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The acid mining drainage is considered the most significant environmental pollution 

problem around the world for the extensive formation acidic leachates containing heavy 

metals. Adsorption is widely used methods in water treatment due to it easy operation 

and the availability of a wide variety of commercial adsorbent (low cost). The primary 

goal of this thesis was to investigate the efficiency of neutralizing agents, CaCO3 and 

CaSiO3, and metal adsorption materials with unmodified limestone from Company 

Nordkalk Oy. In addition to this, the side materials of limestone mining were tested for 

iron adsorption from acidic model solution. This study was executed at Lappeenranta 

University of Technology, Finland. The work utilised fixed-bed adsorption column as 

the main equipment and large fluidized column. Atomic absorption spectroscopy (AAS) 

and x-ray diffraction (XRD) was used to determine ferric removal and the composition 

of material respectively. The results suggest a high potential for the studied materials to 

be used a low cost adsorbents in acid mine drainage treatment. From the two studied 

adsorbents, the FS material was more suitable than the Gotland material. Based on the 

findings, it is recommended that further studies might include detailed analysis of 

Gotland materials.  
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kA                       Area shape factor, m
2 

 

c                         Concentration, mol/L 

cs                                    Effective concentration of solids in feed suspension, mol/kg 
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M                       Molar mass, g/mol 

L                        Particle size, μm  

                        Pressure difference, Pa             

d p                      Particle diameter, mm 

Re                      Reynolds number 

Sh                      Sherwood number 

Sc                      Schmidt number 

kV                      Volume shape factor, m
3
 

AAS                  Atomic Absorption Spectroscopy 

ALDs                Anoxic limestone Drains 

AMD                 Acid mine drainage   

ARD                  Acid rock drainage 

BET                   Brunauer- Emmet- Teller adsorption isotherm 

FBAC                Fixed-bed adsorption column 

INAP                 International Network for Acid Prevention  

OLC                  Open limestone channels                                                   

                               X-ray diffraction 

XRF                  X-ray fluorescence  
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1. Introduction 

Acid mine drainage (AMD) is considered as the second greatest environmental 

pollution problem risk around the world after climate change (Zipper, 2011). Acid mine 

drainage is polluted water, formed when exposed areas of sulfide minerals, particularly 

pyrite, come into contact with oxygenated water. Although many different chemical 

technologies exist for treatment of AMD, limestone drains neutralization is by far the 

most widely applied treatment method. This is largely due to the high efficiency in 

removal of dissolved heavy metals combined with the fact that limestone costs are low 

comparison to other alternatives. 

The objective of this study was to investigate the efficiency of neutralizing agents, 

CaCO3 and CaSiO3, and removal of metals with unmodified limestone from Company 

Nordkalk Oy, Finland. In addition to this, the experiments were conducted to establish 

the dynamic characteristics of AMD neutralization and iron ions removal in a constant 

flow model through a fixed-bed adsorption column. The results of the experiments were 

used to establish the dynamic capacity of the column dependent on the contact surface 

of limestone and the AMD flow rate. This task is appointed by the need to evaluate the 

effectiveness of the limestone materials in reducing the impacts of heavy metals 

contaminated acid mining drain hazards. 

Experiments were conducted using a small-scale laboratory flow- through column 

experiment with two different limestone qualities. Responding to the suggestions of the 

customer (Nordkalk Oy), the constant flow experiments program included four 

constantly controlled variables: AMD flow rate, the limestone contact surface, inlet pH 

and metal ions content.  

The research work is presented in two parts: literature review and experimental parts. 

The literature part provides an overview of the environmental impact of acid mining 

drain and its treatment. It also discusses the adsorption phenomena in a column and the 

design and sizing of FBAC as well as the pressure drop over the adsorption bed as a 

function of particle size distribution and solid-liquid thermodynamics of calcium 

carbonate and calcium sulfate. The experimental part introduces the methodology 

behind the work and evaluates the results which establish the premises for making 

conclusions and recommendations for further studies.  
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2. Impact of acid mining drain and its treatment 

Acid mine drainage is presently a common problem around the world where it causes 

environmental pollution problems. AMD is results of any coal mining activities but also 

acid drainage can occur under natural conditions. AMD contains polluted water, with 

high levels of heavy metals and sulfates. The water is highly toxic, with low pH and 

elevated levels of heavy metals and salts. Decrease pH value of the discharge mine 

water results from release of toxic metals and dissolution of minerals (Johnson & 

Hallberg, 2005). There are also bacteria which catalyze the oxidation of pyrite into 

ferrous ions, causing a decrease in pH value. These highly acidic and toxic metals 

concentrations are harmful for the environment, humans and animals health. The first 

chapter of the thesis is dedicated to review of the general chemistry of AMD, its 

environmental effect, and different techniques of AMD treatment. The chapter also 

details the description of active and passive methods utilized, and future trends in 

treatment technologies are discussed. Figure 1 shows an example of acid mine drainage 

in southwestern Virginia United States of America. 

 

Figure 1. Acid mine drainage in southwest Virginia (Australian Government, 2007). 
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2.1 The chemistry of AMD 

When a mine is built and operated, thousands or millions of tons of rock are moved and 

crushed and become exposed to air and water, iron sulfide from the coal deposits is 

oxidized, resulting in acid mine drainage (AMD). These conditions lower pH, increase 

acidity, increase dissolved metals, and lead to an overall degradation of water quality 

(Sangita, 2010). 

Acid mining drainage may exhibit several reaction mechanisms. The first important 

reaction in the weathering of pyrite includes the oxidation of iron sulfide by oxygen. 

Solid pyrite reacts with oxygen and water to produce ferrous iron, sulfate, and hydrogen 

ions. The oxidation mechanism is shown in equation (1). 

2 FeS2 + 7 O2 + 2 H2O   2 Fe
2+

 + 4 SO4
2-

 + 4 H
+   

                                                      (1) 

The second reaction that may occur is the oxidation of ferrous (Fe 
2+

) iron to ferric iron 

(Fe
3+

). This reaction is referred to as rate determining step in the overall acid-generating 

sequence. This step is extremely increased by a species of bacteria because it is pH 

dependent (Neculita et al., 2007): 

4 Fe 
2+

 + O2 + 4 H
+   
  4 Fe

3+
 + 2 H2O                                                                          (2) 

The third reaction describes the hydrolysis of ferric iron. Ferric iron reacts with water to 

form solid iron hydroxide and the release of additional acidity. At the pH above 3.5 the 

ferric iron will precipitate as iron hydroxide, leaving little ferric iron in solution, while 

lowering pH at the same time (Sangita, 2010) 

Fe
3+

 + 3 H2O   Fe (OH) 3 + 3 H
+ 

                                                                                 (3) 

The fourth reaction is oxidation of additional pyrite by ferric iron from steps 1 and 2. 

Here iron is the oxidizing agent, not oxygen. This reaction is the cyclic and self-

propagating step for the overall sequence.  Finally any ferric iron that does not 

precipitate from solution may be used to oxidize additional pyrite:  

FeS2 + 14 Fe
3+

 + 8 H2O    15 Fe 
2+ 

+ 2 SO4
2-

 + 16 H
+
                                                 (4) 
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2.2 Environmental effects of AMD 

Acid mining drainage causes environmental pollution problem associated with mining 

industries. Harmful environmental effects of AMD can be loosely categorized as 

chemical, physical, biological and ecological. This list includes direct and indirect effect 

of AMD on the environment: 

 Acid mine drainage has low pH and oxygen content and thus unsuitable for aquatic 

life.  

 The toxicity of AMD depends on several factors, such as the total acidity of 

contaminated water, the concentration of dissolved metals, the dilution factor when 

entering the surface water, pH and buffer capacity of the receiving water body. 

 The main problem of AMD is not limited to the local area at the source, but may 

extend to distances if mine water is allowed to get discharged into the main water 

stream (Sangita, 2010). 

 AMD affects human resources for example degradation of drinking water supplies, 

human health, ecological systems, corrosion of pipes, pumps and bridges.  

 AMD is harmful to fisheries, increased acidity affects fish growth rate and 

reproduction. 

 AMD also leaches toxic metals, such as chromium, and lead from ore and waste 

rock, causing additional water pollution. 

 At the side of chemical effects of mine water, physical effects such as increased 

turbidity from soil erosion, adsorption of metals onto sediment and decrease in light 

penetration may also occur (Sangita, 2010). 

 Precipitation of ferric hydroxide results in increased turbidity and decreased 

photosynthesis and covering of the stream bottom.  

 Toxic metals, such as copper, zinc and cadmium which may also present in mine 

water are toxic at extremely low concentrations (Sangita, 2010). 

 The ecological impacts are loss of food source, food chain modification and 

elimination of sensitive species and reduction in primary productivity. 

 The acidic water is not only responsible for the corrosion but also pollution of the 

mine surface environment. 
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2.3 Different treatment techniques of AMD 

Acid mine drainage treatment can be categorized by either active or passive treatment 

(Figure 2). Active treatment involves adding a chemically neutralizing agent to the 

source of the AMD or directly to the stream that has been impacted. Passive treatment 

of AMD provides a different method for removing metals to update and improve the 

quality of waters. Passive treatment does not require constant care or the chemical 

reagent that characterize active AMD treatment. In general, passive treatment systems 

are less expensive and require less maintenance than active treatment systems. In 

addition to this, passive treatment systems are typically used at closed and abandoned 

mines whereas active treatment systems are more commonly used at active mines. 

(Johnson & Hallberg, 2005) 

 

 

Figure 2. AMD treatment systems (Johnson & Hallberg, 2005). 

Figure 2 above however shows that both active and passive treatment can be further 

divided into abiotic and biological treatment. The active methods are chemical 

neutralization and offline bioreactors, of which neutralization is the predominate one. 

Limestone (calcium carbonate) is the most common agent used for treatment of AMD 

and it has the lowest material cost and is the easiest to handle and the safest of the AMD 

chemicals. Limestone is mainly used to increase pH of water by consuming hydrogen 

and precipitate metals in AMD. The objective for limestone is the protection of human 

health in situations where people may come in contact with the impacted mine water 
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through indirect and direct use of mine water drainage (Neculita et al., 2007). Biological 

processes of passive treatment methods are aerobic and anaerobic wetlands and 

chemical processes are anoxic limestone drains and open limestone channel. 

Aerobic wetlands are the simplest passive treatment methods. Aerobic wetlands are 

used to assemble water and provide residence time and aeration. Aeration by falls also 

increases oxidation and therefore precipitation. As a result of this, metals in the water 

can precipitate (Figure 3). Wetland plants remove toxic metals from acid water by 

adsorption (Zipper, 2011). 

The purpose of anaerobic wetlands is to reduce pollution levels (Figure 3). Anaerobic 

wetland contains a layer of limestone in the bottom of the wetland or may mix the 

limestone among the organic matter. Wetland plants are transplanted into the organic 

substrate. Act as reducing wetland, chemical and microbial processes which decreases 

pH (Zipper, 2011). 

