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Great attention has been paid in many studies to the environmental problems in mining. 
One of these is how to reduce water consumption during the ore mining and metal 
extraction process. Another ecological problem of mining includes solid waste 
management. 

The main method for reducing water consumption is recycling water. In this case, 
problems may be encountered, such as water treatment before reusing it. The purification 
methods will depend on the set of pollutants that should be removed and the type of water 
that should be treated. For example, the term “mine water” includes waters with different 
compositions and quality that depend on the chemical composition of an ore, extraction 
methods, and environmental conditions. Process water is also a general term for water, 
which  is  used  for  various  technological  processes  and  therefore  has  a  different
composition. Process water should be treated in accordance with technological 
requirements before use. Mine water, such as acid mine drainage (AMD), should also be 
treated before being released into the environment. AMD and process water from metal 
extraction were investigated in this work as objects for finding new solutions for their 
treatment and reuse.  

Traditional methods for the treatment of mine water are expensive. Adsorption is the most 
cost-efficient method of water purification. Therefore, adsorption has been applied as a 
low-cost, efficient, and environmentally friendly methodology for AMD and process 
water treatment. 

Approximately 80% of ore is waste after the extraction of metals. The amount of solid 
wastes is increasing significantly in mining countries. The development of sorbents from 
solid wastes is one promising solution to the management of solid wastes. The first part 
of this paper presents a literature review considering the main points of adsorption theory 
with a focus on the interaction between the liquid and solid phases. On the basis of the 
results obtained by numerous research groups, the various methods of modification have 
been reported with a focus on low-cost materials.  

The experimental results and discussion section are presented for the chosen adsorbents, 
including physicochemical characteristics and capacity to adsorb various pollutants. The 
chemical composition and structure of the materials were characterized with X-ray 
diffraction (XRD), X-ray fluorescence (XRF), organic elemental analysis, scanning 



electron microscope/energy dispersive X-ray spectroscopy (SEM/EDX), and a Fourier 
transform infrared spectroscope (FTIR). The determination of pollutant concentration 
before and after adsorption was conducted with inductively coupled plasma atomic 
emission spectroscopy (ICP-OES) and high-performance liquid chromatography 
(HPLC). Various adsorption isotherms were used in the characterisation of behaviour 
between adsorbent and adsorbate.  

The results of this research work show that some low-cost materials and industrial by-
products could be used as adsorbents for wastewaters. 

Keywords: limestones, by-products, sulphate tailings, coffee waste, iron-based adsorbent 
atomic layer deposition for powder, metal ions, cyanide, arsenic, sulphates, chlorides 
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1 Introduction 
Modern society cannot be imagined without the technological advances that have 
occurred over the past 100 years. Technology continues to develop and cannot exist 
without the use of natural resources such as water and metals. Water is one of the most 
important resources for sustainable life on the planet [1–3]. 

Water covers more than 70% of the earth, but less than 3% is fresh water, and less than 
1% of fresh water is easily available for human consumption [1–3] (Fig. 1). More than a 
third  of  the  world’s  population  live  in  conditions  of  water  stress.  Industry  consumes  a  
fifth of the total water in use, which is about 750 km3 a-1 [1].  

 

Figure 1. World water resources (modified from references [1–3]).  

One of the main tasks of modern science is to find ways to reduce water consumption in 
industry, through re-use, as well as the search for new water-free technological solutions, 
or through minimizing water consumption as much as possible. With the support of 
governments and industries, many research groups are actively working on the challenge 
of minimizing water consumption [5]. For example, some new methods of mining and 
metals extraction have been proposed over the past decades, such as desalination of saline 
water for mining, reusing process water for double extraction of rich metals from 
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solutions, and waterless methods [4, 6–8]. All of these achievements make a certain 
contribution to the development of more environmentally friendly mining and extraction. 
However, these methods are rather expensive and sometimes less effective than the ones 
already in use [7]. 

Since this work has been financed by the Finnish Funding Agency for Technology and 
Innovation (TEKES), data on water consumption and the amount of solid waste will be 
presented on the basis of the reports of the Finnish Network for Sustainable Mining 
(FNSM) [9].  

 Mining activities use fresh and process water for many tasks, such as the extraction of 
natural gas, petroleum and minerals. Frequently, part of the water is reused after 
pretreatment; pretreatment procedures and costs vary depending on water quality 
requirements. However, a lot of challenges remain open. How can the maximum 
opportunities for water reuse be achieved? How can process water be purified efficiently 
using economically sustainable methods? Can other opportunities be found to use process 
water [9]? It was observed by the FNM that mine industries in Finland used 1,798 GWh 
energy and 65.4 Mm3 of water, including recycled water, for the period of 2015 [9]; 
moreover, the percentage of raw water is from 3.6% to 68% (Table A1). Some companies 
reuse a certain amount of raw water. For example, Agnico Eagle Finland Ltd reported, 
that water is processed in the process through a closed underground mine located area, 
which means that no additional water is required (Table A1). However, the challenges of 
water management are still an open question and the effort to reduce water consumption 
is in progress.   

Another type of water that causes serious concern for the environment is acid mine 
drainage (AMD) that forms in closed mines due to the oxidation of mine tailings. AMD 
is one of the main sources of pollution of surface and ground waters with metal, sulfate 
ions and other pollutants. AMD is especially formed in metal and coal mines. Sulfur 
containing tailings react with water and oxygen to form sulfuric acid and dissolve in their 
metal ions. This acid is carried out of the mine site by rainwater or surface drainage and 
gets into nearby streams, rivers, or lakes, creating environmental risks. Comparative 
analysis of the two geological maps from the Geological Survey of Finland (GTK) that 
are presented in Figure 2 shows that a decrease in the quality of water sources is more 
often observed in the location of mining [10].   
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Figure 2. Data on the ecological status of groundwater and the location of mining 
companies in Finland during 2015 (data were collected from references [9, 10]). 

The global challenge also is the daily increasing amount of solid wastes related to human 
activity. The mining and ore process industries are among the largest water consumers 
and producers of 60 –70 Gt solid waste every year [4]. The remnants of the rock produced 
as a result of extraction and processing are the main source of the pollution of natural 
ecological systems. For example, mine tailings, which remain after ore extraction and can 
account for 20% to 98%, depending on the mined minerals. They can damage the 
environment by releasing toxic metals with acid drainage. Mining minerals, according to 
the mining law, extracted from Finland are comprised of metal minerals (Cr, Ni, Cu, Zn, 
Co, Au, Ag, Pt, Pd, sulfur), industrial minerals (apatite, calcium, dolomite, wollastonite, 
talc, quartz and ground beet), industrial stone, jewellery, and precious stones (amethyst) 
[10]. The most significant environmental impacts are usually related to the extraction of 
sulphide metal ores (Ni, Cu, Zn, Au, Ag, Pt, Pd, sulfur).  

According to the FNM report for 2014, total extraction amounted to 73.8 Mt and solid 
waste was 67.3 Mt, which is approximately 91% of the total amount of ore. Data on some 
companies for 2015 are shown in Table A1 [9]. It can be seen that the amount of solid 
waste ranges from 50% to 99% of the total amount of excavation ore. In particular, a large 
part of the solid waste is the tailings. At the same time, if waste rock is reused, in whole 
or in part, the tailings are then most often outgoing to dumps. The main environmental 
impacts of sulfide metal mines are related to the storage and discharge of extractive waste 
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as tailings are exposed to oxidation at the excision level of extractive waste and cause 
harmful effects to the environment. Oxidation of tailings can occur on quarry walls, in 
enrichment processes, in concentrate storage levels, and in areas where sulfide-containing 
dust has spread. Efficient and low-cost methods for the neutralization of tailings for their 
further disposal, as well as the possibility of their reuse, remain serious challenges for the 
mining industry and environmental services.  
The mineral processing facilities are also located in Finland, of which the largest is 
Norilsk Nickel Harjavalta, with an annual production of copper and nickel compounds of 
about 46 kt, and half of which is sulphates. The consequence of this extraction process is 
also sulphate tailings, which are not reused. The water consumption during production is 
approximately 11 Mm3/a  [11].   The  main  aim of  the  sustainable  management  of  mine  
tailings is to stabilize those mining wastes and to make them inert or to limit their contact 
with natural water to prevent the oxidation process. It can be seen from the data given in 
Table A1 that the Finnish gold mine and processing companies have used about 200 tons 
of cyanides per year, which also must be subjected to neutralization before its disposal. 
 
The food industry is the other main producer of solid waste in the world. As the UN Food 
and Agriculture Organisation confirm, approximately 30% of all produced food goes to 
waste,  which  is  about  1.3  billion  tons  per  year  [11].  Considering  the  challenges  in  the  
mining and food industry, efforts must be made to optimize and minimize solid waste.  

Increasing the efficient use of resources by reuse will allow a decrease in the consumption 
of energy, water, and chemicals. The most environmentally friendly approach, which is 
consistent with the principles of green chemistry and ecological aspects, is to search for 
alternative applications for solid wastes. Utilizing solid waste as potential sorbents for 
water treatment was taken as main alternative approach for reuse during this research. 
Industrial and food by-products were applied to different challenges of water treatment 
in accordance with their chemical-physical properties. The adsorption method with 
sorbents produced from low-cost materials, such as limestone and by-products, was used 
in this research work. The theoretical part of this study includes a literature review, which 
addresses the issue of adsorption theory, mine water composition, and the effects of their 
physicochemical properties on the behavior and removal of pollutants [12–18]. The 
various types of low-cost adsorbents and their adsorption capacities and possible methods 
of modification are described.  

The low-cost materials and by-products of various Finnish industries for acidic and 
alkaline mine water are presented in the experimental part. All of these materials were 
tested  without  modification  of  their  surfaces.  However,  some  methods  of  surface  
modification are also described. Water and solid waste minimization by the production 
of low-cost sorbents for mining water treatment in the framework of the Green Mining 
and Intelligent Mine Water Management projects with the financial support of the Finnish 
Funding Agency for Technology and Innovation (TEKES) were considered in this study.  
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2 Literature review 

 Mine water composition 

Ground and surface waters in ground and underground mining excavations are exposed 
to physical and chemical changes during operation. Mine water occurs from the 
interaction of ground water with the atmosphere and the opened ore. The chemical 
composition of these differs from that of the ground water surrounding the mine as a 
consequence of the rocks leaching, the influence of atmospheric gases, bacterial, organic, 
and inorganic pollutants [19].  

The geochemistry of mine water depends on chemical composition, pH, redox potential, 
origin, and application. Mine waters may be classified by their contamination, quality and 
applicability. In this manuscript mine waters will be divided into acid mine drainage and 
process waters.  

Acidic mine water is named acid mine drainage (AMD) or acid rock drainage (ARD) [20–
27]. The term ARD is used to refer to acid drainage originating from sources other than 
mines — for example, as a consequence of building activities or after a rise in sea level 
[23]. The present study is primarily concerned with AMD. AMD is formed in the process 
of metal mining and associated processes with the oxidative dissolution of sulphide 
minerals. The chemical composition of AMD is unique to every mine and depends on the 
rock mineralogy, climate, seasons, geographic location, mining and mineral processing 
methods, and other factors [23-27]. It can be seen in Figure 3, that the entry of pollutants 
into surface and groundwater is possible due to rainfall and percolation through the soil. 
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Figure 3. General diagram of pollutants’ transfer and AMD formation (modified from 
references [22-27]). 

All AMD is characterized by low pH and a high concentration of metal ions and other 
toxic elements (As, Hg, Cl etc.) [20–27]. The process of oxidation of sulphide minerals 
can be described by pyrite oxidation, which is the main step in the AMD formation 
process. The general equation is:  

+ 3 + 2 + 2 + 4                       (1) 

Continued oxidation can lead to the formation of ferric iron (Eq. 2), which can also 
oxidize additional pyrite (Eq. 3): 

+ 4    (2) 

14 15 16   (3) 

The opened mine has a higher probability of pyrite formation than the closed mine, since 
the entry of water and oxygen through natural sources are more likely (Figure 3). The 
general impact of the AMD formation is the release of H+ and maintaining the solubility 
of metal ions. Hence, acid neutralization and metal ions removal are general challenges 
for AMD treatment.  
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The behaviour of anions and cations in water is related directly to pH and redox potential. 
pH  is  a  characteristic  of  the  behaviour  of  hydrogen  ions  in  a  solution  and  can  be  
determined as the reverse decimal logarithm of the hydrogen ion activity: 

[ ]      (4) 

Redox potential is a characteristic of the activity of electrons and can be determined as 
the reverse decimal logarithm of the electron activity in a solution: 

[ ]      (5) 

These two parameters are described by the Nernst equation and can be determined 
simultaneously:  

= [ ]
[ ]

      (6) 

where E and E0 are potentials at specific and standard-state conditions respectively; R is 
the ideal gas constant (8.314 J mol-1 K-1); T is ambient temperature; n is the number of 
electron moles; F is Faraday’s constant, the charge on a mole of electrons (96485 C mol-

1). 

