69.4 

Weight of magnet [g] 2.0 

Weight of beaker, magnet and dry matter [g] 73.7 

Dry matter [g] 2.3 

Dry matter [mg] 2337.9 
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Theoretical amount: 

Table 55: Theoretical amount of dry matter in 100 ml AMD from Løkken works 

 

Initial 

metal 

conc. 

[mol/L] 

Conc. of 

soluble metal 

hydroxides at 

pH 6 [mol/L] 

Conc. of 

precipitate 

metal 

hydroxides at 

pH 6 [mol/L] 

Molar 

mass 

[g/mol] 

Conc. 

precipitated 

metal 

hydroxides at 

pH 6 [mg/L] 

Amount 

dry matter 

in 100 ml 

AMD [mg] 

Fe(OH)3
0
 0.05075 5.88E-04 5.02E-02 106.87 5.36E+03 5.36E+02 

Cu(OH)2
0
 0.00274 1.14E-04 2.63E-03 97.56 2.56E+02 2.56E+01 

Zn(OH)2
0
 0.00217 2.73E-08 2.17E-03 99.40 2.16E+02 2.16E+01 

Mn(OH)2
0
 0.00033 2.08E-15 3.30E-04 88.95 2.94E+01 2.94E+00 

Dry matter 

[mg] 

     
586.20 

 

 

  