Anoxic limestone Drains or ALDs are used to treat acidic waters and also to add 

alkalinity to anoxic waters that are low in constituents (Figure 3). ALDs are capped with 

clay or compacted soil to prevent AMD contact with oxygen. The effluent is held in a 

setting pond to allow pH adjustment and metal precipitation prior to being discharged. 

Open limestone channels- or OLCs consist of open channels or ditches lined with 

limestone. When the acid mine drainage flows over the limestone, alkalinity of the 

water is increased. Dissolution of limestone increases pH, coating of limestone reduces 

its useful life (Zipper, 2011). 

 

Figure 3. Aerobic and anaerobic wetland and ALD (Zipper, 2011). 
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2.4 Future trend in AMD treatment 

Acid mine drainage problems can be tackled in a number of ways. First the attention 

paid to the problems of the mine drainage treatment has to be extensive. In addition to 

this complete prevention of AMD is not realistic, but measures can be taken to reduce 

accessibility of water into e.g. areas of exposed borate, including diverting of water 

flow. Treatment of polluted water is usually done in two stages: neutralization to 

increase pH and remove heavy metals, and desalination to remove the remaining sulfate. 

A number of desalination technologies are available, such as chemical precipitation, 

biological sulfate removal and active treatment. However, these technologies are highly 

expensive. Passive treatment uses less energy and requires less maintenance, but the 

resulting water quality is variable. These processes produce large quantity of waste and 

disposal is one of key challenges associated with AMD. Waste usually consists of 

sludge which can contain heavy metals and brine. Fortunately, there are many ways that 

we can fix being AMD problems. The most effective inexpensive and widely employed 

methods to treat AMD are: addition of the limestone and the use of wetlands. Limestone 

is a sedimentary rock consisting mostly calcium carbonate. Limestone has ability to 

neutralize acidity. Neutral wetlands are introduced oxygen needed for precipitation of 

iron, filter iron particulars, and removes sediments before entering extremes. 

There are significant drivers as well as barriers for innovations. A particularly important 

driver is increasing national concerns over water security and quality. In addition to this, 

environmental and media pressure have responsibility and always is of great importance 

to mining sector.  

Finally current solutions of AMD are:  

- inclusion of harmful environmental costs of mining and processing minerals in the 

prices of items (full-cost pricing) (Sangita, 2010), 

- increasing subsidies for example recycling, reuse, and finding substitutes, 

- redesigning manufacturing processes to use less mineral resources and to produce 

less pollution and waste, 

- to use mineral resource wastes of one manufacturing process as raw materials for 

other processes, and  

- to increase mineral  of resource recycling (Sangita, 2010). 
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3. Adsorption column 

3.1 Phenomena in adsorption column 

Sorption is the process in which one substance takes up or holds another. Adsorption is 

the process in which uptake of molecules from a fluid onto a solid surface. An adsorbate 

is a material being adsorbed, or with another word, is a chemical substance transferred 

from the liquid phase to the solid phase during adsorption. An adsorbent is material 

doing the adsorbing. 

Adsorption may be classified into two categories as physical adsorption and 

chemisorption. Physical adsorption is based on the interaction of van der Waals forces, 

hydrogen bonding and hydrophobicity because it occurs when a solute is loosely bound 

to the solid surface usually via weak van der Waals forces or dipole interactions. In 

physical adsorption adsorbate can be adsorbed on a monolayer or a number of layers 

and the adsorption rate is generally quite rapid. In contrast, chemisorptions involve the 

formation of strong chemical bonds between the adsorbate and adsorbent. Therefore the 

formed bond is much stronger and more specific than that for physical adsorption 

(Seidel-Morgenstern, 2004).  

Adsorption occurs in three steps. In the first step, the contaminant is transferred from 

the bulk medium stream to the external surface of the adsorbent material. In the second 

step, the contaminant molecule diffuses from the relatively small area of the external 

surface into the macropores, transitional pores, and micropores within the adsorbent. In 

the third step, the contaminant molecule adsorbs to the surface in the pore (Rochester, 

1983). Figure 4 illustrates this overall mass transfer, diffusion, and adsorption process.

 

Figure 4. Adsorption steps (Rochester, 1983). 
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3.2 Adsorption equipment  

The majority of the adsorption processes is carried out in two types of adsorbers: fixed-

bed and travelling (or fluidized) bed adsorbers. The first is a cylindrical hollow device, 

loaded with pellets or granules of the adsorbent. Contaminated flow passes through the 

layer of granules. The adsorbent may in many cases be regenerated with backwashing 

using water or some other solvent. Dependent on the direction of the treated flow 

crossing the bed, there are two types of columns with the fixed granular bed, the axial 

and the radial adsorbers. In the first type streams are moved parallel to the axis of the 

apparatus, and in the second, at specific angles to it. The second common type of 

adsorber is the batch adsorber, which is a container with a stirrer and loaded with 

pellets, granular or powdered adsorbent. In such adsorber type, intense mixing is 

applied (Koganovsky, in press). 

 

Figure 5. Adsorption equipment (Crittenden & Thomas, 1998). 

Fixed bed adsorbers are widely used with both gas and liquid feeds. Separation in a 

fixed bed is, in virtually all practical cases, an unsteady state rate-controlled process. 

This means that conditions at any particular point within the fixed bed vary with time. 

Adsorption occurs in a particular region of the bed. The main advantages of fixed bed 

adsorbers compared with batch adsorber are the simplicity of equipment and they are 

relatively inexpensive to fabricate (Walas, 1992). 
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3.3 Adsorption equilibrium 

Adsorption process involves two components: adsorbent and adsorbate. In adsorption, 

the adsorbate must come in contact with the adsorbent. After a long time (hrs), the 

adsorbent and adsorbate reach an equilibrium i.e. Q = f (p, T) where T is the 

temperature, P the pressure and Q the equilibrium uptake of adsorbate. If the 

temperature is kept constant, the change in equilibrium uptake against the pressure is 

called the adsorption isotherm (Doung, 1998). Adsorption isotherm is the equilibrium 

relationship between fluid phase concentration and surface concentration (loading). 

Loading of the adsorbate on the adsorbent depends on the temperature, pressure (gas) or 

concentration (liquid), adsorbate-adsorbent interactions, interactions in the bulk phase 

and presence of other adsorbates in the surface. In general adsorption isotherms can be 

determined only experimentally.  

 

Figure 6. Classification of adsorption isotherm of liquid (Seidel-Morgenstern, 2004). 

Figure 6 above however shows that this classification of adsorption isotherm could be 

further elaborated into different shape which is based on the adsorbent-adsorbate 

interaction. These figures show that there are six types of common models for isotherms 

based on linear, Langmuir, BET and Freundlich model (Seidel-Morgenstern, 2004). 

There are many equations of state proposed to fit analytically the various experimental 

isotherms. 
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Linear adsorption isotherm model is the simplest model and linear isotherm is based on 

the assumption that there is no interaction between adsorbed molecules and excess of 

free adsorption sites and loadings independent of other components. Linear adsorption 

isotherm can be estimated according to the equation (5) (Doung, 1998). 

                                                                                                                                 (5) 

Where          K          Henry constant 

Langmuir adsorption isotherm is the most common nonlinear isotherm model that 

describes type b isotherm in Figure 4. This model assumes no interaction between 

adsorbed molecules and only mono-molecular layer covering of surface. Moreover the 

adsorbent is homogeneous on surface and one molecule is adsorbed per adsorption site. 

Langmuir isotherm determined according to equations (6) (Doung, 1998). 

      
   

    
                                                                                                                    (6)                                                                                                       

Where          qs         saturation capacity  

                     b          equilibrium factor 

Freundlich isotherm gives an empirical expression representing the isothermal variation 

of adsorption of a quantity of gas adsorbed by unit mass of solid adsorbent with 

pressure. Freundlich model is generally used for the special case of heterogeneous 

surface energies in which the energy term, varies as a function of surface coverage. 

Freundlich isotherm is calculated according to equation (7) (Doung, 1998). 

      
    

        
                                                                                                                           (7)                                                                  

Brunauer-Emmet-Teller (BET) adsorption isotherm describes behavior close to 

solubility limit for liquids or condensation for gases and it is similar to Langmuir 

allowing multi-layer model. BET model is used to characterize porous solids. BET can 

be estimated according to equation (8) below. 

      
    

                  
                                                                                                  (8) 

Where          c r = c/c s          reduced concentration  

                     c s                          solubility 
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3.4 Factors affecting adsorption 

The most important factors affecting design of fixed-bed adsorption systems can be 

largely attributed to: 

 Particle size 

 Diameter of column 

 Flow rate (or residence time) 

 Height of adsorption bed 

 Pressure drop 

 When the increase in molecule size causes the molecule to be excluded from some 

pores, adsorption capacity of big particles may decrease due to clogging of 

adsorption sites (Seidel-Morgenstern, 2004). 

 Time required to achieving breakthrough (see chapter 3.5.3). 

 Time of exhaustion (see chapter 3.5.3). 

 The pH or acidity of outlet. In the pH range where the molecule is in the neutral 

form, adsorption capacity is relatively high, because the ionized forms tend to be 

stabilized by interaction (Eysseltová, 1991). 

 Temperature; the relationship of adsorption temperature strongly depends on 

whether the process is exothermic or endothermic. If the process is exothermic, 

adsorption will decrease with temperature. If adsorption is endothermic, metal 

removal will increase temperature (Eysseltová, 1991). 

. 
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3.5 Pressure drop over the adsorption column 

Pressure drop or pressure difference is a generic term for describing the decrease in 

pressure from one point in pipe or tube to another downstream. Pressure drop over the 

adsorption bed as function of particle size distribution occurs at constant flow; an 

increase in flow rate will result in increased pressure drop until liquid flooding occurs. 

At this point, any excess liquid that cannot be processed through will remain at the top 

of the packing, causing the entire column to be filled with liquid and further intensifying 

the pressure drop. Moreover, at constant liquid flow downwards, air-water (bubble) 

flow inside column will lead to rise in pressure drop until flooding rate is attained and 

any further increase will not permit the flow of liquid and consequently, leading to 

accumulation of liquid at the top of the column and continuous increase in the pressure 

drop (Zenz, 1972). 

 

Figure 7. Pressure difference across a fixed bed (Zenz, 1972). 

Figure 7 above illustrates the correlation between pressure drop and flooding velocity in 

packed column. With respect to the context of this review and the graph therefore, the 

surface area that is present within a porous medium and it is the friction of fluid flowing 

over that area that causes a pressure drop. Smaller particles provide a higher surface 

area per unit volume than coarser ones, and therefore, it results in a higher flow 

resistance and larger pressure drop. On the other hand, larger particle sizes provide a 

smaller pressure drop and, therefore, smaller mass of pollutant diffusing around the 

particle (Zenz, 1972). 
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3.6 Design and sizing of fixed bed columns 

3.6.1 Adsorption design and operating principle 

In general the design of adsorption fixed bed column involves the combination of 

science and art but the scientific stage is more important than art. When continuous 

operation is necessary, two beds absorbers are employed vertically, one being an 

adsorber and the other alternately a desorber. Design of an adsorber for liquid 

purification contains choosing the adsorbent and particle size, selecting an appropriate 

velocity to get the bed area and either determining the bed length for a given cycle time 

or calculating the breakthrough time for a chosen length. Using a shorter bed length 

means small runs of sorbent and lower pressure drop in the bed. However, the shorter 

bed means more frequent regeneration and higher regeneration costs, since smaller 

fraction of the bed is saturated at breakthrough. For adsorption of liquids, smaller 

particle sizes are chosen, and the fluid velocity is much lower than with gases. Typical 

conditions for water treatment are particle size of 0.3 to 0.8 mm and superficial velocity 

of 0.3 cm/s (Walas, 1992). 