The Nernst equation for the hydrogen value after calculation at temperature 298 K and 
considered constants R, T and F is: 

= + 2.3 log       (7) 

where log aH+is pH. 

As can be seen, these values are related to each other and may vary depending on the 
conditions. For example, the redox potential of distilled water at pH 7 should be 812 mV, 
whereas  for  natural  waters,  the  potential  ranges  from  300  to  600  mV.  The  Eh  of  
groundwater decreases from 0 to minus values accompanied with the depletion of O2 due 
to the increase in depth (Fig. 4). 
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Figure 4. Redox potential of different types of water (modified from reference [27]).  

Redox potential and pH are the decisive factors for the availability of the predominant 
oxidized  form of  various  elements  and  their  behaviour  in  water.  For  example,  surface  
waters contain As and its oxidized forms. Arsenic form changes to reduced forms due to 
decreasing Eh under anaerobic conditions [28] (Fig. 5). There are transition forms of 
arsenic: ) > ).  

With the lower valence state As(III) and its oxide As2O3 is the most toxic form. This form 
is chemically active. This especially forms bonds with sulphur-containing fragments of 
protein molecules in the human body [29, 30]. The main source of arsenic(III) oxide is 
groundwater and gold and copper mining activity. Arsenic(III) oxide is a valuable 
chemical raw material for the production of other arsenic compounds. It is also used for 
pulp and paper industry, semiconductor electrical engineering and for the production of 
collared glass. The gross production of As2O3 in the world is 50,000 tons per year [31]. 
However, the safety of use is questioned due to the high toxicity of this substance. The 
massive and most common arsenic poisoning occurring through drinking water has been 
observed in areas of Bangladesh [32], India [33], the Tibetan Plateau [34], Chile [35], the 
USA [36] and Cambodia [37]. Only strong oxidants, such as ozone, hydrogen peroxide, 
and nitric acid, are able to convert arsenic(III) oxide to arsenic(V) oxide, which is 
removed easily from the solution to compare with As (III). Many scientific groups have 
presented research on the removal of As(III) through its conversion into As(V) by pH 
exchange [28, 38-44]. However, this methodology is multistep since pH must be 
controlled by chemicals that are toxic and not cheap, and limits their use in economically 
underdeveloped countries. The development of a method that would allow the removal 
directly of both forms of arsenic from water with minimal time and chemical consumption 
can solve this problem.  
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Figure 5. Eh-pH diagram for As compounds in water at 25 oC (modified from reference 
[42]).  

Cyanides are the main pollutants that originate from extraction in the gold and silver 
industry, because of their high affinity for gold and silver: 

+ 2( ) + 2 = [ ) ] + 4    (8) 

+ 2( ) + 2 = [ ) ] + 4   (9) 

The concentration of cyanide and its compounds should be limited to minimize the risk 
of environmental contamination. Cyanide ions form complexes with metal ions which 
participate in the biochemical processes and disturb the bio-processes in the cells of 
humans, animals and plants [29, 30]. The cyanide process is used for extracting precious 
metals in many countries. However, in some countries, such as the USA and Canada, 
mercury amalgamation is used instead of cyanides [45, 46].  

Process water is water that is used for the extraction of metals from ore [47-55]. Process 
water for metal extraction is alkaline with a pH of about 10 – 12. Associated metals and 
salts enter into the process water during the metal extraction. This water must be purified 
from the excess metals and salt ions after each working cycle. Reuse of process water 
serves to decrease clean water consumption [56].  
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 Mine water purification 

 

 

Figure 6. Scheme of mine water consumption and reuse (modified from reference [56]).   

Mine water treatment is a complex and multi-step process. Active and passive methods 
are the main groups of all wastewater purification methods (Fig.6). They can be used both 
separately and in combination, depending on the technology and issues involved [56]. For 
example, AMD treatment consists of several challenges, particularly neutralization and 
metal ions removal [26], whereas process water contains large amounts of salts needed 
for the extraction of metals [47-55]. However, a certain amount of anions may pass into 
process water from ore during the extraction process and they should be purified from 
there. Both active and passive methods are often used in combination depending on the 
objectives [53].    

In this chapter, all mine water treatment methods are divided into two groups, active and 
passive, and will be addressed according to their applicability.  

 Passive treatment of mine water 

Wetlands, biochemical reactors, reactive barriers, and limestone drains are passive 
methods applied in acidic mine water treatment [26, 58-62]. 

Wetlands are an effective method for the removal of many metal ions from mine water 
(Figure 6). The effect of acid mine water treatment can be increased by the addition of 
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lime for water neutralization and metal ions removal by precipitation. Limestone is a low-
cost material, but it can increase the amount of precipitants and form buffer solutions with 
carbon dioxide at a pH below 6. It may prevent the removal of some elements, such as 
manganese,  which  is  extracted  from  solutions  with  a  pH  higher  than  6  [63-67].  The  
surface of limestone rapidly becomes covered with iron and the neutralization of large 
water volumes requires huge amounts of limestone [26, 58-67]. During passive water 
treatment it is necessary to avoid some possible negative factors, such as rainwater inflow 
and bacteria deterioration. Rainwater will lead to further oxidation of pyrite and leaching 
of the more toxic elements from the ore to wastewater [27].  

The use of bacteria in metal extraction from ore and for removing various toxins from 
wastewater has been studied extensively in recent years. This is a low-cost and 
environmentally friendly method. The ability of bacteria to extract and enrich various 
metals, including rare earth, from ore was discovered in the middle of the 20th century. 
The most studied bacteria is Acidithiobacillus Ferrooxidans, which can oxidize sulphides. 
At the moment, this process is mainly used for the enrichment of copper from copper-
lean ore, when the use of traditional methods of copper extraction are uneconomical. This 
method is currently used for the industrial production of copper, uranium, molybdenum, 
and other metals [68–74]. The ability of bacteria to remove trace amounts of metals as 
well as their affinity to cyanides and arsenic compounds makes them good candidates for 
water treatment. For example, algae and fungi use the products of pyrite decomposition 
for their subsistence [75].   

The disadvantages of biological methods are an obstacle to their widespread use. There 
are  strict  limits  of  temperature,  UV  light  intensity,  and  pH  ranges  which  must  be  
maintained throughout the purification process in order to avoid the death of the bacteria 
[68-82].  

Although natural or industrial beds have low investment costs and cost-effective water 
consumption, these methods have disadvantages limiting their application. The removal 
of some metals is not effective, for example Zn and Ni [26]. The passive method for mine 
water treatment is less effective and time consuming than active chemical methods.  

 Active treatment of mine water  

Active treatment consists of various steps, such as mechanical, chemical, 
mechanochemical, and physiochemical methods [61].  

The first step in many water purification technologies is the application of the physical 
methods by mechanical removal of solid and colloidal substances [61]. The main goal of 
this treatment is separation of coarse particles. This can be done with coarse filters and 
using gravitational sedimentation. There are three basic methods of mechanical treatment: 
detention, filtration, and straining. The particles with greater relative density than the 
specific gravity of water form a sediment. At the same time, the particles with smaller 
relative density than the specific gravity of water, such as fats and oils, float on the surface 
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of the water. Mechanical treatment is widely used for mine and metallurgical water 
treatment, since these waters may be contaminated with solid ore residues and colloids 
[83, 84]. 

Chemical purification methods are based on chemical reactions, which help to remove 
various contaminants from water, such as sorption by ion-exchange reactions, adsorption, 
and absorption, [83-85]; separation methods by coagulation, crystallization, magnetic 
separation and precipitation [86, 87], and electrochemical methods [88, 89]. It can also 
serve as a preparatory stage before the main purification method. For example, AMD 
should be neutralized before metal ions removal. At the same time, metal ions may 
partially precipitate during the neutralization process [27].  

Sorption is the most widely applied, low-cost, less energy consuming method for 
removing various types of pollutants. This method may be a good option compared to 
other more expensive methods.  
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 Key aspects of AMD and process water treatment 

Neutralization of AMD is the main and first step for successful mine water treatment. 
Generally, limestone or other calcareous compounds are used for acid neutralization by 
dissolution of calcite and silicates decreasing of sulphate concentration.  

Limestone neutralizes AMD by release of calcium into the solution and precipitation of 
gypsum as a consequence:  

    (10) 

The precipitated gypsum coats rapidly the limestone reactive surface, which leads to 
slower AMD neutralization, as observed by many investigators [42, 90-97]. This lead to 
the additional amount of slurries and precipitates generated during the increasing a pH 
and removal of metal ions with precipitation. On the other hand, some compounds are not 
precipitate even at a high pH, such as sodium sulfate and can be released into the 
environment with effluent. 

The problem of gypsum precipitation can be solved by using the reagents that realize 
magnesium, which has approximately a hundred times higher coefficient of solubility 
equilibrium than gypsum [90, 93].  The use of minerals such as dolomite,  diopsite,  and 
others, which contains magnesium and other more soluble components, can avoid the 
coating of active sites of limestone by insoluble components. This phenomenon can be 
described through the ions exchange mechanism between metal ions and reactive 
hydroxyl groups that occur on the sorbent surfaces [90-97]. 

As has been observed by some researchers, silicate reacts with metal ions through 
adsorption onto active sites of the polymerized silicate, followed by an increase in pH 
values. If the process of precipitation of metal oxides is understandable, the process of 
adsorption of metal ions on the surface of silicate is more difficult to characterize [98-
103]. Falcone [98], Fripiat et al. [99] and Elizondo-Alvarez et al. [103] have made the 
assumption about the progress of a sorption mechanism between metal ions and active 
sites of silica. This phenomena can be described by the following reactions: 

   (11) 

( ) ( )    (12) 

) )    (13) 

The polymerization mechanism of silica in water solution is describe by reversible 
reaction between molecules of orthosilicic acid and molecules of water (11). Equation 12 
describes the dissociation of the hydroxyl group. The interaction of positively charged 
metal ions with the negative charge of silica surface causes the formation of the surface 
complexes creation (13). Falcone [98] and Wawrzkiewicz et al. [100] mentioned that 
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metal ions were removed from acid solutions with polymerized silicate at pH values 
below the equilibrium at which metal  should precipitate.  Adsorption can take place on 
binding sites on the external “surface” of clusters of polymerizes silicate tetrahedral or 
the metal ions can be encapsulated within the silicate cluster. Regarding the adsorption 
site, the metal ions are carried out of the solution with the flocculated silicate.  

The use of polymerized silicate for the removal of metal ions and acid neutralization of 
mine waters has the following benefits: 

- The alkaline silicate can be used to adjust the pH to higher values  
- Silicate reacts with dissolved metal ions or immobilizes them by adsorption on 

the surface of colloidal silicate particles.  

There are large variety of process waters according to their chemical composition, as 
previously noted. The treatment of alkaline process water with a high concentration of 
sodium chloride and sulphates and the process water from a gold mine will provide the 
framework for the investigations of this research. 

Process water treatment problems can be solved using a variety of treatment technologies, 
such as the electro-chemical method [104-107], biological degradation [108], membrane 
filtration [109, 110], coagulation [111-113], adsorption or ion exchange [114-117]. Low-
cost process water recovery is one of the most significant issues facing the industry today. 
Ion exchange is considered to be one of the best and most efficient methods for removing 
anions from water due to its  high efficiency, simplicity,  and low cost.  The removal of 
anions from highly alkaline process water is expensive and quite challenging. Sulphate 
and chloride removal is often accomplished through an ion exchange mechanism with 
limestone [110, 118, 119]. This process involves ion exchange between OH  on the 
adsorbent surface and removed anions. Natural lime is often used for process and 
wastewater treatment [58-64, 120–126]. Sulphate removal from water by adsorption has 
not always been successful — for example, in Darbi et al.’s research on sulphate removal 
from drinking and groundwater by bentonite [110]. Solid waste, however, is similar in 
composition to limestone and has a demonstrably high capacity to adsorb anions from 
wastewaters, yet it has received the least amount of research attention [125, 126]. Alkaline 
mine water can be treated with sorbents based on the ion exchange between  ions on 
the surface of sorbents containing  groups. 

Process water treatment with various reagents is used to purify it from many pollutants, 
including cyanide. For example, one of the methods is based on the extraction of cyanide 
ions  in  the  form  of  hardly  soluble  complexes  salts  (Fe4

3+[Fe2+(CN)6]3 and 
Fe3

2+[Fe3+(CN)6]2)  formed  in  the  alkali  solution  in  the  presence  of  Fe(II)  ions  [127].  
Effective removal of cyanides from process water using this method is possible only in 
the case of precise monitoring of the pH values and other conditions. Another method 
used to remove cyanide compounds from process water is based on their oxidation with 
chlorine or hypochlorite [127]. The reaction of cyanide oxidation to cyanates proceeds in 
two stages: 
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    (13) 

+ 2     (14) 

Firstly, chlorine is formed (Eq 13), which is hydrolyzed to cyanate (Eq 14). Considering 
that chlorocyan is a highly poisonous gas, it is necessary to maintain such conditions that 
the reaction rate (Eq 13) is greater than the reaction rate (Eq 14). The following conditions 
are observed when the concentration of cyanide in the sewage does not exceed 1 g L-1 
and the process proceeds at 50 oC and the pH value higher than 8.5. Waters with a higher 
concentration of cyanides are needed to dilute or use another method of neutralization. 
On the other hand, despite the fact that cyanates are less toxic than cyanides, their further 
neutralization is required [127].  

    (15) 

 

    (16) 

 

( ) + 2    (17) 

Equations 15-17 are presented as a possible complexation mechanism between arsenic 
compounds and iron hydroxides, which are component of the sorbents.  

All of the listed methods are complicate and associated with the possible release of toxic 
by-products.  New materials that  could be used as a complex agent for the cyanide and 
their conversion into non-toxic forms is the high priority aim in terms of environmental 
management in gold exploration.  

 Sorption in liquids 

Sorption is a phenomenon that describes the interactions or mass transfer at the interface 
of two different phases (gas, liquid, or solid) leading to changes in their composition by 
physical or chemical processes. The first sorption phenomenon between gas and solid or 
liquid phases was observed and described over 200 years ago by Scheele [128]. The 
sorption process is divided into two types, adsorption and absorption. Selective 
adsorption and ion exchange may be specified as particular cases of adsorption. The basic 
sorption mechanisms are shown in Figure 7. Absorption is a process in which an absorbate 
completely penetrates the body of a solid or liquid to form a compound or a solution (Fig. 
7b). On the other hand, adsorption is a surface reaction in which the molecules of an 
adsorbate concentrate only on the surface of an adsorbent (Fig. 7a). Frequently, both 
mechanisms can be present during the phase transfer process, which are not easy to 
distinguish. Therefore, the term sorption is more useful for both phenomena [128, 129]. 
These two processes were described in the late 19th and early 20th centuries. The most 
important researchers who studied sorption were Scheele and Fontana (1777), Lowitz and 



2 Literature review 30

Saussure (early 19thcentury), Chappuis, Kayser, McBain, Langmuir etc. (20th century). 
Their contribution to the study of this research field is described in detail by Dabrovski 
[128]. Worch described in detail the fundamentals, process, and modelling of adsorption 
as the technology for water treatment [129].  

 

Figure 7. Basic sorption mechanisms between solid and liquid phases (modified from 
references [128, 129]). 

Adsorption can be divided into two basic types of processes, the physical and the 
chemical. 

The physical adsorption process is followed by trapping certain compounds on an 
adsorbent surface by intermolecular forces that are described by the Van der Waals force. 
In this case, pollutants desorption from the adsorbent surface follows easily. Chemical 
adsorption, or chemisorption, is the process of adhering and mass transfer to the surface 
of the adsorbent compounds in chemical reactions by the valence forces. As a result of 
this, complex reactions with pollutants may occur or ion exchanges of the contaminant 
ions and the surface of the adsorbent may take place. Both processes can be observed in 
some cases, with adsorption due to strong hydrogen bonds and weak charge transfer 
[128].  Ion exchange is an exchange process between the ions of a solution and the surface 
area of adsorbents. It is a particular case of chemical adsorption [128, 129]. 

The purification of mining water by adsorption has been studied in industrial plants for 
passive (wetland) and active (column) methods [26, 27, 61-64]. The adsorption by batch 



2.3 Key aspects of AMD and process water treatment 31

method is mainly used in laboratories for the detailed study of adsorbents’ and pollutants’ 
properties, adsorption kinetics, and optimization of the pollutant removal process. 
Removal of pollutants by the column method is the next step for the optimization of 
adsorption parameters to use the methodology obtained on the industrial scale [58, 64, 
71, 124, 127, 130-131]. The materials studied should have a homogeneous structure. 
Therefore, they are pre-milled before laboratory tests.  The potential sorbents should then 
be prepared for industrial application. The use of powder materials in the column method 
is limited due to the possible adhesion of sorbent particles. Granulation is the most 
promising way to solve this problem. In this study, the method of sorbent granulation was 
studied and applied to cyanide removal [131-133].  

The mechanism of the adsorption process can be described with mathematical models 
that include adsorption kinetics and isotherms of adsorption. Mathematical modelling is 
an important instrument for understanding adsorption mechanisms. It assists in the 
selection of the correct process parameters for the better removal of pollutants.     

 Adsorption kinetics  

The mass transfer of adsorbate to the sites of the adsorbent during the time is referred to 
as adsorption kinetics [134, 135]. The rate and intermediate stages of the process are 
investigated by conducting kinetic studies. The rate of chemical reactions is an important 
concept of kinetics. The rate of the reactions is defined as the change of the component 
concentration of the time: 

      (18) 

where k is the constant of the reaction rate; C1 and C2 are molar concentrations of 
reactants; n and m are exponents, which indicate the order of the reaction respectively on 
compounds 1 and 2. The sum of n and m is the order of the reaction. This value is always 
positive.  

The chemical kinetic is based on the law of mass action. This law was formulated by 
Beketov N.N. in 1865 and Guldenberg K.M. and Waage P. in 1867. According to this 
law, the rate of a chemical reaction at any given time is proportional to the concentrations 
of the reactants elevated to some degree. An additional point is that the nature of reactants, 
the presence of a catalyst, temperature, and the interface of the surface area, all influence 
the chemical reaction rate (Van’t Hoff) [128]: 

     (19) 

where,  and are rates of reaction at  and , respectively;  is the temperature 
coefficient.  



2 Literature review 32

The Van’t Hoff equation is applicable only to reactions in the temperature range 10-400 
oC. The Arrhenius equation describes the dependence of the reaction rate on temperature 
more specifically [128]: 

=       (20) 

where  is the rate constant of a chemical reaction;  is the prefactor, which characterizes 
the frequency of collisions of the reacting molecules per second;  is the activation 
energy;  is the universal gas constant; and  is temperature. 

It can be seen from Equation (20) that two factors influence the reaction rate, namely 
temperature and activation energy. An increase in temperature and/or decrease of 
activation energy can be applied to increase the reaction rate [128].   

The order of reaction is the exponent of the substance concentration in the kinetic 
equation. Because the rate constant is a function of temperature and does not describe the 
changing of the substances’ concentration, the equation of a reaction order takes the form: 

=       (21) 

As can be seen from Equation 21, the speed of the zero-order reactions does not depend 
on the concentration of reactants. For the first-order reaction, the speed depends on the 
concentration of a single reactant. For the reaction of the second order, the concentration 
of two components changes during the chemical process. If the concentration of one of 
the reactants remains constant, because it is a catalyst or matrix solution such as water, 
its concentration cannot be included in the rate constant. In this case, if the concentration 
of one reactant is not changed during reaction, its concentration cannot be taken into 
account in the calculation, the pseudo–first-order or occasionally pseudo–second-order 
rate equation may occur (Table 1) [128].  

The reaction can change its order from, for example, second order to first order as the 
reactant is consumed. Adsorption processes in water with complex composition can be 
described by mixed-order rate laws. The slowest reaction is decisive if the chemical 
process has a mixed-order of reactions rate [128].  

When  it  is  difficult  to  predict  the  order  of  the  reaction  studied  theoretically,  it  can  be  
determined experimentally. These experiments make it possible to review the reaction 
mechanism and may help to identify the rate-determining step [128, 135].  
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Table 1. Kinetic models. 

Order of reaction Kinetic equation Half-life of reaction 

Zero-order =   

First-order =
1

 =
0.693

 

Pseudo-first-order 
= ( ) 

 

Second-order =
1 1 1

 / =
1

 

Pseudo-second-order 
= ( )  

 

Third-order 
=

1 1 1
 / =

3
 

 Adsorption isotherms 

The basic concept of adsorption is adsorption isotherms, which describe the equilibrium 
between adsorbate and adsorbents at a constant temperature [128]. Adsorption isotherms 
make it possible to evaluate the adsorbent velocity saturation, selectivity, and efficiency 
to various pollutants in various conditions, such as temperature and pH. Once the 
equilibrium is reached at a fixed temperature and pH, the adsorption efficiency is 
estimated based on the amounts of adsorbate respectively on the surface to the adsorbent 
and in the solution. 

All isotherms are based on Henry’s law (Eq. 22). These are the most used isotherms: 
Langmuir (Eq. 23), Freundlich (Eq. 24), Brunauer, Emmett and Teller model (BET) (Eq. 
25), Sips (Eq. 26), Toth (Eq. 27) and BiLangmuir (Eq.28) isotherms.   

 
      (22)

   

=        (23)
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=       (24)
   

=
( ) ( )

     (25) 

= ( )
( )

     (26) 

=      (27) 

= +      (28) 

 

where, qe  (mmol g-1) is the equilibrium adsorption capacity; K, KL, KF, KB, KS and KL1,2 
are  Henry’s,  Langmuir’s,  Freundlich’s,  BET’s,  Sips’  and  BiLangmuir’s  constant  (L  
mmol-1),  respectively, which depends on temperature and pressure; qm is the maximum 
adsorption capacity, mmol g-1;  Ce and  Ci (mmol  L-1) are equilibrium and initial 
concentrations of adsorbate; 1 nF

-1 is a measure of the intensity of adsorption. aT is the 
adsorptive potential constant (mmol L-1), and mT the heterogeneity factor of the Toth 
isotherm. 

Several isotherms are used to describe one sorption process for the evaluation of their 
parameters during comparison. Each isotherm equation serves to describe the properties 
of adsorbents and understand the type of sorption.  

Henry’s law is used to calculate the adsorption equilibrium if the adsorption is 
proportional to the concentration of the adsorbate in the liquid phase.  

The Langmuir isotherm is a monomolecular adsorption theory and based on the following 
assumptions [128, 136-138]: 

- Adsorption does not occur on all adsorbent surfaces, but on the active sites. The 
active sites are bumps or spots on the surface of adsorbents and characterized by 
the presence of free valences.  

- Each active site can be integrated with only one molecule of adsorbate. 
Consequently, one layer of adsorbed molecules can be formed on the surface. 

- The adsorption process is an equilibrium and reversible since an adsorbed 
molecule is held by an active site for a while and desorbed. In other words, the 
dynamic equilibrium between the adsorption and desorption processes is 
established after some time.  
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- The maximum value of adsorption is achieved when all active sites are occupied 
by molecules of adsorbate.  

The Langmuir isotherm is used to describe some of the adsorption dissolved components 
with low concentrations. The theoretical concepts of the Langmuir isotherm simplify the 
adsorption process. In fact, the surface is not uniform for a large amount of adsorbents. 
Chemical or/and physical interactions between the adsorbed particles take place in most 
cases. The active sites are not completely independent of each other. Therefore, more 
detailed mathematical models are required to describe the adsorption process in real 
systems. 