The diameter of a packed column may be determined using the Ergun equation (8) 

which correlates pressure drop in a packed column with the superficial velocity of the 

fluid. If the pressure drop per unit length is known, the superficial velocity can be 

determined. Once we know the superficial velocity, the minimum bed diameter can be 

calculated knowing the volumetric flow rate of the entering fluid to the packed column. 

The length of the packed bed column would be a function of the quantity of the 

adsorbent required in the saturation zone of the packed column, the selected bed 

diameter and the bulk density of the selected bed diameter and the density of the 

adsorbent material (Zenz, 1972). In order to determine the pressure drop    over the 

adsorption column, an Ergun equation gives a general semi-empirical correlation for 

pressure drop through solid bed. 

  

 
     

      

  
 
  

  
       

     

  
 
   

  
                                                                   (8)             

Where                                  pressure drop 

                                                     viscosity of the fluid 
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3.6.2 Sizing of particles used in fixed-bed adsorption 

Basically particle sizes between 0.1 and 2.5 mm are used in fixed bed adsorption 

applications. This size range of the particle results from limiting the pressure drop as 

well as providing adequate surface area and promoting mass transfer for pollutant 

adsorption. In addition, large particle sizes also minimize adsorbent losses during small 

particle handling and packed bed operation (Walas, 1992). 

3.6.3 Breakthrough curves and effluent concentration 

Fixed bed adsorption method is widely used for the large scale operations in water 

treatment and also other separation processes. There are two types of fixed bed 

adsorption process: down-flow (fixed bed) or up-flow (expanded bed) adsorption.  In 

fixed bed adsorption, the concentration in the fluid and the solid phase change with time 

as well as with position in the bed. Below Figure 8 the fixed bed operation is shown 

graphically. In a packed bed, the adsorbent particles comprise the stationary phase, and 

liquid is pumped through the adsorbent bed. Dynamic adsorption occurs across mass 

transfer zones which progress down the adsorbent bed. In fixed bed adsorption, the bed 

at any given time can be divided into three zones: the saturated zone, adsorption zone 

and followed by a zone with no adsorbed pollutant. The size and location of the three 

zones within the bed change with time (Faust & Osman, 1987). 

                               

 

Figure 8. Fixed-bed operation (Faust & Osman, 1987). 
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The breakthrough curve represents the evolution of the solution concentration in 

function of the concentration measured at affixed point in the column, usually at or near 

to the outlet, versus time. The three important feature of the breakthrough curve are 

curve breakthrough capacity, exhaustion capacity and degree of column utilization. The 

breakthrough capacity is defined as the mass of adsorbate removed by the sorbent at 

break point concentration. Exhaustion capacity is the mass of the adsorbate removed by 

unit weight of the sorbent saturation point. The degree of column utilization is defined 

as the mass of the sorbate removed by unit weight of the sorbent at saturation point 

(Ruthven & John, 1984). 

The efficiency of the fixed bed column can be presented by means of breakthrough 

curve, which presents the effluent concentration of the adsorbate as a function of    

volume treated or time of treatment. Figure 9 below illustrates the effluent adsorbate 

concentration versus the volume of treated effluent. The primary adsorption zone is 

concentrated near the top or influent end of the column. As the polluted feed water 

continues to flow into the column, the top layers of the adsorbent become practically 

saturated and become less effective for further adsorption. The outlet concentration, at 

which the operation should be stopped from meeting the treatment target, is called the 

break point where the column approaches saturation. Breakthrough curves always have 

an S shape with variations in their steepness and the position of the break point. The 

effectiveness of a fixed bed operation is affected mainly by adsorbent capacity and the 

adsorption kinetics of the adsorbate (Faust & Osman, 1987). 

 

Figure 9. Illustration of breakthrough curve profile from a column (Faust & Osman, 1987). 
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3.6.4 Concentration profile in fixed bed 

Figure 10 below illustrates concentration profiles and breakthrough curve for adsorption 

in fixed bed. Most of the mass transfer takes place near the inlet of the bed, where the 

fluid first contacts the adsorbent. If the solid contains no adsorbate at the beginning, the 

concentration in the fluid drops exponentially with distance essentially to zero before 

the end of the bed is reached. This concentration profile is shown by curve t1 in Figure 

10a, where C/C0 is the concentration in the fluid relative to that in the feed. After a few 

minutes, the solid near the inlet is nearly saturated, and most of the mass transfer takes 

place farther from the inlet. The concentration gradient becomes S shaped, as shown by 

curve t2. The region where most of the change in concentration occurs is called the 

mass-transfer zone, and the limits are often taken as C/C0 values of 0.95 to 0.05 

(Eysseltová, 1991).  

With time, the mass transfer zone moves down the bed, as shown by profiles t3 and t4. 

Similar profiles could be drawn for the average concentration of adsorbate on the solid, 

showing nearly saturated solid at the inlet, a large change in the region of the mass-

transfer zone, and zero concentration at the end of the bed (Eysseltová, 1991). In 

addition to this, fixed beds may have internal probes that would permit measurement of 

profiles such as those in Figure 10b. The graph shown in Figure 10b is the breakthrough 

curve. At the time t1 and t2, the exit concentration is practically zero. When the 

concentration reaches breakpoint the flow is stopped or diverted to a fresh adsorbent. 

(Eysseltová, 1991) 

 

Figure 10.  (a) Concentration profiles (b) breakthrough curve for adsorption in fixed bed (Smith, 2005). 
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4. Solid- liquid thermodynamics of CaCO3 ,CaSO4-2H2O and CaSiO3 

4.1 Calculation of activity coefficient according to Debye-Hückel and Pitzer theory 

The activity coefficient is the most important and fundamental property in the 

thermodynamic study of liquid mixtures. Activity coefficient is defined as a factor used 

in thermodynamics to account for deviations from ideal behavior in a mixture of 

chemical substances. It is a measure of the deviation of the behavior of a component in 

a mixture from ideal behavior, and it has been interpreted by various theories of liquid 

mixtures (Nic & Kosata, 2006). 

Ion activity is defined as the effective concentration of any particular kind of ion in 

solution. Ions in a solution interact with each other as well as with water molecules. In 

infinitely dilute systems the first type of interactions can be ignored, but at higher 

concentrations these ions behave chemically as if they were less concentrated than they 

actually are. The ion activity can be related to its concentration by 

                                                                                                                                (9)                          

Where               {i}         Activity of the ion  

                                      Activity coefficient of ion 

                                       Concentration of ion  

There are two types of electrolytes: strong and weak. Strong electrolytes dissociates 

completely in a solution while a weak electrolyte dissociates only partly. The charge 

concentrations of a solution can be described by the ionic strength, which can be 

calculated from equation (10).  This parameter is a measure of the intensity of the 

electrical field in a solution that is the electrostatic interaction, which affects the 

effective concentration of ions in a solution and can therefore be used to calculate the 

activity (Zeebe & Wolf-Gladrow, 2005).  

    
 

 
      

 
                                                                                                             (10) 

Where               I              ionic strength 

                          [i]           molarity of ion i 

                          zi            the charge of ion i 
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The ion activity coefficient depends on the ionic strength of the solution and the charges 

of the ion in the solution. In ideal solutions, the ion activity coefficient and molar 

concentration of a species are equal (Merkel & Planer-Friedrich, 2008). In non-ideal 

solutions, there is an observed trend that the ion activity coefficient decreases with 

increasing ionic strength. Different methods are available for the calculation of ionic 

activity coefficients. These methods are all derived from the Debye-Hückel equation 

and each equation is used for specific range of values of ionic strength. Figure 11 below 

illustrates the relationship between ionic strength and activity coefficient ions showing 

the valid range for each activity coefficient equation. 

 

Figure 11. Activity coefficient vs. ionic strength (Merkel & Planer-Friedrich, 2008). 

In 1923, physical chemists Peter Debye and Erich Hückel developed a theoretical 

expression that permits the calculation of activity coefficients of ions from their 

charges. This is called the Debye-Hückel equation. Debye-Hückel model describes 

accurately the activity coefficient in dilute and simple electrolyte solutions. Ion activity 
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coefficients can be calculated from equation (11). Debye-Hückel theory assumes ions 

are point ions with purely coulombic interactions and activity coefficients depend only 

on the ion charges and the solvent properties (Lange & Herbert, 2011). Debye-Hückel 

theory is based on three assumption of how ions act in solution: solutions of electrolytes 

are very dilute (up to 0.01 M), electrolytes completely dissociate into ions in solution 

and each ion is surrounded by ions of the opposite charge. 

                     
   

  

         
                                                                                     (11) 

 

Where                        activity coefficient of ion i 

                     A, B        temperature-dependent constants 

                                    charge of ion  

                     I               ionic strength 

                     αi              ion-specific parameter 

Pitzer theory: has been used for almost 40 years. The Pitzer model is used mainly for 

electrolytes. Pitzer theory can be used to predict behavior of multi-component aqueous 

electrolyte and to some extent non-electrolyte solutions. The model is applied to work 

over a wide range of electrolyte, temperature, pressure and over of wide range of 

molalities (range is up to 6.0 molal) by introducing empirically obtainable virial 

coefficients (expresses the pressure of many particles in equilibrium). The basic 

equation of the Pitzer model is the definition of excess Gibbs free energy by means of 

virial coefficients, which characterize interactions amongst ions and solvent. The 

activity coefficient equations of a uni-univalent electrolyte are first introduced in 

equation (12). Debye-Hückel term    describes interaction between same or opposite 

sign, terms to do this are called binary virial coefficients. Ternary terms and virial 

coefficients refine this for the activity coefficient (Pitzer, 1973) 

                        
 

 
              

 

                                                      (12)  

Where                         Debye-Hückel term 

                                     function depending on electrolyte 

                                     specific parameter for electrolyte 



27 
 

4.2 Solubility of calcium sulfate dihydrate at various pH 

The most common calcium sulfate minerals are anhydrite (CaSO4), and gypsum 

(CaSO4-2H2O). Dihydrite (gypsum) is formed at low temperatures (i.e., T < 98 
0
C), 

while anhydrite CaSO4, is the predominant form produced at high temperatures. 

Gypsum in acidic solution is very difficult to remove. This is mainly because it has 

relatively low solubility in water. If a solution is supersaturated with respect to one or 

more calcium sulfate minerals, precipitation occurs according to the reaction shown in 

Equation (13). Calcium sulfate will precipitate once it exceeds its solubility limit in 

solution, and it will precipitate until the ionic concentration equals the solubility (Li & 

Demopoulos, 2002). 