Freundlich isotherm is another theoretical model generally indicating the heterogeneous 
surface of the studied adsorbent, and the presence of unequal adsorption sites, leading to 
different affinities with the adsorbates [136-138].  

The Brunauer, Emmett and Teller theory describes multilayer adsorption. It was assumed 
that the adsorbent surface has a uniform localized adsorption site and adsorption on one 
site has no influence on the adsorption of neighbouring sites, as well as in the Langmuir 
theory. It was also accepted that the molecules can be adsorbed in the second, third and 
nth layer is a covered area (n-1) layer. The aim of this equation is to find a constant, which 
can be used to calculate the available surface of the adsorbent [136].  

The Sips adsorption isotherm is a combination of the Langmuir and Freudlich isotherms, 
which is suitable for the description of heterogeneous adsorption systems [139].  

The BiLangmuir isotherm is a special case of multi-site Langmuir equation. It assumes 
that the surface contains two divergent active sites with different affinities towards the 
target compound [140]. The Toth isotherm (three-parameter equation) is the Langmuir 
theory with a symmetrical quasi-Gaussian surface heterogeneity. The Toth equation is 
obtained by adding two parameters, (aT) and (mT), to the Langmuir equation [140]. 
Those two parameters allow for the heterogeneity of the system. 
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 Effect of Zeta potential 

A double electric layer appears at the interface in dispersed systems. The double electrical 
layer is a charged particle and layer of oppositely charged ions formed on the surface of 
the particle as a result of the ions’ adsorption from the solution. The layer of oppositely 
charged ions consists of two layers, such as stern and diffusion layers (Fig. 8). The double 
electrical layer breaks during the movement of the solid and liquid phases relative to each 
other and the place of the rupture is called a slipping plane. The slipping plane lies on the 
boundary between the diffuse and stern layers. The formation of a double electric layer is 
the appearance of an electric potential that decreases with the distance from the particle 
and its value at different points corresponds to the surface, stern, and zeta potentials [141].  

The zeta potential ( -potential) is a physiochemical parameter that characterizes the 
degree of electrostatic repulsion or the potential difference between charged particles of 
the interfacial double layer and colloidal dispersion stability (Fig. 8). This parameter 
describes the electrokinetic properties of charged porous materials [141]. The zeta 
potential described by Henry’s and Smoluchowski’s laws (Eq. 29), where  is a dielectric 
constant,   is  viscosity  of  liquid,  µe is electrophoretic mobility and f(ka) is Henry’s 
function [141]: 

=      (29) 

-potential is often used for the characterization of double-layer properties to understand  
the interaction of surface particles of adsorbents and pollutants in solution during 
adsorption [141]. A high level of -potential (negative or positive) indicates the 
electrically stabilized colloids. On the other hand, colloids with low -potential may 
coagulate or flocculate easily.  

There are many factors that impact on zeta potential, such as type and concentration of 
particles, chemical composition of liquid, and pH. The pH and its changes have the main 
impact to the zeta potential  value.  With a change in the pH, it  is  possible to obtain the 
necessary zeta potential values, which will most effectively influence the removal of 
pollutant ions from water by physical or chemical adsorption [141].   
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Figure 8. Zeta potential diagram of the charged surface of a particle (modified from 
reference [141]).   

 Effect of pH 

Experimental data show that the adsorption of many elements depends on the solution pH 
[37-44, 142-146]. The adsorption efficiency of cations increasing with pH increases, 
while for the anions, adsorption efficiency increases as pH decreases. The surface charge 
changes as pH changes. The charge of transmission metals can be changed also depending 
on pH [147]. For example, the oxidation state of arsenic directly depends on pH and the 
redox potential of the solution. Species of arsenic include arsenites (As (III)), arsenates 
(As (V)), arsenious acid (H3AsO3, H2AsO3-, HAsO3

2-), arsenic acid (H3AsO4, H2AsO4-, 
HAsO4

2-), as well as their methyl and dimethyl derivatives. As(III) is a more toxic form 
of arsenic and it does not adsorb effectively compared with As(V), the conversion of one 
form into another by pH adjustment allows more efficient arsenic removal.   
 
The effect of pH on the ion adsorption is complicated by the fact that in addition to 
changes in the surface charge on the adsorbent, the magnitude and charge sign of the ion 
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may change. This leads to a significant change in the adsorption capacity. For example, 
the transformation of each of the following forms can be observed as pH increases: 
 

( ) ( )    (30) 
 
During  the  selection  of  the  best  conditions  for  the  removal  of  each  contaminant  it  is  
important to find the optimum pH.  
 

 Adsorbent amount 

The amount of adsorbent also determines the effective removal of pollutants by 
adsorption [148-162]. The efficiency of pollutant removal increases with the amount of 
adsorbent, but the excessive amount of adsorbent is not cost-effective. The amount of 
adsorbent needs to be optimized. The percentage of pollutant removal increases with the 
increase of adsorbent dose. Thus, the smaller the amount of adsorbent needed for 
complete removal of adsorbate, the higher the efficiency of the adsorbent. The main 
parameters affecting the removal efficiency are the surface area of the adsorbent, the 
number and size of the pores, the zeta potential of the material and the presence of 
functional groups. Various methods of surface modification of adsorbents can be used to 
improve their properties. 

 Desorption 

The reverse adsorption process is the exudation of sorbate to the liquid phase from the 
sorbent, and is called desorption.  Reversible adsorption means that the process takes 
place at the expense of physical intermolecular forces and that desorption has a very low 
activation energy. These include adsorbates which form hydrogen bonds with the surface 
of the adsorbent. The weakening of the binders between the adsorbent and adsorbate 
causes desorption. Desorption typically occurs more slowly than adsorption and is 
directly dependent on the retention value of the removed compounds in the adsorbent 
surface [163-166]. 

The study of desorption is essential in understanding the adsorbent efficiency, the 
competition between adsorbates, and the possibility of reusing the adsorbent. It is also 
very important to check whether any impurities of the adsorbents’ surface are desorbed 
into the treated solution [163-166].  
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 Low-cost sorbents and their modification methods 

This study is concerned with the neutralization of AMD, the removal of metal ions, 
chloride and sulphate anions, cyanides, and arsenite and arsenate from synthetic and real 
mine and process waters with low-cost adsorbents.  

Activated carbon and alumina are commercial advanced adsorbents for the removal of 
various pollutants from different types of water [167]. They have a high adsorption 
capacity and yield good regeneration that makes it possible to reuse them several times. 
After activation these materials have a high surface area and developed porosity. The 
sorption capacity of these adsorbents may approach  1000 g m-3.   The application of 
both adsorbents is limited by the high cost, which greatly increases after the activation of 
their surface.  Classic methods of carbon and alumina activation have been described 
below. 

Activated carbon can be obtained by chemical or physical activation. Raising the 
temperature in the range of 450 – 1200 oC in an inert argon or nitrogen atmosphere is 
necessary in all methods [168]. The use of aggressive chemicals (strong basis and acids) 
is necessary during activation at a low temperature (450 oC). The cost of the final product 
is 500 – 1,800 USD per metric ton [170]. 

The main method of alumina activation is thermochemical. This involves decomposition 
of Al(OH)3 under 300 oC and then rapid cooling. This approach to the preparation of 
active alumina has been known since the mid 20th century. The cost of the final product 
is 700 – 800 USD per metric ton [171]. Activated alumina is used basically for 
dewatering. However, its application as a sorbent for removal of fluoride, selenium, and 
arsenic from water is known.  

In recent years increasing attempts have been made to produce a commercial analogue of 
sorbents from cheaper raw materials and by-products. Brown coal, waste from the pulp 
and paper industry, and waste from the food industry are raw materials for producing low-
cost sorbents [172–178]. Currently, numerous scientific papers have been related to the 
subject of activated carbon from low-cost materials, their characterisation, application, 
and modification, and activation methods [149, 152, 167, 169, 171, 179, 180]. Hence, special 
attention will be given in this work to the sorbents from low-cost precursors suitable for 
the removal of arsenic, cyanide, sulfate, chloride, metal ions and dyes. 
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 Activated carbon  

Commonly bio-wastes and various pitches are used as low-cost materials for preparation 
of activated carbon.  

For example, a number of studies have reported the efficient removal of cyanide from 
water with activated bio-carbon such as lignite, nutshells, and rice hulls. The cost of 
sorbent from lignite is two times lower compared to commercial activated carbon and 
their  sorption  capacity  was  the  same for  the  removal  of  cyanides  from drinking  water  
[153], [198]. To improve the adsorption properties of nutshells and rice hulls 
impregnation with copper and silver was applied. Sorbents from nutshells and rice hulls 
were also used for AMD treatment and show good capacity for metal ion removal [170]. 
Demiral & Güngör (2016) [199] reported good repeated removal of copper (II) by 
activated carbon synthesized from grape bagasee and modified using phosphoric acid 
under 500 oC. They assumed that this process is consistent with the chemical sorption 
process, because the pseudo-second order is better to describe it. Brown coal, or lignite, 
as an industrial solid waste is an alternative to commercial activated carbon. Lakhdhar et 
al. [178] have conducted a comparative analysis of the adsorption properties of the two 
types  of  unmodified  lignite  with  commercial  AC  and  a  coconut  shell-based  AC.  The  
adsorption capacity of unmodified lignite for cyanide removal was 370 mg g-1, which is 
two times higher than for AC from coconut shell [127].  

Similar results were obtained during the removal of cobalt ions with AC synthesized from 
waste potato peels [185]. In this work, AC was prepared by chemical activation with 
phosphoric acid and heated up at various temperatures (400, 600, and 800 oC). The 
optimal amount of pH was found to be 6, contact time 3h, amount of AC 1 g L-1. It was 
also found that the temperature effect on the adsorption capacity is insignificant. The 
removal percentage was increased to approximately 10% with the temperature increasing 
from 25 to 45 oC. Maheshwari & Gupta, 2016 [181] reported results of lead and methylene 
blue removal by AC synthesized from walnut wood by chemical activated method. The 
maximum adsorption capacity for both pollutants from a multi-element solution is seen 
in Table 2. It was observed that adsorption capacity for MB increases about two times 
from a single element solution; however, the sorption capacity of lead was similar for 
both cases. This phenomenon can be explained by competition between Pb and MB ions 
during the adsorption process and the higher affinity of lead for this adsorbent as 
compared to MB [181]. Luo et al., 2015 [183] studied the removal of copper, nickel and 
acid blue 80 from single and binary solutions. The positive effect of dye ions in the 
removal of metal ions was observed. The maximum adsorption capacities were found for 
all pollutants in binary systems (Table 2).  It could be explained by the synergetic effect 
of dye and metal ions in binary systems.  
 
Interesting results were obtained by Humelnicu et al. for the removal of Zn(II) and Cu(II) 
ions with unmodified agricultural by-producs from diluted wastewater. The maximum 
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adsorption capacity for zinc and copper ions was reached to 74.0 and 53.8 mg g-1, 
respectively (Table 2) [181]. Since the maximum anions removal was observed at pH 
values between 5 and 6, the authors suggested that the exchange mechanism between 
metal and hydroxide ions took place during the removal process (Eqs. 31, 32). Whereas 
there are reasonably good results compared to discussed above, the sorption properties of 
those sorbents were significantly reduced after increasing the concentration of the 
removed components above 100 mg L-1.  
 

( )    (31) 
 

( )    (32) 
 
where, S is sorbent surface.  
 
Although, all observed ACs were prepared from low-cost materials, their chemical and/or 
thermal activation has been necessary to increase adsorption capacities. Despite the low 
cost and the improvement of adsorption properties by modification, the use of these 
adsorbents is limited to the purification of drinking water. If the concentration of polluting 
substances is increased, the capacity of the adsorbents is significantly reduced. Further 
research studies aiming at increasing the adsorption capacity while decreasing the cost of 
production of activated carbon are necessary for the widespread application of those 
adsorbents.    

 Zeolites and silica 

The two main adsorbents based on silicon oxides can be selected. These are zeolites and 
silica. 

Zeolites are natural minerals composed of silicon and aluminum oxides. Their surface is 
negligible but plentiful. Zeolites are widespread sorbents due to their lower cost compared 
to activated alumina and carbon. They have a high affinity to metal ions, such as Cd, Zn, 
Fe,  Cu,  Mn,  UO2 as well as arsenic. Interest in using zeolites is increasing due to 
selectivity. It is worth mentioning that unmodified zeolites have poorer adsorption 
capacity than modified zeolites [186, 200-203]. The final cost of zeolites is about 400 – 
500 USD per metric ton.  

A large amount of research work has been accomplished related to the use of zeolites for 
AMD treatment. The main objective of these studies has been to examine the competitive 
impact of metal ions in a complex solution. Itskos et al. [186] and Sabarudin et al. [187] 
found independently of each other that adsorption of certain metal ions, such as Al, Fe, 
Mn, Zn, Cu, Ni is  not subjected to competition.  They applied the different methods of 
surface modification, such as calcination, microwaves, and synthesis of zeolite-p from 
coal fly ash, respectively. Motsi et al., 2009, 2011 [200, 201] observed that the adsorption 
capacity of modified zeolite is 30% effectively compared to unmodified.  
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Silica gels were used for the adsorption of contaminants in the gas phase, firstly.  A large 
silica surface area (from 100 to 750 m2 g-1)  and  a  high  polarity  ensured  excellent  
characteristics of those adsorbents in the liquid phase [197, 198]. In liquid adsorption 
silica gels were used to remove various metal ions, such as Co, Ni, Cd, Cr. Immobilization 
of ethylenediaminetetraacetic acid (EDTA) and diethylenetriaminepentaacetic acid 
(DTPA) is the most common method of surface modification of silica [133, 140, 180, 
192]. However, the use of modified silica for water treatment from metal ions is not as 
extensive, since they are not biodegradable [133, 180, 192].  

Wawrzkiewicz et al. studied silica-alumina oxide application for the removal of dyes and 
metal ions from wastewater. The authors assumed that different sorption processes can 
take place in complex solutions, such as wastewater for example, the formation of anion 
complexes between metal ions and opposite charge of sorbent surface through coulombic 
attraction. In the case of the interaction of metal and chloride ions, negatively charged 
intraspheric complexes are formed. They are interacted with hydroxyl surface groups 
though ion-exchange mechanism with new complexes formation [100-104].  

 Chitosan 

The use of chitosan as an adsorbent is the most advantageous method from an economic 
point of view because it is the cheapest material of those mentioned above. The cost of 
raw chitosan is 0.2– 0.6 USD per metric ton [191]. Modified forms of chitosan were 
studied for the removal of a wide range of metal ions and for both forms of arsenic [191–
195]. It was shown that chitosan has a better affinity for the As(V) than As(III). However, 
the removal of As(III) can be effected by the control of pH when arsenite is converted 
into arsenate [193]. AMD treatment with modified chitosan was conducted by some 
researchers [192]. It was established that AMD neutralization and the simultaneous 
removal of some metal ions occurs within 70 hours. 

Benavente et al., 2011 [16] studied goldmine water treatment of Hg, Cu, Pb and Zn with 
chitosan  produced  from shrimp shell.  The  dependence  of  the  pH was  established.  The  
maximum adsorption capacity was observed at neutral pH, and besides, mercury has the 
highest affinity for a given adsorbent.  Chitosan is an effective adsorbent for the removal 
of metal ions. The possible competitive impact of cyanide on the removal of metal ions 
was suggested. However, this has not been proven experimentally. Abou El-Reash, 2016 
[194] researched the effect of various ions on the removal of copper. These results 
demonstrated that modified chitosan has similar efficiency in removing copper ions from 
both single and complex solution. 

The ability of chitosan to neutralize acid solution has been demonstrated in many studies. 
For example, neutralization of decantation pool (DP) and AMD and removal of Fe, Al 
and Cu from coal mining wastewater with chitosan were reported by Laus et al., 2007 
[17].  
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The adsorbents from chitosan have shown high adsorption capacity and an ability for 
metal ion removal. This adsorbent can be regenerated, reused and dissolved in soil 
without impairing the environment. The use of chitosan for acidic mine water treatment 
is limited due to the lengthy contact time needed for effective removal of pollutants [16, 
17].   

 Agricultural residues 

Agricultural residues, such as peat, lignite, coconut shell, tea and coffee wastes and 
hardwoods are frequently subjected to thermal treatment before being used as adsorbents. 
Some agricultural by-products can be used as bio-sorbents for bio-oxidation [196] or 
forming a complex with surface functional groups, such as amino, phenolic, carbonyl, 
alcoholic, carbonyl, and sulfhydryl groups [19]. Adsorbents from agricultural residues 
can be used for AMD neutralization, arsenic [132] and metal ions removal [201–205], to 
a greater extent for radioactive elements [158–159]. According to previous studies, all 
these materials need modification of the surface area to become effective adsorbents.  

Compared to other agricultural wastes, coffee grounds have been less investigated in the 
removal of metal ions and dyes from water. Only a few studies have been published about 
on coffee waste as an adsorbent for water treatment [145, 161]. This material can 
contribute to water purification from various pollutants, because it contains a huge 
amount of functional groups that can be involved in the ion-exchange process. 

 Municipal sewage sludge 

Municipal sewage sludge has a high surface area as well as high carbon concentration in 
its composition. These two basic characteristics are responsible for the fact that these 
wastes have been of increasing interest as a low-cost material for the production of 
adsorbents for wastewater treatment [12, 150, 197, 203]. These materials were studied for 
the removal of various pollutants, such as organic compounds, metal ions, and salt from 
synthetic and real mine waters [204–207]. All studies conducted have shown that agro-
industrial and municipal wastes have a high capacity for the removal of metal ions from 
acidic wastewaters. However, they need pretreatment by modification or/and activation 
of their surface. The requirement for complicated and expensive pretreatment of sorbents 
limits the widespread application of these materials [12, 150, 203]. It was also noted that 
the presence of NaNO3, Ca(NO3)2, and NaOH in metal solution in concentrations of 0.01, 
0.01 and 0.50 M might impair removal efficiency [208]. This limits the ability of these 
materials in the treatment of many types of mine waters because many types of them have 
a high concentration of salts in their composition [203].  
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 Limestone 

Limestone is a sedimentary rock, the foundation of which is various crystal forms of 
calcium carbonate [89]. Limestone is widely applied in various fields, such as building as 
a framework for construction materials, in agriculture to neutralize acidic soils, and for 
glass manufacture [209–211]. Calcium oxides obtained from limestone are used in steel 
production to remove phosphate and sulphate impurities. Limestone is used in the 
chemical extraction of gold as a regulator of pH to prevent the production of hydrogen 
cyanide gas [89, 212, 213]. Limestone is also an effective agent for neutralizing acid water 
and removing metal ions, sulphates, and chlorides from mine water [214, 215]. The price 
of  limestone  is  20–30 USD per  metric  ton,  which  is  hundreds  of  times  lower  than  the  
price of a commercial activated carbon [209]. The universality of this material is also a 
reason to study and use it as a low-cost sorbent for complicated mine water treatment in 
passive and active methods [216, 217-219]. The number of studies on limestone as a 
sorbent is large, but some of these are more interesting than others – for example, the use 
of limestone for real AMD treatment with large amounts of cationic and anionic 
contaminants. Masindi et al, 2015 [89] studied AMD treatment and obtained the 
following sequence of adsorption affinity: SO4  (221.8 mg g 1) > Mn (30.7 mg g 1) > Al 
(30.5 mg g 1) > Fe (30.2 mg g 1). Theneutralization of the adsorbing material was reached 
when the solution pH varied between  3 and 6. Limestone was able to neutralize mine 
water and reduce the conductivity simultaneously [125]. A removal efficiency of 80% 
has been achieved for several metal ions (Cu, Cd, Ni, Mn, and Zn). Labastida et al., 2013 
[17] studied the potential of limestone for AMD treatment in a passive system.  The pH 
of the solution was increased from 2 to7. The removal of various pollutants was observed 
from a complex solution and respective rates achieved for As, Fe and Al of 100% and 88 
and 90% for Zn and Cd. More detailed study of competitive adsorption of metal ions from 
waste water with a complex composition could be beneficial for the use of limestone for 
real industrial wastewater. 

Though limestone shows good capacity for the removal of various pollutants, only a few 
limestone-based articles have been published relating to sulphate and chloride removal 
from alkaline water [209, 220]. It can have a good ability to remove anionic contaminants 
by ion-exchange reactions between oxides/hydroxides groups located on the surface of 
limestone and anions. 

The use of limestone for mine water treatment can solve several objectives. These are 
neutralization of AMD and the removal of metal ions, sulphates and chlorides from acidic 
and process water.  

 Industrial solid wastes 

Waste-free production has been a widely discussed topic in recent years [221–227]. All 
solid industrial wastes can be classified by their composition. These are used for water 
treatment as alternative adsorbents for activated carbon. Another most promising section 
is metallurgical solid wastes, such as ore slimes, slag, mud, and mine tailings [160, 228–
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230]. A definite pattern can be seen if the composition of these wastes is considered. They 
all contain oxides and/or hydroxides of various metals, such as iron and aluminum, as 
well as silicon oxides. Oxides and hydroxides of Al, Fe and Si are used as commercial 
adsorbents, such as activated alumina, iron oxide/hydroxide and silica gel, respectively. 
The adsorption of pollutants takes place through the formation of complexes or ion 
exchange by the following reactions (Eqs. 33-35): 

= + +     (33) 

= + +     (34) 

+ ( ) ( ) +    (35) 

Equations 33 and 34 are iron hydroxide complexation with As(III) and As(V), 
respectively. Equation 35 describes complexation between silicate and metal ions. 
However, the removal of arsenic and cyanide compounds with iron-content solid waste 
has been poorly studied. The solid waste from the iron and steel industries can be potential 
alternative materials for the treatment of wastewater contaminated with arsenic and 
cyanides.  

Ion-exchange, sorption, and redox capacity properties allow for the extensive use of low-
cost substitutes of these commercial adsorbents for metal ions, arsenic, and cyanide 
removal from waste waters. Thus, Feng et al., (2004) [156] studied the adsorption 
properties of iron and steel slag for Cu(II) and Pb(II). It was shown that iron slag removes 
metal ions more effectively than steel slag due to its greater surface area and porosity. 
Other researchers have studied solid wastes as adsorbents from various industries, such 
as iron ore slimes, metallurgical by-product, muds from the mine industry, sulphate 
tailings for metal ion removal [156, 225, 227]. Greater affinity (about 99%) of these 
adsorbents for Pb(II) compared with Cu(II), Cd(II), Zn(II) and Ni(II) was observed. Other 
metal ions were removed from 60% to 80%.   

Masindi (2016), [14] studied the by-products of magnesite mining, such as magnesite 
tailings for the neutralization of goldmine AMD and the removal of iron, alumina, 
calcium, and sulphate. It was found that after 30 minutes the pH increased from 2 to 10 
and pollutants up to about 99% were removed, except for sulphate (80%). 

Ouakibi et al. (2014), [97] used phosphate carbonated wastes from a phosphate mine for 
the removal of Fe, Mn, Al, Ca, Zn and Cu from synthetic AMD. The experimental results 
showed that phosphate carbonated wastes can be used for the neutralization of AMD from 
acid to neutral and removal of Fe up to 80%, Al and Cu to about 100%. Genç-Fuhrman 
et al. (2016), [231] researched metal ions removal with sorbents from industrial materials 
with the presence of humic acid. Removal of many metal ions was suppressed except for 
Cr. This phenomena can suggest that the formation of dissolved complexes of metals and 
humic acid has a place in preventing effective metal sorption.  
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 Granules production 

Adsorption materials must be resistant to water and not stick together during and after 
contact with liquids by active or passive methods of wastewater treatment. The 
granulation of powders for other or the same materials can help to solve this problem. 