Ca
2+

 +     
   + x H2 O   CaSO4    

 
x H2 O                                               (13) 

Where      x        equals to 0, ½, or 2 

The solubility of CaSO4 dihydrate in H2O at 0-100 
0
C (Figure 12) can be calculated 

accurately with the water-based simulation software using the mixed solvent electrolyte 

(MSE) model. Experimental data presented in below figure were reported by Dutrizac, 

(2002). The solubility of the dihydrate of CaSO4 is presented in Figure 12. It can be seen 

that gypsum solubility is higher at 40 
0
C, and is therefore gypsum is not the stable phase 

at high temperatures, but the solubility decreases in cooler and hotter conditions (below 

and above 40 
0
C) (Lioliou et al., 2006).  

 

Figure 12. Dihydrate solubility in H2O vs. temperature (Lioliou et al., 2006). 
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The solubility of CaSO4 hydrates in H2SO4 solutions studied by were Demopoulos & 

Ling, (2004). Previously a published solubility study has been proposed by Marshall et 

al. (1989). At low temperatures (25-60 
0
C), H2SO4 has a positive effect on the solubility 

of calcium sulfate in the low-concentration range from (0 to about 15) mass%. This 

increase in solubility is attributed to the influence of the second dissociation (45 to 

about 90) mass% constant of H2SO4 as well as to an increase in ionic strength that 

results in a decrease in the respective activity coefficients. With further increase in 

H2SO4 concentration, the solubility decreases because of combination of effects such as 

changes in activity coefficient and common-ion salting-out; and when the concentration 

of H2SO4 goes to very high values, the solubility increases again because of the 

formation CaSO4-H2SO4 complexes. The solubility of calcium sulfate in H2O + H2SO4 

solutions as function of H2SO4 concentrations at various temperatures is presented in 

Figure 13. At low temperatures (25-60 
0
C), the addition of H2SO4 increases the 

solubility of dihydrate (CaSO4-2H2O) moderately, whereas at very high concentration 

of acid, the solubility is decreased. At higher temperatures, the solubility increases 

strongly with increasing acid concentration (Demopoulus & Ling, 2004). 

 

Figure 13.  Solubility of CaSO4 in H2SO4 solutions (Demopoulus & Ling, 2004). 
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The numerous factors affecting the solubility of calcium sulfate can be temperature, 

pressure, ionic strength, and mixing of the fluids. Solubility of gypsum tends to increase 

a little up to about 40 
0
C and then decrease slowly with temperature increment. A drop 

in pressure can cause calcium sulfate precipitation. The presence or absence of CO2 in 

solution has a little to do with calcium sulfate solubility. The solubility of calcium 

sulfate tends to increase at higher ionic strength of CaSO4 without changing the shape 

trend of temperature effect. At lower ionic strength solubility of calcium sulfate seems 

to increase significantly with the increment of ionic strength but tends to stabilize at 

higher ionic strength (Li & Demopoulos, 2002). 

4.3 Factors affecting solubility of calcium carbonate 

Calcium carbonate, the main component of limestone, is a widely used compound to 

neutralize soil acidity.  CaCO3 appears in two forms: aragonite and calcite. Under 

standardized measurements for temperature and pressure calcite is thermodynamically 

more stable form. However, the difference in the free energy of formation of aragonite 

and calcite is small and therefore aragonite is also a common form of CaCO3 

(Macdonald & North, in press). It transforms slowly into calcite and can be stable also 

in the presence of impurities (Wojtowicz, 2001). Equation 14 below shows the 

precipitation reaction of CaCO3 in general form. 

Ca
2+ 

+    
      CaCo3                                                                                                               (14)  

The precipitation process is quite complex and the following equilibrium reactions have 

to be taken into account for carbonate 

H2CO3   HCO3 + H
+     

                                                                                                (15) 

    
    CO3 + H

+     
                                                                                                   (16) 

Ca
2+

 +     
          

                                                                                              (17) 

 Ca
+
 + 

    
     CaCO3                                                                                                               (18) 

 Ca
2+

 OH
- 
    CaOH

+                             
                                                                                 (19) 

Carbon dioxide also dissolves in water to some extent as shown in Equation 20: 

CO2 + H2O   H2CO3                                                                                                     (20) 
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The main factors affecting precipitation behavior of calcium carbonate are pressure, pH, 

temperature and the presence of impurities in solution. The solubility of all crystalline 

forms of CaCO3 decreases with the increase in temperature. The solubility of CaCO3 

increases with increasing pressure. The pressure dependence of the solubility product is 

complex issue. Another factor affecting the solubility of CaCO3 is the value of pH. The 

effect of pH on solubility is much greater than the effect of temperature due to the 

diprotic nature of carbonate (Macdonald & North, in press). The carbonate species as a 

function of pH is introduced in figure 14.  

  

Figure 14: Illustrates different carbonate species as a function of pH (Wojtowicz, 2001). 

The solubility CaCO3 changes with pH. As seen in Figure 14, CaCO3 is soluble in acid 

solutions as the equilibrium of Equation 15 shifts to the carbonic acid. When pH 

increases, bicarbonate and carbonate ions are also present. In strongly basic solutions 

only carbonate ions exist, as the equilibrium of Equation 16 shifts to carbonate and 

CaCO3 is insoluble. This is due to a decrease of the carbonate concentration with the 

decrease of pH and the solubility product remains unchanged, being only a function of 

temperature and pressure (Wojtowicz, 2001) (Macdonald & North, in press).           
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4.4 Influence the solubility of FeSO4 

The solubility of FeSO4 was investigated by Matthew et al. (2003), in 20 to70 wt% 

H2SO4-H2O solutions at room temperatures and in 20 to 90 wt% H2SO4-H2O solutions 

at room temperature. However, from the obtained results by Matthew et al. (2003) 

present in Figure 15 it was reported that as the H2SO4 concentration increases, the 

amount of soluble FeSO4 decreases to a value of less than 0.01wt%. Solubility of FeSO4 

in 20 to 50 wt% H2SO4 is in good agreement with the previous solubility studies while 

solubility in more concentrated H2SO4 differs slightly. From the data plotted in below 

figure, it can be seen that MgSo4 shows the same solubility trends as FeSO4, through 

more soluble than FeSO4, over the acid concentrations studied. In qualitative agreement 

with this study Matthew et al (2003):  he observed a change in color from green to white 

of any solids in H2SO4 solutions of 50 wt % and above. While the phases are known at 

room temperature (Cameron, 1930), the phase diagram has not been determined at room 

temperature where the region of stability may shift. Compared to composition 

measurements done by mass spectrometry of atmospheric particles showing 0.75 wt% 

Fe, therefore it is possible that solid iron mineral often occur inside sulphuric solutions 

containing amounts of dissolved metal determined by the low temperature solubility 

studies (Wise et al., 2003). 

 

Figure 15. Solubility of FeSO4 and MgSO4 in H2SO4 solutions (Wise et al., 2003) 
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The effect of ferric iron concentration to the reduction kinetic was investigated by 

Markus et al. (2004). The presented model, in the range from 0.2 to 0.4 mol/L. 

Temperature, ferric iron and sulfuric acid concentration affect the reduction rate of iron 

as reported. From the obtained results present in Figure 16 it was reported that an 

increase in the ferric iron concentration leads to an increase in the reduction rate of iron 

(Markus et al., 2004). 

 

Figure 16. Ferric iron concentration as function with time (Markus et al., 2004). 

Figure 16 above illustrates the relation between the initial concentration of ferric ion 

and time.  In this figure the points represent experimental data and the solid line 

calculated results. It was also reported that temperature and concentration of sulfuric 

acid affect the reduction rate gradually. The rate of the process grows with rising 

temperature and sulfuric acid concentration. An interesting observation concerning the 

behavior of sulfur was derived from the experiments. It can be seen from the graph (16) 

if the ferric concentration is reduced over time, dissolved ferric concentration is higher, 

since  separate of elemental sulfur were formed (Markus et al., 2004). 
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4.5 Solubility of ternary system 

In chemical and process engineering, mixtures containing two, three or more 

components are an integral part of everyday life. The complex behaviour of this 

multicomponent mixture makes them very difficult to predict. In addition to the 

multicomponent nature of the mixtures, the complexity to model them is challenging 

and their thermodynamics are not clearly understood. In this part, ternary systems are 

studied with the aim to describe the behaviour of three component systems. 

A ternary system can be described by a triangular to depict the composition of each of 

the species. In the triangular plot in Figure 17, the sum of all the three species must be a 

constant value. Thus there are two unknown variables, and the third variable is fixed 

(Eysselova & Micka, 1991). The triangular phase diagram illustrates the data of a 

ternary system having three components: A, B and C. In this model, mixing A with B 

causes freezing point depression, as for B with C and C with A.  In addition, A is 

partially soluble in B and C, B is partially soluble in A and C, and C is partially soluble 

in A and B. Partial solubility is also called partial miscibility. The greatest freezing 

point depression occurs when we have all three components present.  

  

Figure 17. The solubility of ternary system (Eysselova & Micka, 1991). 

 



34 
 

4.6 Wollastonite (CaSiO3) 

Wollastonite is a calcium inosilicate mineral that has the chemical formula CaSiO3. In 

some cases, wollastonie may contain small amounts of iron, magnesium, and 

manganese substituting for calcium. Wollastonite is a naturally occurring industrial 

mineral whose main chemical composition consists of calcium, silicon, and oxygen. 

CaSiO3 is theoretical composition consists of 48.3% CaO and 51.7 % of SiO2. It forms 

when impure limestone is subjected to high pressure and temperature. It is usually white 

(Virta, 2001). The mineral has several characteristics that make it commercially 

valuable, including its high brightness and whiteness, its low moisture and oil 

absorption properties, and its low volatile content. Wollastonite forms by the following 

equation 

CaCO3 + SiO2   CaSiO3 + CO2                                                                                    (21) 

Wollastonite products can be divided into two categories: low aspect or powder grades, 

and high aspect grades. These two categories of product are differentiated by the degree 

of the ratio of length to width of the crystals. Within each category, individual products 

are further differentiated by grade, physical and chemical properties, and by surface 

additive which can enhance the minerals performance. The most important benefits that 

wollastonite can offer are: improved dimensional stability, greater resistance to 

corrosion and mildew, greater high temperature stability and better resistance, improved 

friction stability, improved strength and stiffness properties and reduction in drying and 

curing times (Virta, 2001). 

The benefits of wollastonite also suggest that as time passes and new technologies are 

perfected many new applications for the mineral will emerge. Wollastonite has been 

successfully used to help reduce acidity in crop lands.  In environmental management: 

impressive successes have been achieved in using wollastonite to restore forests and 

wetlands that have been damaged by acid rain. wollastonite has contributed to 

improving the management of human and animal ( for example wollastonite neutralizes 

acid and it can also be used in ceramics). (Virta, 2001) 

 



35 
 

5. Dissolution rate of particles in packed bed 

Dissolution is the process where a solute dissolves in a solvent to form a solution. 