Granulation is the process of fine powder particle enlargement to dust-free granules [242]. 
The granulation process can be divided into wet and dry granulation [242–244].  The 
main aim of the granulation process is to preserve the physico-chemical properties of the 
initial materials, such as porosity, surface area, and availability of functional groups. 
Granules must have a high stability upon contact with liquids and remain the same size 
and strength for reuse [244-247]. The method of dry granulation is often used in the 
pharmaceuticals industry for tablet formation, where the raw materials may be sensitive 
to moisture [244-247]. With wet granulation, granules with a high wettability and strength 
can be obtained [246, 247]. Granulation of industrial solid wastes for use of these 
materials as sorbents for water treatment has not been presented previously. Only a few 
studies have been published on the production of co-granules from bio-wastes and 
limestone. Here in this work, wet granulation was studied in detail.  
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3 Objectives of the study 
 

The main objective of this research was to find a new approach for reusing industrial solid 
wastes and economically effective water treatment methodology to reduce the cost of 
water  treatment,  reusing  of  solid  wastes  and,  consequently,  more  efficient  use  of  non-
renewable resources. Low-cost materials, such as limestone and solid industrial wastes, 
were investigated as potential sorbents to solve these problems, and particularly were 
applied to extract organic and inorganic compounds from various types of water. There 
were three commercial limestones, coffee waste, and four iron-based solid wastes from 
metallurgical industries (two sulphate tailings, iron sand and by-product from the pulp 
and paper industry). In order to understand the potential capacity of adsorbents for water 
treatment, the chemical composition and physicochemical properties of unmodified 
materials were studied in Papers I-VI. Since all materials, except limestone, were wastes, 
they were tested with desorption experiments to avoid secondary pollution (Papers I-VI). 
The adsorption capacities of all sorbents were studied with batch experiments. In addition 
to adsorption, the ions competition was also studied (Papers I-IV and VI). The idea for 
all the experiments was generic and included the following principles:  

- Experiments were carried out at ambient temperature.  
- The optimal amount of solution pH, contact time, dosage of adsorbents and 

pollutants, and ions competitions was investigated. 
- The adsorption process was characterized with adsorption isotherms and 

kinetics.  
- The desorption process and possible recycling of adsorbents were studied. 

Various modification methods (mainly cost-effective ones) were applied 

Based on the aim of this study, the following specific objectives and research questions 
were formulated: 

 Can the unmodified limestone, bio- and industrial wastes be used as efficient sorbents? 
Can the chosen materials be used as multifunctional and selective sorbents according to 
their chemical composition and surface properties?  

How can the efficiency of materials, at the least the cost and development of sorbents 
comparable to commercial materials with the similar structure and composition, be 
increased?  

 How can liquid and solid wastes be commercially profitable products? 

According to the questions posed, the specific objectives were:   
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1. To investigate unmodified limestone as a potential material for the removal of 
sulphate and chloride ions by adsorption. Two different types of unmodified 
limestone were applied for sulphate and chloride removal from synthetic and 
real alkaline process water in Paper I. The optimal sorption properties were 
estimated with a synthetic alkaline solution in order to simultaneous removal of 
sulfate and chloride ions from real process water.   

2. To compare unmodified and modified limestone for AMD neutralization and 
metal ions removal.  
Low-cost modification methods were applied to increase limestone adsorption 
capacities. Real process water with a high concentration of chloride salts was used 
as a novel and previously unpublished method for limestone surface modification 
(Paper II). This modification method was compared to low-cost and 
environmental friendly surface modification with NaCl that was also not 
published before (Paper II).  

3. To prepare a multifunctional combined sorbent from bio-waste and limestone for 
the removal of various pollutants from water. 
Coffee waste and limestone were granulated and tested for removal of acidic and 
alkaline dyes in (Paper IV). Ion competition for different charges of dyes was 
researched. The optimal properties of the granulation process were chosen, and a 
suitable binder was found.  

4. To investigate raw industrial wastes as potential sorbents for the removal of 
chloride and sulphate ions from mine water.  
Unmodified iron sand and waste from the pulp and paper industry were used for 
this challenge in Paper I. Their removal capacities were compared to unmodified 
limestone (Paper I). Unmodified and modified with ALD sulphate tailings were 
applied as selective sorbents for selective and rapid removal of a high 
concentration of cyanide from process water (Paper V). To our knowledge, the 
removal of a high concentration of cyanide from process water without their 
dilution has not been investigated in previous studies. 

5. To apply iron-based solid wastes for the removal of various pollutants. 
Modified and unmodified iron sand and sulphate tailings were studied for direct 
removal of As(III) and As(V) from mine water (Paper III). One innovative 
method, such as coating metal oxides with ALD, was first used for iron containing 
solid wastes in order to improve their adsorption properties (Papers III, V and 
VI). The modification of sorbents with ALD was compared to the economic 
method of surface activation with NaOH (Paper III). Modified iron sand with 
ALD was studied for simultaneous removal of sulphate and metal ions removal 
from real AMDs (VI).  
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4 Materials and methods 

 Raw materials 
Coffee waste, two types of limestone and four other solid wastes were tested as adsorbents 
for various synthetic and real mine waters treatment. Several of these were used without 
modification, some materials were exposed to modification, or combined with each other. 
The chemical composition of the raw materials is shown in Table 3. XRD analysis was 
also conducted for some materials (Table 4). 

Table 3. Chemical composition of raw materials. Data were collected with XRF and 
organic elemental analysis. 

Element 
%w 

FS FF RH DI-60 L CW SuFe CaFe-
Cake 

Al 0.2 0.8   1.5 1  0.025 

As 0.002 0.007  0.003   0.18 0.01 

C     3.3 60   

Ca 37.2 21.3 14.4 12 21.3 1 0.16 11.9 

Co       0.026 0.001 

Cr 0.004 0.003  0.001   0.063 0.004 

Cu 0.002 0.002  0.004   0.054 0.355 

Fe 0.43 1.1 7.2 0.46   10.3 38.9 

H     0.25 6  5.2 

K 0.24 0.25 0.3 0.329  1 0.026 0.025 

Mn 0.01 0.02 0.27 0.004   0.004 0.012 

N      3   

Ni 0.01 0.01  0.001   0.92 0.97 

O     52.7 25  20.8 

Rb 0.001 0.001  0.002   0.038 0.001 
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S 0.1 0.1 17.6 0.039 0.1 1 15.8 12.9 

Si 10.3 42 0.2 4.4 42 5 3 2 

Sr 0.074 0.026 0.021 0.016   0.002 0.002 

Ti 0.042 0.052 2.3 0.059   0.012 0.009 

Zn    0.002   0.037 0.002 

 

Table 4. Chemical structure of raw materials. Data were collected with XRD analysis. 

Material FS FF RH DI-60 

Compound 
formula 

CaMgSi2O6 

CaCO3 

(KH3O)Al2Si3x 

AlO10(OH)2 

CaSiO3 

Ca(SO4)(H2O) 

Ca(CO3) 

Ca(CO3) 

Al2(Si2O5)(OH)4 

Commercial 
name of 
compound 

Diopside 

Calcite 

Illite 

Parawollastonite 

Calcium 
hydrosulphate  
Calcite 

Calcite 

Kaolinite 

 

 Limestones 

Two types of limestone from the Finnish metallurgical company Nordkalk were applied 
as adsorbents (I, II). The limestone for producing co-granules was provided by 
Killwaughter  Chemical  Ltd  UK  (IV). Limestone products are basically used for soil 
improvement  in  order  to  neutralize  acidity  (from  1.5  to  9  pH)  in  the  production  of  
construction and composite materials.  

Before use, the limestone from Nordkalk was crushed, ground, and classified according 
to size. Limestone with a particle size less than 0.3 mm was used for the batch adsorption 
tests. The limestone from Killwaughter Chemical Ltd was obtained in powder form with 
a particle size of approximately 0.5 mm and less. The limestone was washed with water 
and oven dried for 12 h at 80 oC. 

 Iron-based solid wastes 

The by-products originated from Ekokem, Norilsk Nickel Harjavalta and Metsä Tissue 
Corporation, in Finland (I, III, V, VI). These materials were chosen because of their easy 
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availability and high production volumes. These are iron sand (RH), sulphate tailings 
(CaFe-Cake and SuFe) and pulp and paper waste, as a green sludge (DI-60).  

The solid wastes consisted of various elements, including toxic ones, depending on many 
factors, such as industry, ore, processing methods etc. (Tables 3, 4). As a result, it can be 
assumed that a certain amount of pollutants can be desorbed into the solution during the 
adsorption process. Therefore, all solid wastes were tested by desorption and washed and 
dried as necessary before use (I, III, V, VI).  

 Coffee wastes 

The coffee wastes (CW) were collected from the cafeteria at Queen’s University Belfast, 
Northern Ireland, and the Laboratory of Green Chemistry, Lappeenranta University of 
Technology, Finland.  

 Characterisation of solid materials 

The chemical composition of the materials was collected with X-ray diffraction (XRD) 
and X-ray fluorescence (XRF) techniques. XRD data was received with a PANalytical 
Empyrean powder diffractometer using Cu K  radiation. X-ray fluorescent analyzer X-
Art by Joint Stock Company Comita, St. Petersburg, Russia was used to determine of the 
chemical composition of the materials (Tables 3 and 4). 

The particle size distribution and zeta potential of the samples were determined using a 
dispersion analyzer LUMiSizer 610/611 (GmbH) and ZetaSizer Nano ZS, Malvern, UK, 
respectively (Table 5). The zeta potential was calculated from electrophoretic mobility 
measurements using the Schmalukowski equation. A 1.5 g solid sample was conditioned 
in 50 mL of 0.001 M NaCl solutions at various final pHs for 24 h in a shaking bath. Each 
reported point value was an average of approximately 20 measurements. The pH of the 
suspension was adjusted using 0.01-1.0 M HCl.  

The samples were characterized with nitrogen sorption at 196 C using TriStar 3000 
(Micromeritics Inc., USA). The specific surface area of the samples was calculated using 
the Brunauer-Emmett-Teller (BET) theory.  

Fourier transform infrared spectroscopy (FTIR) spectra of adsorbents were recorded with 
a Bruker Vertex 70v spectrometer. Spectra were collected in the mid infrared region 
(4000–400 cm–1)  averaging  124  scans  with  4  cm–1 resolution. Samples were prepared 
according to standard KBr pellets methods (Table A2).  

A scanning electron microscope (SEM, Nova Nano SEM 200, FEI Company) and 
(Hitachi S-4800) with attached chemical analysis of specimen in microareas with energy 
dispersive X-ray spectroscopy (EDX, EDAX) was used to examine the microstructure of 
the materials. The experiment was carried out in a low vacuum condition in secondary 
electron mode and for the analyses samples were covered with a layer of gold. 
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The data from Spectroscopic Ellipsometry (J.A.Woollam Co, Inc, USA) from silicon 
wafers were used for control of the film thickness of both metal oxide coatings. 
 
Table  5.  Particle  size  distribution,  zeta  potential  and  BET  analysis  of  unmodified  and  
modified sorbents. 

 The particle size distribution, µm Specific 
surface 
area, m2 
g-1 

Pore size, 
nm 

 

Zeta-
potential, 
mV   90 

% 
 75 

% 
 50 

% 
 25 

% 
 10 

% 

FS 451 420 318 228 156 1.35 - 0 

FS_NaCl 589 568 450 282 270 1.46 - -15 

FS_ww 273 134 131 91 90 1.29 - -6 

FF 599 567 354 185 177 1.82 - -25 

FF_NaCl 872 798 535 494 487 1.63 - -20 

FF_ww 492 421 188 87 88 1.58 - -16 

DI-60 1390 1265 1200 1020 990 3.3 3 -14 

SuFe 1200 900 650 570 320 12.3 900 0 

SuFe_ Al2O3 1000 850 520 470 250 63 5 20 

CaFe 1450 1620 1420 1100 950 6.5 550 -4 

CaFe_NaOH 1510 1730 1550 1400 1380 4.7 20 -25 

CaFe_Al2O3 1500 1650 1620 1520 1400 48 2-3 -9 

CaFe_TiO2 1480 1670 1630 1500 1450 15 10 -5 

RH 180 165 154 130 98 62.5 180 -7 

RH_NaOH 315 450 310 285 250 8.4 30 -20 

RH_Al2O3 190 165 158 124 115 65/115 20 -20 

RH_TiO2 181 168 150 127 110 74/125 3 -20 
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 Real and synthetic waters 

Milli-Q ultrapure water was used to prepare the stock and dilute solution. The 
composition of the real and synthetic waters is shown in Table 6. 

 Real and synthetic process waters 

Real process water was obtained from the nickel and copper metallurgical industry 
Norilsk Nickel Harjavalta. Process water was treated with metal ions with diluted sodium 
sulphate after mineral extraction (Paper I).  