Dissolution rate is a measure of how fast a solid particle dissolves in a liquid solvent. 

The solute, in the case of solids, has its crystalline structure break down as separate 

ions, atoms, and molecules form. The solubility amount dissolved at equilibrium is 

achieved by the thermodynamic energies involved, such as entropy of solution. Many 

factors influence the rate of dissolution. These include: nature of the solvent and solute, 

degree of under saturation, solid substance surface areas (increase in specific area 

increases dissolution rate), high temperature increases dissolvability, surface purity and 

pressure (Louhi-Kultanen et al., 2007).  

Louhi-Kultanen et al. (2007) described the partial dissolution of crystalline material in a 

good agreement with the presented model. The aim of the work was to introduce a 

model based on mass transfer to predict the dissolution rates of crystalline material 

having different solubilities in various washing liquors. The dissolution rate based on 

mass transfer can be calculated according to the general expression (22): 

 
  

  
 

  

   
 
  

  
     

     , where 0   c < c
*    

                                                     (22) 

Where        kA        area shape factor (Ap= kAL
2
), for spheres kA= π 

                   kV          volume shape factor (Vp=kv L
3
), for spheres kA= π/6  

                   kL         mass transfer coefficient 

                   c          concentration 

                   Mc        molar mass of crystal 

                   ρc              density of crystal 

                   c*         equilibrium concentration 

                   
  

  
         dissolution rate 
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When clear washing liquor flows through particles, the dissolution rate is dependent on 

the solubility of the solute. The driving force of dissolution is undersaturation level (c
*
-

c). If saturated washing liquor is used, it does not dissolve the crystalline material. The 

solubility of the solute in the washing liquor is useful data for cake washing. 

Determination of the dissolution rate can subsequently be estimated using the equations 

(20) and (21), the rate of mass transfer between particles and fluid in packed bed 

contactors is often predicted with help of a generalized, dimensionless correlation 

(Louhi-Kultanen et al., 2007).  

The expression of the mass transfer coefficient for liquid flow in a packed bed published 

by Wakao & Funazkris (1978) is:  

                                                                                                                  (23)  

Wakao & Geankoplis (1966) introduced an expression for the mass transfer factor as 

follows: 

    
    

 
                                                                                              (24) 

Where        Sh        Sherwood number 

                   Sc        Schmidt number 

                  JD           mass transfer factor 

The results of the experimental rate dissolution obtained by Louhi-Kultanen et al. 

(2007) are in a good agreement. The main assumptions of the results calculated from 

two mass transfer correlations showed that the smallest particles have the highest 

dissolution rates. This means that when undersaturated washing liquor is added to the 

cake the permeability increases since the average particle size increases besides 

decreasing cake thickness (Louhi-Kultanen et al., 2007). 
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6. Experimental part 

The experimental methodology adopted in this work is presented in this section. It 

describes the raw materials and machinery used during the test and the procedures of the 

whole work.  

6.1 Materials 

The raw materials, proposed for the use as sorbents, were provided for research by 

Finnish companies Nordkalk Oy and Metsä Tissue Oy. The two material types of 

adsorption test media are the by-products of mining and processing of limestone. The 

first one of them, named by the manufacturer FS, is widely used for water purification. 

The second material was the limestone from the Gotland island mine (further called 

Gotland). The limestone particles of Gotland used in the experiment were 2 mm, and for 

FS limestone 300 µm. The composition of the materials is discussed later in this thesis. 

Samples are presented in Figure 18. 

 

Figure 18. Illustration of FS vs. Gotland limestone. 

6.2 Equipment and chemicals  

The major items on the list of equipment and reagents used during the experimental 

work included: 

 The tap water was used 

 Solution of 96%  H2SO4 was used 

 Ferric powder was used  

 Beakers (50 and 100 ml) 
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 Volumetric flasks ( 100 and 500 ml) 

 Manual single channel pipettes and tips 

 Stemmed funnels 

 Single channel pipettes and tips 

 Filter paper (White Ribbon Filter, Whatman 589/2,85  g/m
2
 ) 

 Magnetic mixers with cylindrical stir bars (L =10 mm, d = 6 mm) 

 pH meter Hanna instruments 2210 

 Desiccator 

6.3 Experimental procedures 

The procedure consists of four steps namely, including X-ray diffraction, particle size 

determination, preparation of synthetic AMD, and determination pressure drop of 

adsorbents. 

6.3.1 X-ray diffraction 

At the beginning of the experimental work of this study, the compositions of the FS and 

Gotland samples were measured using X-ray diffraction. X-ray diffraction (XRD) is a 

powerful technique used in the identification of the crystalline phases present in 

materials and for acquiring information on structural properties, such as strain state, 

grain size, phase composition, preferred orientation, and structure defects. It is based on 

the diffraction of X-rays bombarding the sample by the atoms in the material lattice. 

The thickness of surface layers and the depth distributions in the extreme surface region 

can be measured using angle-dependent electron spectroscopy (Anderoglu, 2004). 

Figure 19 shows the used equipment of X-ray diffraction. 

 

Figure 19. X-ray diffraction equipment. 
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Chemical composition and the degree of crystallinity of the dried two types of the 

limestone samples (FS and Gotland) were measured with X-ray fluorescence (XRF) and 

X-ray diffraction (XRD). The dried powder sample was put into a sample holder, a 

briquette, on a polished ceramic base. The briquette was pressed with a compression 

force, and analyzed. X-ray fluorescence was used to determine the chemical 

composition of the samples. Accelerating voltage: 45 kV, measuring angle range: 3-70
0
. 

The evaluation was made by Philips PW 1877 Automated Powder Diffraction software.   

6.3.2 Particle size determination  

Grinding of the Gotland limestone was the first step to get limestone particle sizes of 2 

mm, responding to the suggestions of the customer (Nordkalk Oy). 

The Gotland stone materials were ground, in order to unify the powder composition and 

to avoid fluctuation of composition caused by their particle sizes. First, Gotland stones 

were crushed small enough for further grinding. Thereafter, one planetary ball mill was 

used for grinding Gotland material, has a diameter of jar equal to 300 mm and the 

diameter of its balls 40 mm. The calculation of the required mills rotation speed was 

carried out in accordance with the equation (25).  The speed of mills rotation used for 

the experiment was 75% of the critical one. Thus it was 61 rad/min, for the grinder. For 

identification of the jar rotation speed, a tachometer was used. In the mill test materials 

were ground for 20 min.  

   
 

  
 

 

   
                                                                                             (25)                                                                                                                                                                             

Where     nc           critical rotation speed, rad/s;  

               g             gravitational acceleration, 9.81 m/s
2
;  

               R             inner radius of grinding jar, m; 

                r              radius of grinding balls, m 

At first the Gotland materials were ground then the hammer mill was used. The used 

hammer mills hammers were fixed on the central rotor. The rotor was spun at a high 

speed inside the drum while material was fed into a feed hopper. The material was 

impacted by the hammer bars and thereby shredded and expelled through screen 
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openings in the sieves of a selected size. The sample of the most finely ground materials 

was analyzed for the specific surface area, Gotland milled for 20 min in a large ball 

mill, milled and sifted through the 3 mm sieve. The specific particle size (= 2 mm) of 

the sample Gotland was determined. 

6.3.3 Adsorption column study 

Adsorption column study was the second step to observe the adsorption taking place 

with calcite side-stones. This work used a small-scale laboratory adsorption column 

limestone system consisting of two columns filled with two different types of limestone 

respectively. The synthetic AMD (pH = 2, 0.1 mg/L FeSO4) was directed downward 

through the column.   

 

Figure 20. An image of the adsorption column equipment. 

Figure 20 above illustrates the adsorption process equipment. The adsorption column 

executed at Lappeenranta University of Technology pilot scale, which is the case study 

in this research was designed similar and functions plausibly as well as other 

contemporary fixed columns. The diameter of the adsorption fixed column was 2 cm 

with height of 80 cm. The column was operated in a current flow configuration with 

liquid solution entering at the top. Pressure and temperature instruments were connected 

to the system at the top of the column. The synthetic AMD was pumped from a tank 

container by the mobile phase pump through a motorized injection valve. The flow 

passed through the two columns adsorptions which were connected in parallel. Eluent 
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can be recycled all the time but direct outlet should go through column to waste. The 

samples were collected at the bottom of the column. The process flow diagram of the 

used fixed bed adsorption column is showed in Appendix 1. 

The breakthrough curves show the loading behavior of ferric to be removed from 

solution in a fixed-bed column and are usually expressed in terms of adsorbed ferric 

concentration (Cad), inlet ferric concentration (C0), outlet ferric concentration (C) or 

normalized concentration defined as the ratio of outlet ferric concentration to inlet ferric 

concentration (C/C0) as a function of time. The maximum column capacity, q total, for a 

given feed concentration was calculated manually from the breakthrough curves. 

6.3.4 Preparation of synthetic acid mine drainage 

Analytical grade reagents were used to produce the synthetic AMD.  Initially 270 ml 

(0.54 ml H2SO4 per litre) of concentrated H2SO4 was added to a 500 L tap water, giving 

a pH of 2. Approximately 0.1 mg/L (=100 ppm) of FeSO4 was added to containing low 

pH water (50 g of FeSO4 needed for 500L). The tank contents were mixed to ensure the 

complete dissolution of the chemical. The volume of the sulfuric acid solution needed 

for pH 2 was consequently determined according to equations as follows. 

Density of 98% H2SO4= 1.8411 g/ml 

1000 ml solution x 1.8411 g/ml =1841.1g solution 

98% = H2SO4 so 1841.1g * 0.98 = 1804.2 g H2SO4 

1804.2 g H2SO4 / 98 g/mol = 18.4 mol H2SO4 

18.4 mol H2SO4 /1L = 18.4 M 

The acid dissociation constant of the second reaction from     
  to    

   is negligible 

to that of the first one (from H2SO4 to     
 ). pH=2 means concentration of hydrogen 

ions is 10
-2

 , then hydrogen ions concentration is the half of sulfuric acid concentration. 

[H
+
] = 18.4 M 

for  pH=2, [H
+
] = 10

-2 

C1*V1= C2*V2 

18.4 M *V1 = 10
-2

 * 500 L 

V1 = 0. 271 L 



42 
 

V1 = 271 ml 

6.3.5 pH measurement 

The pH of the effluent was measured daily or more frequently. The pH was measured 

using a Hanna instruments pH meter (Mode 2210) combination pH electrode. The meter 

was calibrated daily using two-point calibration with calibration solutions of 4 and 7 

buffer solutions. After the calibration was performed, the meter was ready for use and 

the samples were measured. Between every sample and control, the meter was rinsed 

with Millipore water and dried well with fine paper. Figure 21 shows the used pH 

meter. 

 

Figure 21.  pH meter.                    