Synthetic process water was obtained by dissolving sodium sulphate (Merck) and sodium 
chloride (Sigma-Aldrich) in distilled water. 0.1 M NaOH and HCl (Merck) were used for 
solution pH adjustment (Paper I).   

 Real mine water 

Real AMD solutions were studied for neutralization and removal of Ni(II), Cu(II), Zn(II), 
Fe(II), As(III) and As(V) (II, III, VI). AMD was obtained from three depths (270, 500, 
and 720 m) of a sulphide mine in Finland.  

The elemental composition of real process and mine water is shown in Table 6. 

Table 6. Chemical composition of real process and mine waters. Data were collected with 
ICP and HPLC analysis. RSDs at 3 times the detection limit were less than 3%.  

 pH Cu(II), 
mg L-1 

Ni(II), 
mg L-1 

Zn(II), 
mg L-1 

Fe(III), 
mg L-1 

Cl-,   
mg L-1 

Na+, 
mg L-1 

SO4
2-, 

mg L-1 

Process water 12 0.11 2.13 0.18 0.6 954 11570 25077 

Level 270 2.6 108 13 2080 911 - - 20120 

Level 500 2.3 76 1.7 5900 3400 - - 61600 

Level 720 3.2 4.4 0.3 242 52 - - 3470 

 

 Synthetic solutions 

A synthetic AMD solution was prepared using analytical grade sulphate metals (Ni(II), 
Cu(II), Zn(II), Fe(II)) (Merck) (II, V and VI). The concentration of stock metal solutions 
was 1000 mg L-1 with pH 1.5.  
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Synthetic stock solutions of arsenite and arsenate were prepared from As2O3 and As2O5 
with 25% NaOH and 37% HCl by dissolving in distilled water (III), respectively.  

MB and OII (Merck) stock solutions were prepared in distilled water with an initial 
concentration of 100 mg L-1 (IV). 

A synthetic solution of cyanide ions was prepared from potassium cyanide by dissolving 
in distilled water with an initial concentration of CN- 300 mg L-1 (V). 

 Instruments for solutions characterisation 

 Metal ions determination 
The concentration of initial and final concentration of metal ions in solutions was 
determined with Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) 
iCAP  6000  Series,  Thermo  (UK).  Detection  limits  and  wavelength  were  0.4  ppb  and  
324.7 nm; 0.2 ppb and 202.5 nm; 0.5 ppb and 259.9 nm; 0.1 ppb and 231.6 nm for Cu(II), 
Zn(II), Ni(II), Fe(III), respectively. Arsenic concentration was determined at a 
wavelength of 188.9 nm. The hydride generation accessory (Thermo Fisher Scientific, 
UK) was used for increased sensitivity to arsenic. The quantification limit of arsenic 
determination with the hydride generation accessory was 0.23 g L-1.   

 Ions determination with HPLC 

High-performance liquid chromatography (HPLC) (Shimadzu) was used for determining 
sulphate, chloride, cyanide, arsenate and arsenite ions. The various columns were used, 
such as column for sulphate and chloride ions determination with the following 
parameters: 4.0 mm IDx250mmL Shodex IC SI-50 4E; mobile phase: solution of 3.2 mM 
Na2CO3 and 1 mM NaHCO3 in ultrapure water; flow rate: 0.7 ml/min; temperature: 
ambient. 

The cyanide concentration in initial and treated solutions was determined by high-
performance liquid chromatography (HPLC). A Shimadzu HPLC equipped with a 
conductivity detector (Shimadzu Model CDD-10A) was used (column: 6.0 mm IDx250 
mmShodex RSpak KC-811; eluent: solution of 1 mM H2SO4 in ultrapure water; flow rate: 
1.0 mL/min; temperature: 40 oC; reagent 1: 0.1% Chloramin T in 0.1M phosphate buffer 
(pH 7.5); reagent 1 flow rate: 0.5 mL/min; reagent 2: 1-Phenyl-3-methyl-5-pyrazolone + 
4-pyridinecarboxylate (Na); reagent 2 flow rate: 0.5 mL/min; reaction temperature: 80 
oC; wavelength: 638 nm).  

Arsenate and arsenite were determined by ion exchange chromatography using RSpak 
KC-811 column (Shodex) for HPLC equipment. A solution of 12mM H3PO4 as eluent; 
flow rate was 1.0 mL/min; column temperature 40 oC and UV detector (195 nm) were 
used. 
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 pH and redox potential 

pH and redox potential were controlled using 0.1 and 1M NaOH and HCl solutions. The 
initial and final pH and Eh were determined by a multi-parameter portable meter HQ40d 
(Hach, USA).  
 

 Modification of adsorbents 

The main objective of this research was to develop adsorbents from low-cost materials, 
and to improve the adsorption properties by modification of their surface. The first one 
was  the  modification  of  a  limestone  surface  with  2M NaCl  solution  (II).  A novel  and  
innovative method of modification of limestone was also applied in the research (II). This 
was the use of process water from Norilsk Nickel Harjavalta for the limestone surface 
modification,  since  its  basic  composition  is  sodium  chloride.  100  g  FS  and  FF  were  
dissolved in 1 L of 2 M NaCl solution and 1 L alkaline wastewater and then stirred at an 
ambient temperature for 12 h. Prepared sorbents were washed from the reactant with 
distilled water and oven-dried for 12 h at 80 oC. (II). 

The iron compound material surface (RH and CaFe-Cake) was modified with atomic 
layer deposition technology (ALD) (III, V and VI) and a low-cost method using NaOH 
(III).  

Using NaOH allows the activation of iron compounds as well as the generation of new 
hydroxide reactive functional groups on the surface. The adsorbents were activated with 
NaOH  (Sigma-Aldrich,  Germany,  assay  98%)  and  H2O2 (Sigma Aldrich, Germany, 
30wt.% in H2O) to improve their adsorption capacities. Typically, 100 g RH and CaFe-
Cake were suspended in 25% NaOH (Sigma-Aldrich, Germany, assay 97%) solution 
and then stirred at 100 0C for 6 h with the addition of 10 mL H2O2 as a catalyst. After 
preparation, the reaction mixture was filtered and the adsorbents were washed with 
distilled water and oven-dried for 12 h at 120 0C. The dried adsorbents were stored in 
plastic flasks. (III) 

ALD technology for increasing the adsorption properties of materials does not belong to 
the low-cost category. However, this is a prospective and innovative method that was 
applied for the purposes of comparison with cheaper methods. 

TiO2 and Al2O3 thin films were deposited on the surface of the adsorbents using a TFS500 
ALD reactor (Beneq Oy, Finland) to increase adsorption capacity for As(III) and As(V) 
removal. The surfaces of the SuFe, CaFe-Cake and RH adsorbents were modified with 
TiO2 and Al2O3 in order to obtain Ti-OH and Al-OH groups on the surface. For the TiO2 
ALD process the adsorbent surface was exposed to TiCl4 and H2O vapors intermittent 
with inert gas (N2) pulses in order to purge the reactor. The pulse time of TiCl4 and H2O 
was 0.6 and 0.25 seconds respectively. In turn, an Al2O3 film was synthesized by 
sequential pulses of trimethylaluminium (TMA) and H2O into the reactor with a pulse 
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time of 1 and 2 seconds, respectively. The ALD process was carried out at 350 0C for 
TiO2 and 200 0C for Al2O3 under pressure of 1 mbar. 300 ALD cycles were used for those 
materials. The silicon substrates <100> (Si-Mat, Germany) were used to control the film 
thickness of both metal oxides (III, V and VI).  

Deposition of Al2O3, TiO2 and ZnO was applied for modification of granulated sulphate 
tailings. New sorbents were applied for synthetic and real AMDs treatment from nickel, 
copper, zinc, and sulfate ions (Paper VI). For deposition of ZnO diethyl zinc (C2H5)2Zn 
was used as a precursor. The number of cycles was increased from 300 to 500 for both 
deposition processes (TiO2 and Al2O3), compared with the previous study (Paper III). 
The pulse time was doubled for each cycle, which made it possible to significantly reduce 
the temperature of the process from 350 oC to 220 oC and from 200 oC to 150 oC for TiO2 
and Al2O3 deposition, respectively. Deposition of ZnO was carried out at 100 oC. 

Optimal parameters for oxides deposition were obtained with due account for sustaining 
efficient adsorption properties (Table 7). 

ALD is based on a chemical interaction between gaseous reactants and active sites on the 
substrate surfaces (Figure 9). A process of metal oxides deposition on the sorbent surface 
consists of three steps.  First, a precursor containing the element to be deposited is added. 
In this case, it is an aluminum or titanium compound, namely, trimethylaluminium 
(TMA) and titanium chloride (TiCl4), respectively. The monolayer of those compounds 
is deposited on the sorbent surface due to chemisorption. The second step is a reaction 
between the deposited first and second precursor, which is pulsed to the reactor. Water 
was used as a second precursor for both cases. Water reacts with the coated first precursor 
and forms a thin film of metal oxide on the sorbent surface. The method has a fine control 
on the film thickness and coating uniformly for the flat surfaces [237–242]. Deposition 
of metal oxides on the surface of adsorbents will increase the strength of granules and 
improve sorption capacities due to additional functional groups. ALD has several 
significant advantages when compared to other thin film deposition techniques, such as 
electrodeposition, electron beam evaporation, thermal evaporation, and sol-gel. The 
ability to control the thickness of the coated films using a certain number of deposited 
cycles making ALD one of the advance methods. Deposition of metal oxides on the 
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surface of iron-based solid wastes was carried out in this study as a novel method for the 
production of the sorbents. 

Figure 9. Schematic of deposition of Al2O3,(a) TiO2 (b) and ZnO (c) into the granulated 
RH (VI). Conditions of the process are presented in Table 7. 
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Table 7. The basic conditions of ALD of TiO2 and Al2O3 on the surface of RH powder. 
Data for TiO2 and Al2O3 deposition are for two processes that are described in Paper III 
and VI. Data for ZnO deposition was described in Paper VI only. 
 

 TiO2 deposition 
 

Al2O3 deposition ZnO deposition 

Precursors TiCl4 H2O 
 

TMA H2O (C2H5)2Zn    H2O 

Pulse time, 
sec 

 

0.6/1.2 0.25/0.5 1.2/2 2/4 1.8           2 

t oC 
 

350/220 220/150 100 

Pressure, 
mbar 

 

6.5 6.5 6.5 6.5  

Cycles 
amount 

250/500 250/500 500 

    

 Granules production 

The wet-granulation of materials was provided with a high shear granulator Kenwood 
KM070 (Japan). The wet-granulation process is presented in detail in Figure 10.  

Granules are formed by the addition of binders with a known concentration into powder 
with constant stirring in a granulator (Fig. 10) during the selected time. The combination 
of a known amount of polyvinyl acetate (PVAc) and acetone (Merck, UK) was used as a 
binder. The concentration of the binder, its volume, powder mass ration, and granulation 
time affect the quality of granules, namely the granule size, strength, and resistance to 
liquids. 
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Figure 10. Scheme for a wet-granulation process of powders. 

 Co-granulation of CW and limestone 

The known mass of limestone powder and coffee waste was added to the mixer and mixed 
without binder for 60 s. The known value of the binder was added to the powder during 
the next 30 s without stopping the rotator. The mixing of the powder was performed at an 
impeller speed of 490 rpm and binding occurred within 60 s until the formation of 
granules (IV). 

 Granulation of sulfate tailings 

All experiments were carried out at room temperature (22 oC) with a mixing time and 
speed of 2 min and 490 rpm, respectively. 

The known amount of sulphate tailing powders was added to the mixer and mixed without 
the binder for 60 s. The known value of the binder was added to the powder during the 
next 60 s without stopping the rotator. The mixing of powder and binder occurred within 
120 s until the formation of granules; the impeller speed was 490 rpm (V).  
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The optimal concentration of binder was chosen by the addition of PVAc at different 
concentrations (from 10w% to 40w%) during the granulation process and amounted to 
30w%. The viscosities of the binder solutions were determined by the Haake Viscotester 
C. The binder concentration selected made it possible to produce granules with the largest 
particle size from 1 to 2 mm. These granules have a better stability upon contact with 
water and remain approximately the same size and strength (Paper V). These granules 
should be used for waste water treatment during the long testing time. Granule strength 
was measured from diametric compression of the single granules using the method 
previously described [246] (Eq. 24). 