6.3.6 The AAS measurements 

Determination of ferric concentration was done by using the atomic absorption 

spectroscopy (Figure 22) method according to the Finnish standard SFS 3047 and SFS 

and SFS-EN 1233, with the SOLAAR Series spectrometer (AAS) which was 

manufactured by Thermo Scientific. Air-acetylene flames and lamps with cathode were 

used in the measurements. After turning on the AAS, the SOLAAR software was 

started. There the method of analysis, number of standard solutions and number of 

samples were identified. The following analysis was done according to the program 

recommendations, and the whole process is automated. At first, oxygen and acetylene 

flows were enabled; flame and lamp for iron concentration analysis were turned on and 
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warmed up. Also the necessary maintenance including gas flow, burner position and 

flame height calibration was carried out.  

Further, the calibration curve was plotted. Five calibration solutions with iron 

concentration of 1.0, 2.0, 3.0, 4.0 and 5.0 ppm were used. The standard solutions were 

prepared by dilution of Perkin-Elmer AA standard (1000 mg/l) with addition of 5ml of 

concentrated nitric acid (65 %) per 95 ml of calibration solution.  

Then all samples, including initial solutions, were analyzed. The spectrometer sprayer 

tube was plunged into the flask with sample, sample’s name was introduced into the 

program in the format “name of test material-its dosage-number of initial solution”, 

after that the procedure of analysis started. The sprayer was washed with distilled water 

for a few seconds after each measurement. The Millipore water was used as the blank 

solution. The results were performed on the computer screen in the form of tables. 

 

Figure 22.  AAS equipment. 

6.3.7 Determination pressure drop of materials 

The experimental apparatus is shown in Figure 23. A plastic pilot plant packed column 

with 160 cm height of packing and 10 cm internal diameter was used in these 

experiments. The column was filled with FS limestone of 300 μm particle size and in 

other experiments with Gotland stone of 2 mm particles. It has two outlets, one at the 

bottom and  another at the top, and also one inlet. Pressure and flow rate instruments 

were connected to the system at the middle. The experimental task began with filling 

the large column with limestone. Thereafter, the column was filled with the tap water at 
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certain level. The outlet at the top was closed and also the second outlet at the bottom 

90% closed. The system was run with distilled water. When  fluid flow was increased, 

the two variables pressure drop and column length were measured. This procedure was 

repeated four times for each type of limestone. All measurements were done with the 

packed column presented in Figure 23 below.  

The results of  the experiment were considered for the pressure drop of FS and Gotland 

material as a function of the flow rate. The pressure drop is showed as bar/m (the 

pressure loss divided by the filter bed depth). A good side is that, it does not make 

difference even if we were had different bed depths in different test runs. Flow rate is 

represented as m/min (calculated by dividing the flow rate with the cross section of the 

column, (l/ m
2
min = m/min). On the other hand, fluid flows from the top of the column 

down wards to the bottom of the column. Kinetic pressure drop was calculated by 

reducing the static pressure (               from total pressure drop. The static 

pressure drop is calculated for h which is the distance of the pressure sensors along the 

column. 

 

Figure 23. Pressure drop column determination. 
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6.3.8 Iron adsorption 

In preliminary studies, in experiments with iron adsorption 2 ml of 96% H2SO4 was 

added to 1L of solution. 100 ml of acidic water were mixed with certain doses of the 

powders establishing the dependence of equilibrium pH on the adsorbent dose. To 

determine the efficiency of iron cations adsorption, batch experiments were carried out. 

The AMD was simulated by acidic solutions containing 4 ppm of iron (II) sulphate: this 

concentration corresponds to the AAS method sensitivity. Various doses of the tested 

materials were mixed with 100 ml of acidic aqueous solutions in glass beakers, and 

mixed for 3 to 4 min. Due to the gypsum crust formed at the surface of adsorbents, the 

reaction was allowed to proceed overnight usually for 8 to 10 h. After that, the 

measurements of solutions pH, its filtration and dilution were carried out. Further, the 

concentration of iron cations in solutions was determined by atomic absorption method 

using standard techniques of measurements. 

6.3.9 Solubility of calcite at various pH 

This experiment was used for investigating the solubility of calcite in Fe 100 ppm at 

various pH 2, 3 and 4 with adding calcite. Three samples with various dosages in acidic 

solutions, sample nr1 (pH=2: 0.54 ml of 96% H2SO4, Fe3
+ 

0.1g/L), sample nr2 (pH=3: 

0.054 ml of 96% H2SO4, Fe3
+ 

0.1g/L), and sample nr 3 (pH=4: 0.0054 ml of 96% 

H2SO4, Fe
3+ 

0.1g/L) were prepared. Thereafter 10 g of CaCO3 was added to each 

sample. The volume of each volume was one liter. The dosage of calcium carbonate at 

various pH were mixed with magnetic stirrers during four days until well 

supersaturated. After four days the samples were filtered with filter paper and dried in 

the oven. The results present the solubility of calcium carbonate (mol/L) at various pH 

2, 3, and 4. 

 6.3.10 Sampling and analytical methods  

The pH measurements of the effluent solutions were recorded daily at intervals of 5 

days. The atomic absorption spectrometry (AAS) was used for measurement of Ferric 

content in synthetic AMD samples. The solution samples were acidified with 32% 

solution of HNO3 in order to obtain pH=2 or lower, according to instructions for AAS 

spectroscopy.  
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7.  Results and Discussion 

In this part all the results are presented and discussed separately for the primary task as 

scheduled to see how adsorption from acidic solution took place, with calcite side-

stones, and the adsorption characteristics of the two studied materials.   

7.1 Characterization of the limestone substrate materials 

X-ray diffraction analysis (XRD) of the FS limestone substrates was performed in order 

to determine the content composition of the materials. XRD revealed the presence of 

four main mineral phases, namely calcite (CaCO3), wollastonite (CaSiO3), calcium 

sulphate (CaSO4) and silicate (CaMgO6Si). Content of wollastonite and silicate are 

high, calcuim sulphate content is low, whereas calcuim carbonate is present in 

negligible amounts. Other mineral phases such as silictae occur in amounts below the 

detection limit of X-ray diffraction analysis method. Figure 24 below shows the X-ray 

diffraction powder patterns of  the products from FS limestone.  

Figure 24. X-ray diffraction analysis of the FS limestone. 
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Figure 25:  X-ray diffraction analysis of the Gotland limestone. 

Figure 25 above shows the X-ray diffraction powder patterns of  the synthesis products 

from Gotland limestone, showing the presence of CaCO3  as calcite, calcium carbonate 

as aragonite and slictae. Content of calcium is high as expected whereas silicate is 

present in small amounts. Grinding of the Gotland stone sample was applied to provide 

better reaction kinetics during the experiments and for averaging the samples. 

The main differences between Gotland and FS limestones is that Gotland limestone 

contain high amounts of calcium carbonate compare to FS material, in addition, FS 

limestone sample contained calcium carbonate, wollastonite, calcium sulphate and 

silicate whereas Gotland limestone contains only calcium carbonate and silicate. The X-

ray diffraction powder patterns are totally different for the two types of limestone as 

seen in Figures 24 and 25. The different porosities of the CaCO3, CaSiO3, CaSO4 and 

CaMgO6Si between the two types of the limestone may effect the interaction between 

adsorption and calcite side stone. It is well seen that both materials comprise significant 

amounts of calcium carbonate and silicate.  
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7.2 Determination of the pressure drop of FS and Gotland materials 

According to the experimental plan, the experiments were repeated four times for each 

material to determine pressure drop. Figures 26 and 27 represent results of  the pressure 

drop of FS and Gotland material as a function of the flow rate respectively. 

Experimental data can be seen in Appendix 2. 

 

Figure 26. Pressure difference of FS material. 

 

Figure 27. Pressure difference of Gotland material. 
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From the measured experimental data results (see appendix 2), it can be concluded that 

the total pressure drop with FS material at 2.31 l/min flow rate and bed height 0.3 m is 

2.94 bar and static pressure is Pstatic = 0.15 bar. The kinetic pressure drop of the FS 

limestone is  thus 2.79 bar (kinetic pressure = total pressure drop – static pressure). The 

total pressure drop with Gotland material at identical flow rate and bed height 0.2 m 

was found at  1.5 bar and static pressure is Ps = 0,15 bar. Therafter the kinetic pressure 

drop  of the Gotland limestone is 1.35 bar. 

The data plotted in the figures 26 and 27 shows the data of the measured FS and 

Gotland materials pressure drop curves (pressure drop vs. flow rate). Therefore the 

pressure drop of both materials increase linearly with increasing flow rate. It can be 

seen that the pressure drop of FS material of the media 3.67 bar/m is higher than the 

pressure drop of the  media 2.67 bar/m. The pressure drop of the media 1.13 bar/m is 

higher than the pressure drop of the  media 0.67 bar/m. On the other hand the pressure 

drop of  Gotland material the media 3 bar/m is higher than the pressure drop of the  

media 2.25 bar/m. The pressure drop of the media 1.5 bar/m is higher than the pressure 

drop of the  media 0.75 bar/m. The presented results show that the pressure drop of  

both materials expectedly linear as headloss through a fixed bed, is dependent on flow 

rate. 

 

Comparisons of pressure drop for FS and Gotland material curves also verify that total 

pressure drop of FS material (2.79 bar) is higher compared to Gotland materials (1.35 

bar) at the certain circumstances because of the difference in particle size and the 

content of the materials. The experimetal analysis of the pressure drop for two materials 

show that FS and Gotland limestones pressure is dependent of its particle diameter and 

flow rate. 
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7.3 Neutralizing materials in  pH adjustment in acidic solutions 

The goal of the first experiment was using only sulphuric acid to see  the pH evolution. 

Columns were filled with FS and Gotland limestone, synthetic AMD (pH= 2)  was 

directed dwownwards through the column and the effluent was captured in a bottom 

column. The pH of the effluent was measured daily. The variables are: initial pH fixed 

at 2, stone size (Gotland = 2 mm and FS = 300 µm), flow rate fixed at 2.1 L/h, and the 

amount of limestone is 75 g for  FS and Gotland stone. Figure 28 represents results of  

the effect of sulfuric acid on the FS and Gotland adsorbents ability to neutralize acidic 

solution  as a function of time. 

 

Figure 28. Evolution of neutralization ability of FS and Gotland adsorbents (Appendix3). 

From the results in Figure 28, it can be concluded that the adsorbents ability to 

neutralize AMD decreases over time  and almost linear way when constantly subjected 

to sulfuric acid solution of pH 2. The total time of the experiment was 40 hours. It can 

be seen that the adsorbents neutralization ability is similar with both test materials in the 

beginning. Around 8 hours the Gotland material begins to lose its ability at slightly 

faster rate than FS. Hence, it can be noted that the solutions only falls a very small 

amount from pH= 6 until pH= 5, the pH does not change very much until you get close 

to the point pH= 5. On the other hand it can be seen that the pH evolution of Gotland  

limestone at the very beginning of the curve, the pH starts by falling quite quicly  with 

increasing time from 6.2 to 3.4 of pH. Results of experimental run with sulfuric acid 
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concentration shows that the neutralization ability of both adsorbents exhibits almost 

lineare decrease along exposure to the AMD. In Figure 28, FS shows slightly more 

presistent pH adjustment ability compared to Gotland material. XRD indicates that  FS 

material cotains calcium carbonate, wollastonite and also silcate compare to gotland 

conatins only calcium carbonate and silcate. Moreover the content of FS material is not 

able to increase pH in acidic solution more than up to 4.8  around 32 hours. In addition 

to this, FS contains greater amount of active alkaline constituents compared to Gotland 

material. The FS material may be able to show better  performance in AMD 

neutralization. 

7.4 Ferric removal using FS material 

Figure 29 shows the results of the acidity neutralization with FS limestone. A column 

was filled with FS material (75 g), synthetic AMD (pH = 2, Fe
3+

: 0.1 g/L) was directed  

through the column and the effluent was captured in a bottom column.The experiment 

was counducted with the following variables: initial pH (fixed at 2), particle size 300 

µm, flow rate 2.1 L/h and ferric concentration fixed at 100 mg/L. 

 

Figure 29. The acidity neutralizing with FS limestone (Appendix 4). 

From the data plotted in the Figure 29, it can be seen that the maximum pH of 6.2 was 

maintained for 10 h after which it decreased gradually, falling to below 5.8 after 18 h 

until quite near the equivalence point. Then there is a really steep plunge. The minimum 

0 

1 

2 

3 

4 

5 

6 

7 

0 20 40 60 80 100 120 

p
H

 

Time (h) 

FS limestone: pH vs. time 

FS 



52 
 

pH of 2 was maintained after 20 h. The decrease was probably due to the surfaces of the 

limestone. The influent water acidic and highly understaturated with respect to calcite, 

so the limestone in the column actively dissolved, as reflected in the high calcite and 

alkalinity concentration in the effluent waters during the initial stage of the experiment. 

Comparisons of the plotted data in Figures 28 and 29, it can be seen that Figure 29 is 

completely different than what is shown in Figure 28. In Figure 28 was observed nearly 

linear decrease in neutralization ability for 40 hours, but in Figure 29 was observed a 

collapse in less than 20 hours because the reaction that happens between ferric, 

limestone, and acidic solution. In addition, it is co-precipitation with iron at lower pH 

value (pH=2). Moreover there is possibility of gypsum curst formation. 
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7.4.1 Adsorption and breakthrough capacity  

The adsorption of ferric on to treated acidic solution is presented in the form of 

breakthrough curves where [Fe
3+

] is plotted versus time.  The adsorption capacity of 

Fe
3+ 

ions onto FS material was evaluated as shown in Figure 30. It shows the 

breakthough curve of ferric adsorption on to treated acidic solution (pH= 2) at FS 

adsorbents  (75 g) and at a constant flow rate of 2.1 L/h and initial  ferric concentration 

at 100 mg/L. 

 

Figure 30. Graphical illustration of the experiment data for obtaining Fe
3+

 and time (Appendix 5). 

As it can be seen from Figure 30, the shape is approaching S shape breakthrough curve. 

The results obtained the ferric concentration starts off low and increases along increase 

over time. The ferric concentration does not change very much until it get close to the 

equivalence point. Then it surges upwards very steeply. As observed from Figure 30 the 

shape of the breakthrough curve is really steep. The adsorption is favorable and the 

mass transfer zone is relatively short.  

The treated solution was observed color free for the first 18 hours of adsorbent use. As 

the process proceeds, some color appeared in collected samples as the breakthrough 

point (at 18 h) was achieved. The breakthrough capacity was calculated from this data. 
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(about 34 h) losing its adsorptive ability. The breakthrough capacity, calculated 

according to equation (25), is 0.05%.  

                  
 

                                                                            (25) 

Where        2.1 L/h              flow rate 

                   18 h                  time needed to achieve breakthrough point, 

                   0.1 g/L              initial ferric concentration 

                   75 g                   mass of the FS adorsbent 

Results of the experiments in Figure 30 above shows that during the first period of pure 

adsorption studied test FS material, the adsorbent is losing its adsorptive ability over 

time since more ferric is presented in the FS adsorbent. It means that FS material can be 

used for ferric removal in acidic solutions. Therefore, test material has a great potential 

to be used as adsorbent for acid mine drainage treatment. The better performance of FS 

material may be explained by its higher alkalinity, and also possibly by higher content 

of wollastonite.  

The change of the surface of adsorption with the increase in depth could be explained 

by mass transfer phenomena that take in this process. When the bed depth is reduced, 

the role of axial dispersion phenomena increases in the mass transfer and reduce the 

diffusion of metallic ion and hence solute (Fe
3+

 ion) has less time to diffuse into the 

adsorbent mass. Moreover, an increase in the bed adsorption capacity is noticed at the 

breakthrough point with the increase in bed depth. This increase in the adsorption 

capacity is due to the increase in the specific surface of the adsorbent which supplies 

more fixation binding sites.  
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7.4.2 Analysis of FS adsorbent after use 

A somewhat general flow through column experiments process of iron adsorption using 

FS material is illustrated in figure 31. 

 

Figure 31. Illustration of iron adsorption using FS material. 

The experimental work was excuted with the fixed bed adsorption column. In Figure 31, 

the FS adsorbent (75g) can be seen after use for one to five days for adsorption of 

synthetic solution with light yellow color at a fixed flow rate (2.1 L/h). As can be seen, 

during five days running the process the amount of the adsorbent does not change. 

Thereafter, at the first day ferric stays on the upper layer, then passed through FS 

adsorption units for removal iron, at the end of the experiment (5 days) ferric stays at 

the lower layer. Based on the findings, it was decided that in this study the gypsum 

content was analyzed. X-ray diffraction was used to analyze the used adsorbent after 

five days to see the possibility of gypsum precipitate if it is formed in FS adsorbent bed. 

Figure 32 below  represents results of  the analyses of  FS adsorbent after use. X-ray 

diffraction analysis of the FS limestone (sample of the right image 31) substrates was 

performed in order to determine the content composition of the material after used to 

see if gypsum is formed.  
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Figure 32. X-ray diffraction data of FS adsorbent after use. 

Figure 32 shows XRD data of FS material after use that indicated the content. It shows 

the presence of gypsum,  iron sulfate, calcite, wollastonite, calcium sulphate and 

silicate. Contents of silicate, gypsum and wollastonite are high, calcium carbonate 

content is low, whereas calcium sulfate and iron sulfate are present in negligible 

amounts. From the data plotted in the Figure 32, it can be seen that the gypsum 

precipitate is formed in adsorbent bed.  

Comparisons of content for FS material in upper and lower section of the column are 

totally different (Appendix 6). Thereafter, the content of mineral components is 

decreasing after use compared to before use. Moreover, the content for FS in upper and 

lower layer of column contains gypsum and iron sulfate unlike before use, whereas 

calcium carbonate content is very low. It means that calcium carbonate is dissolved. It 

can be concluded that gypsum precipitate is formed in both sections adsorbent bed (see 

Appendix 6).  
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7.5 Ferric removal using Gotland  material 

Figures 33 and 34 shows the acidity neutralization with Gotland material and the 

adsorption of ferric from treated acidic solution using Gotland materials respectively. 

Variables of the experiments were: initial pH of 2, particle size of 2 mm, flow rate of 

2.1 L/h,   and ferric concentration at 100 mg/L. 

Figure 33. The acidity neutralizing with Gotland limestone (Appendix 4). 

 
Figure 34. Adsorption of ferric using Gotland material  (Appendix 5). 
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From  the results in the figure 33, it can be seen that the maximum pH of 6.2 was 

maintained for very short time around 1h, and then falls. The pH deacreses sharply, 

reaching 18 h,  and then  the pH level of the solution became practically constant. 

However, from this present figures 33 and 34 it is concluded that both figures were in 

good agreement with each other, the Gotland adsorbent was exhausted after 10 hours of 

treatment.  

From the data plotted in the figure 34, it can be concluded that the adsorption abilities of 

the Gotland test material very bad. Ferric removal rate decreases down to partically zero 

to 18 hours, and then it became practically constant. It can be seen from the results that 

Gotland adsorbent could separate iron ions from acidic models solutions for the first 10 

hours. Moreover Gotland was dissolved with during time as shown in below figure 35. 

Figure 35. Illustration of adsorption of ferric using Gotland material in fixed bed column. 

Figure 35 above illustrates the iron adsorption from acidic model solution using Gotland 

side materials. It can be seen that when the synthetic solution with light yellow color 

had started passing through fixed bed column with filled Gotland limestone, the color of 

the adsorbent was changed to dark yellow. In addition to this, the amount of Gotland 

material deacreses more at the beginning experiment compared to towards the end. 

Moreover the Gotland material is dissolved in acidic solution from 75 g to 16 g in five 

days as shown in the Figure. 
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7.6 Solubility of calcium carbonate at various pH 

Figure 36 shows the solubility of calcium carbonate at pH of 2, 3 and 4. Solubility of 

calcium carbonate is expressed in mol/L, mass of sulphuric acid and ferric were in 

negligible amount and thus ignored. The objective of this experiment was to  understand 

why the second type of adsoption test material (Gotland) dissolved in acidic solution, 

because it contains high amounts of calcium carbonate. 

 

Figure 36. Solubility of calcium carbonate at pH 2, 3 and 4 (Appendix 7). 

It can be seen from figure 36 that the solubility of CaCO3 deacreases as pH increases at 

a constant  room temperature of 20 
0
C. Solubility of calcium carbonate highly depends 

on pH of the solvent. In acidic conditions    
  will associate with proton, driving the 

solubility equilibrium toward the formation of     
  species (see chapter 4.9). In case 

of increasing CO2 input, which reduces pH, calcium carbonate will be  more susceptible 

to dissolution. So the Gotland material in this study dissolved in acidic solution, because 

it contains high amount of CaCO3. Gotland material contains high amount of calcium 

carbonate and  very low  amount of silicate (Figure 25). 
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7.7 Dynamic pH equilibrium dependent on the adsorbent dose 

Figure 37 shows the results of the  pH dependence on FS material dose (T=22.1 
0
C, 100 

ml of H2SO4, initial pH= 0.96). Experimental data can be seen in Appendix 8. 

 

Figure 37. pH dependence on FS material dose (Appendix 8). 

From data plotted in Figure 37 it can be seen, that the greatest pH increase directly after 

the test material contact with acid solution. However, there are some differences. 

Thereafter FS graphics is rather flat and quickly reached equilibrium pH significantly 

differs from the initial pH= 1 to pH 2. Moreover, the lines obtained for various material 

doses lay very close to each other: with dosage increase to 3 times, the equilibrium pH 

value changes from 1.35 to 2.05 only. It is explained by the relatively small content of 

carbonates in this test material (Philippova, 2012).  

7.8 Adsorption potential  

The data of FS sample analysis by AAS method and results of calculations in a graphic 

form are presented in Figure 38.  
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Figure 38 shows the relation between the iron concentrations in AMD on the surface 

area of FS material. The graphics have a small stepping up with reaching the greatest 

value on the right side of the plot, further steadily went down till the lowest point, 

dramatically escalation and next curvy out. In preliminary studies, the sharp increase of 

the removed iron amount, described above, coincides with the transition of the system 

through the value of pH that limits the pH range at which iron is mostly presented in a 

state of divalent ions. When the pH exceeds 3, the iron becomes a trivalent ion, and 

forms insoluble compounds. Their precipitation accompanies the adsorption, causing a 

significant decrease in the concentration of iron in the liquid phase. 

 

Figure 38: Dependence of the Fe concentration in AMD model on the surface area of FS. 

Thus, parts of the diagram, passing to the left of the transition point, may be regarded as 

a separate graph of the materials adsorption activity dependence on the surface area of 

adsorbent. Its form may be explained by next hypothesis. In preliminary studies, it has 

been suggested that calcium silicate (wollastonite) is hydrolyzed in the acidic 

environment, becoming an amorphous silicon dioxide, i.e., silica gel with a developed 

contact surface of the porous structure. On the higher pH values hydrolysis contributes 

to a lesser extent (Philippova, 2012). 
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8. Conclusions 

Acid mine drainage is presently a serious environmental problem threat from mining 

industries. There is a need therefore, to pay attention to the problems of the effluent 

from mine drainage, and the treatment process has to be elaborate. The existing AMD 

treatment techniques show a small variation in practical ways to reduce the 

concentration of metals in mining waters. Moreover, the application of those methods 

rarely meets economic and technological requirements.  

Adsorption technology is known for high efficiency of ion metals removing, but has not 

been applied for treatment of iron containing AMD in practice. There are various 

scientific articles describing potential adsorbents, but nowadays technical applicability 

and cost-effectiveness, as well as environmental sustainability play roles in the selection 

of the most suitable material to treat inorganic effluent. The applicability of two types of 

adsorbents (low-cost materials), by products of limestone mining (FS provided by 

Nordkalk Oy and Gotland from Metsä Tissue Oy) for the adsorptive removal of iron 

from synthetic acid solutions was studied. They were characterized by high content of 

calcium carbonates in their chemical composition, wollastonite, small particle sizes and 

great specific surface area. 

The experimental results showed that it is feasible to use treated FS material as an 

adsorbent for iron removal in a fixed bed adsorption process. The experiments were 

investigated to establish the dynamic characteristics of AMD neutralization and iron 

ions removal in a constant flow model through a fixed bed adsorption column. Bed 

depth, flow rate, pH and initial concentration were fixed.   

The results show that FS adsorbent had higher productivity. Its adsorptive capacity was 

high. The adsorption breakthrough capacity was 0.05% (Figure 30). In addition to this, 

the results showed that effects of acidic model solutions on the FS have very little 

effect, because the FS adsorbent ability to neutralize AMD is high. It means that FS test 

material have a great potential to be used as adsorbent for acid mine drainage treatment. 

The better performance of FS material may be explained by its higher alkalinity, and 

also possibly by higher content of wollastonite and silicate, calcium sulphate content is 

low, and calcium carbonate is present in negligible amounts. Also this study has pointed 

out gypsum precipitate was formed in FS adsorbent bed during treatment. From the two 
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adsorbents, the FS material was more suitable than Gotland material. Thereafter, it was 

found that the Gotland adsorbent could separate iron ions from acidic models solutions 

for the first 10 hours only. Moreover, it could be seen also from the results that Gotland 

material dissolved in acidic solutions. Particularly for adsorption materials, the success 

depend of how much and how long, the FS material is capable to retain the adsorbate at 

the minimum [Fe
3+

] (18 h for 75 g of FS material), which is the maximum activity. It 

can be concluded that longer break-through time indicates higher efficiency of FS 

material fixed bed column in removing ferric, differences in particle size was probably 

favorable also to FS, and economically advantage (low cost) is the FS material from 

Nordkalk Company. 

Pressure drop of both materials was studied. It was found that the total pressure drop of 

FS material is 2.79 bar at 2.31 l/min flow rate and bed height 0.3 m, for Gotland 

material is 1,35 bar at 1.75 l/min flow rate and bed height 0.2 m. The pressure drop of 

FS material was higher than Gotland materia due to the great difference in particle size. 

The pressure difference depends mainly on bed porosity and flow rate. 

In brief, this study has pointed out some key aspects of side materials of limestone 

mining when applying for iron adsorption from acidic model solution. The results show 

that unmodified FS limestone from Nordkalk Company was more suitable than Gotland 

materials and their adsorptive capacity was higher and has a great potential to be used as 

adsorbent for acid mine drainage treatment. The results of this project were used to 

predict the effectiveness of the FS material in reducing impacts of metals contaminated 

drainage water at case study site. 
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Appendix 1 

The process flow diagram of the fixed bed adsorption column   

            

 

Figure 39. Flowsheet of adsorption column. 
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Appendix 2 

 Pressure drop of FS and Gotland materials 

Table 1. results of  pressure drop of FS material. (L is length of fluid flow, P is pressure) 

L (m) P(bar) P(bar/m) Flow rate ( l/min) flow rate (m/min) 

0.6 0.2 0.67 1.05 133.75 

0.7 0.34 1.14 1.5 191.08 

0.85 0.5 1.67 2 254.77 

1 0.8 2.67 3 382.16 

1.1 1.1 3.67 4 509.55 

Filter bed depth          0.3 m     

 

Table 2. results of  pressure drop of Gotland material. 

L (m) P(bar) P(bar/m) Flow rate (l/min) Flow rate (m/min) 

0.45 0.15 0.75 1 127.38 

0.55 0.3 1.5 1.5 191.08 

0.7 0.45 2.25 2 254.77 

0.85 0.6 3 2.5 318.47 

Filter bed depth 0.2 m   

 

where static presure can be calcultaed according to the formula:  

                        

           =               

                         

                       

 

           

Flow rate is represented as m/min (calculated by dividing the flow rate with the cross 

section of the column, l/ m
2
min= m

3
/ m

2
min= m/min. 
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Appendix 3  

Table 4. Data of pH evolution for FS and Gotland. 

Time (h) Gotland (pH) FS (pH) 

0 6.28 6.27 

1 6.17 6.25 

2 6.06 6.21 

3 6.02 6.17 

4 5.99 6.09 

5 5.97 5.99 

6 5.92 6.01 

7 5.82 5.98 

8 5.78 5.94 

9 5.56 5.88 

10 5.2 5.89 

11 5.18 5.92 

12 5.15 5.89 

13 5.1 5.87 

14 5.00 5.86 

16 4.76 5.84 

18 4.73 5.70 

20 4.72 5.55 

22 4.71 5.20 

24 4.63 5.13 

28 4.54 4.96 

30 4.65 4.98 

32 4.46 4.84 

34 4,1 4.80 

36 3.62 4.71 
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Appendix 4: 

Table 5. Data for acidity neutralisation of both adsorbents. 

time (hrs)  pH with FS  pH with Gotland 

0 6.2 6.1 

1 6.21 5.16 

2 6.2 4.78 

3 6.2 4.08 

4 6.2 3.9 

5 6.2 3.5 

6 6.2 3.15 

7 6.2 2.93 

9 6.01 2.59 

10 5.99 2.53 

11 5.97 2.43 

14 5.82 2.39 

15 5.75 2.4 

16 5.7 2.38 

17 4.6 2.35 

18 3.99 2.4 

19 3.02 2.44 

20 2.9 2.42 

21 2.66 2.38 

22 2.57 2.38 

23 2.5 2.24 

24 2.42 2.18 

25 2.4 2.18 

26 2.38 2.18 

27 2.36 2.17 

29 2.3 2.16 

30 2.29 2.16 

31 2.29 2.15 

34 2.24 2.14 

35 2.18 2.12 

36 2.18 2.08 

37 2.16 2.07 

38 2.14 2.03 

39 2.12 2.15 

40 2.09 2.12 

41 2.08 2.1 

42 2.22 2.08 

43 2.16 2.11 

44 2.05 2.08 

45 2.04 2.08 

46 2.03 2.08 

97 2.02 2.08 

100 2.00 2.08 
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Appendix 5  

Table 6. Results of AAS analysis for FS and Gotland materials. 

Time (h) [Fe3+] mg/L: 
Gotland  

 [Fe3+] mg/L : FS 
material 

0 28.33 0.41 

1 30.42 0.62 

3 32 0.78 

7 39.4 0.91 

8 46.9 1.01 

9 58.2 1.34 

10 70.5 2.05 

13 88.01 2.08 

14 89.07 2.33 

18 94.03 4.27 

19 93 4.53 

20 95.5 10.45 

24 94 60.79 

26 95 74.33 

30 93 88.03 

60 92 95.12 

70 94 96.00 

76 95 96.14 

90 96 97.07 

91 94 97.74 

96 94 96.12 

100 92 96.13 
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Appendix 6 

Experimental data of the lower layer and comparison between the upper and lower layer 

 

Figure 40. The difference of FS stone between top and bottom after use. 

 

 

 

Figure 41.The composition of lower layer of FS adsorbent after use. 
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Appendix 7  

table 7. Data of calcium carbonate at pH 2, 3 and 4. 

pH of acid solution  Intial amount of CaCO3 Final of CaCO3 difference solubility (mol/L) 

2 10 g 5,83 g 4,17 g 0,0417 

3 10 g 6,77 g 3,23 g 0,0323 

4 10g 7,49 g 2,51 g 0,0251 

 

Calculation of the solubility CaCO3: 

1 mole of calcium is       40 g 

1 mole of carbon is         12 g 

3 moles of oxygen is        48 g 

So, 1 mole of CaCO3 is 100g  

 

4.17 g * (1 mol/100g) = 0.0417 mol CaCO3        (10 - 5.83 = 4.17g) 

C = n / V = 0.0417 mol / 1L = 0.0417 mol/L 

 

   Molar mass of sulfuric acid and ferric were ignored , because the amounts were 

negligible compared to calcium carbonate. 
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Appendix 8 

The surface area of material in contact with solution, m
2
/l, can be calculated according 

to formula:  

10

SD
Scont


         

Where       D              dose of material, g/100 ml,  

                  S               measured specific surface area of material, m
2 

 

Table 8. pH dependence on FS (dry, all fractions) material dose, T = 22,1°C, H2SO4  

(100ml) 

Dosage, g/l 15 25 35 45 

Surface area, m
2
/l 13.53 22.55 31.57 40.50 

 pH 

Initial pH 0.96 0.98 1.03 0.98 

 Time, min 
    

0 1.06 1.02 1.03 1.16 

1 1.08 1.12 1.16 1.18 

5 1.1 1.15 1.22 1.48 

10 1.06 1.20 1.40 1.61 

15 1.15 1.24 1.46 1.67 

20 1.21 1.27 1.53 1.71 

25 1.23 1.29 1.59 1.76 

30 1.26 1.31 1.64 1.81 

60 1.53 1.43 
 

2.05 

90 1.35 1.37 
  

 

 

 

 



77 
 

 

 