= 2.8       (24) 

where f (N) is the compressive force during testing of granule strength, i is the number of 
tests, and d (mm) is the granule diameter.  

Granule  wettability  was  tested  by  mixing  a  known  amount  of  granules  with  water  at  
ambient temperature for 72 h. The strength and size of the granules were determined 
before and after the wettability tests. After testing, all granules were oven dried for 12 h 
at 80 oC. 

 Batch adsorption and desorption experiments 

All  sorption  tests  were  conducted  at  least  three  times  by  mixing  a  known  weight  of  
sorbents with a known volume of synthetic solutions or real mine waters. The 
experimental  solutions  with  sorbents  were  shaken  with  a  shaker  ST5  (IKA  KS  4000i  
Control). A known volume of solution was taken from the flasks at known time intervals 
and filtered using a 0.20 µm diameter polypropylene syringe filter.  Optimal contact time, 
pH, and concentration of sorbents were selected during the sorption tests.  

The percentage of adsorption (A) and desorption (D) was calculated as: 

% = ( ) 100%     (25) 

% = 100%     (26) 

The average value of the results was calculated to estimate the characteristics of the 
random component of the error of three parallel measurements: 

=       (27) 

where, Xl is the result of a single measurement; l is the number of measurements. 

The standard deviation of the analysis results was calculated by: 
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= ( )      (28) 

The  systematic  error  of  the  experimental  data  was  evaluated  using  the  addition  of  
determined elements.  

=      (29) 

where, Cexp is element concentration without additives; Cexp+add is element concentration 
with concentration of additives; Cadd is additive concentration. The standard deviation for 
the method of addition was calculated by Eq. 28. 
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5 Results and discussion 
 
The chemical compositions of the raw materials are presented and Tables 3 and 4. As can 
be seen, calcium was included in all material compositions. Iron composed 10% of the 
total weight of RH and CaFe-Cake and 40% of SuFe. Silicon is one of the components of 
each material. The limestone contained up to 10% silicon.  

However, except for the elements responsible for the sorption properties, the solid wastes 
(RH, DI-60, SuFe and CaFe-Cake) consisted of various elements related to toxicity, such 
as  S, As, Cd, Ni, Mo. Assuming that some amount of pollutants may become an obstacle 
to using them for AMD treatment and metal ion removal due to the desorption from 
structure of sorbents, raw materials were tested for desorption of elements into acidic and 
alkaline water. The results are shown in Figure 11. Desorption of iron was observed from 
both sulphate tailings, SuFe and CaFe-Cake, RH and DI-60. Desorbed concentration of 
iron amounted to 40%, 10%, 7% and 3% from total weight of sorbents. No other element 
desorption was observed or was below the detection limits of the analytical instruments 
used. Materials were washed with distilled water and oven-dried for 12 h at 80 oC before 
use.  

The materials can be divided into three groups, namely limestone (FF and FS), iron-based 
materials (RH, DI-60, Sufe and CaFe-Cake) and bio-sorbent (coffee waste). Each group 
is presented below in the relevant sections.   
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Figure 11. Data of preliminary tests of iron desorption from structure of raw materials. 
Known amounts of raw materials were mixed with 10% suprapure HNO3. 

 Limestone 

 Characterization of limestone 

Based  on  the  results  obtained  with  XRF  and  XRD,  all  three  types  of  limestone  have  
similar structures, according to expectations, corresponding to wollasonite, calcite, illite, 
kaolite, jarosite, diopside, illite, and gypsum (Tables 3-5) [157-159]. Calcite and silicate 
compounds  are  the  main  components  of  those  materials.  Their  size  of  particles  was  
uniform and amounted to approximately 500 µm, since they were initially ground at the 
factory. The particle size distribution and the specific surface areas of the original 
materials are presented in Table A 2. 

Spectroscopic studies with FTIR confirmed the results of XRF studies (Table 3, 4 and A 
2).  Compounds  of  calcium,  silicone  and  various  OH  groups  were  found.  The  new  
hydroxide groups appeared on the surface of the modified limestones, which may be a 
result of the introduction of sodium onto the surface of the limestones (Table A 2).  

SEM pictures of initial and modified limestones are given in Figure 12. As can be seen, 
the surface structure of the original sorbents consists of different particle sizes of 
approximately 200 µm and less. However, the surface of the FS modified with process 
water is more uniform (Fig. 12c). For those modified sorbents with NaOH and for FF, the 
surfaces were almost unchanged. 
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Figure  12.  SEM  images  of  unmodified  FS,  FF  and  modified  with  NaOH  FS_NaOH,  
FF_NaOH and modified with real process water FS_WW and FF_WW limestone surface 
at 1000x magnification and scale bar 100µm (Paper II).  

The zeta potential of FF is -25 mV, as opposed to FS with 0 mV. The zeta potential of 
modified FS_NaCl increased to value -15 mV; however, it was not hardly changed for 
FF_NaCl.  The  experiments  showed  that  during  the  first  hour  of  contact  with  FF  with  
AMD, active effervescence was observed. The chemical reaction between FS and AMD 
was accompanied by a slight effervescence. It may be suggested that FF is a more capable 
sorbent to coagulate or flocculate the process, which was confirmed theoretically also in 
other studies 71, 104, 246].  

More detailed characteristics of limestone surfaces are given in Papers I, II and IV. 

 Modification of limestones 

In addition to the application of unmodified limestone for sulphate and chloride removal 
(Paper I), their modified forms were used for AMD treatment (Paper II). Two 
modification methods for the limestone surface were used in this research (Paper II).  

The modification with sodium chloride is environmentally friendly and low-cost. 
Limestone covering with a salt layer makes it possible to increase the surface area of 
sorbents and the number of functional groups for exchange process with pollutant ions. 
As far as we know, this method has not been used previously.  

Using alkaline process water with a high concentration of chloride salt as a modifier for 
limestone surface is an innovative proposal for the recovery of process water. This 
method was first described and applied successfully in this work. The conditions of both 
modification methods are outlined in Paper I.  

 Application of limestone 

Following the estimate that all chemical compounds are structurally similar, calcite 
should have high adsorptive properties for sulphate and chloride ions [7, 104, 246], 
unmodified limestones were studied for alkaline process water treatment (Paper I). Since 
limestone is used in the neutralization of acidic content in water and soil [156-158], it was 
also applied to AMD neutralization. Its capacity to remove iron, zinc, copper, and nickel 
ions was also studied (Paper II). According to previous studies and chemical composition 
results of limestone, it can be stated that both types of limestone have elements with 
higher solubility than calcium, as magnesium and potassium. Those components can be 
related  to  the  neutralization  of  AMD  and  the  removal  of  pollutants  by  sorption  
mechanism. As can discussed in paragraph 2 of this research, the silica, which are 
contained in both types of limestone (see Table A2) can be reacted with metal ions 
through the adsorption mechanism. Many researchers use the term “silica” to describe the 
adsorption process of metal ions. However, the silanol groups are functional surface 
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groups that are related to this process, as was suggested by [100-104]. The presence of 
silanol groups on the surface of unmodified and modified FF is confirmed by FTIR 
analysis (Table A 2).  

The  removal  of  sulphate  and  chloride  ions  from  industrial  water  is  a  difficult  and  
expensive challenge [110, 227]. Removal of their ions with solid wastes has not always 
been successful as has been reported previously [209, 220, 229]. Unmodified limestones 
were applied for the removal of a high concentration of sulphate and chloride removal, 
and showed a good ability to remove of salt ions, as was demonstrated in Paper I.  

The optimal amount and contact time for both unmodified limestones (FF and FS) for 
removal of chloride and sulphate ions were found and amounted to 40 mg L-1 and 480h, 
respectively. Optimal parameters and sorbent characterisation were carried out with the 
initial concentration of chloride and sulphate ions 20 g L-1 in synthetic process water. The 
concentration of chloride and sulphate ions in real water was 2.5 and 30 g L-1, 
respectively. The equilibrium of the system during the adsorption process was described 
with Langmuir, Toth and BiLangmuir adsorption isotherms (Paper I). Despite the greater 
size of the molecules, sulphate ions were better adsorbed from a synthetic solution with 
chlorides with FS than with FF. In the case of FF the adsorption of both ions was 
approximately  equal  (Table  7,  Fig.  13).  From  real  process  water,  sulphates  were  also  
better removed, but only slightly more than half of the chloride ions were removed, which 
may be related to competition during the adsorption process (Paper I). 
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Figure 13. Removal of chloride and sulphate ions from real process water with 
unmodified limestones (FF and FS) and iron-containing materials (DI-60 and RH). Initial 
concentration of  and  was 30 and 2.5 g L-1, respectively. Amount of sorbents 
was 40 g L-1. 

In the case of the removal of sulphate and chloride ions, the ion exchange mechanism 
between hydroxyl groups and pollutants should occur. Sulphates were removed better 
than chloride ions with both limestone that are in agreement with results from other 
studies [229, 243]. According to results obtained during this research, it can be assumed 
that limestone has a better affinity for sulphate than chloride ions and can be used for 
alkaline water treatment with a high concentration of both anions. 

In case of metal ion removal (Paper II), the sorption mechanism may be governed by an 
ion-exchange reaction between active sites of silica and metal ions (Eq. 30-32): 

      (30) 

   (31) 

    (32) 

 The neutralization of synthetic (pH 1.5) and real AMD (pH 2.3-3.2) was studied with 
modified and unmodified FF and FS by batch method. An increase of pH to 6.5-6.8 after 
6 h was registered (Fig. 14). As can be seen, FF shows superior neutralization qualities 
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compared to FS. The pH increased from 1.5 to 6 after 300 min with an initial dose of FF 
20 g L-1. Whereas to achieve a pH of 6 with FS, a dose of equal 50 g L-1 is required. 

During the neutralization process, metal ions were removed with a different capacity for 
various limestones. The competition between metal ions in the complex solution with 
modified limestone was studied (Paper II). It was observed that up to about 90% of nickel 
and zinc ions were removed in 1 h and 6 h with FS_NaCl and FF_NaCl, respectively. 
After this time, desorption for both ions was observed. The main reason for this 
phenomenon may be strong competition between the ions. Therefore, copper and iron are 
the ions with the highest affinity for both adsorbents.  They tend to form stronger bonds 
on the surface sites, compared to zinc and nickel. Stronger complexation of copper and 
iron ions than with zinc and nickel has been reported elsewhere [123, 214, 244]. It was 
suggested that the ion-exchange mechanism was much more likely than precipitation 
because the maximum removal of metal ions was reached at a pH value less than 6, while 
the precipitation of metal salts occurs at a higher pH.  However, it was reported that during 
the removal of metal ions from multicomponent solutions, the removal of zinc and nickel 
increased to approximately 10% in comparison with a single component solution. It could 
be because some iron precipitated and secondary metal removal could be observed. The 
major mechanism of secondary metal removal is adsorption and co-precipitation with 
newly formed iron compound particulates. After the treatment of the multicomponent 
system, the colour of adsorbents was changed from white to dirty yellow, which could 
also indicate a certain level of iron precipitation as hydroxide. Precipitation of Fe(OH)3 
on the limestone particles was also observed by Wang et al. (2013) [64]. 

The study of desorption of removed pollutants from the surface of unmodified and 
modified  sorbents  has  also  been  carried  out  to  understand  the  possible  removal  
mechanisms  and  recycling  of  sorbents.  It  was  found  that  the  sorbents  used  to  remove  
single ion, released this ion into the solution almost completely. However, the sorbents 
used for multi-elements removal have been more difficult to regenerate. The data of the 
desorption study for sorbents reuse is presented in Table 8. It can be seen that modified 
sorbents can be used for ADM treatment three times without an apparent reduction in 
their adsorption capacities. Data for unmodified and modified limestone reuse has not 
been presented in the published paper. 

After batch experiments aiming to find the optimal conditions for AMD treatment with 
unmodified and modified limestone, it was found that the optimal dosage and contact 
time  for  both  types  of  limestone  was  40  g  L-1 and 12 h, respectively. The initial 
concentration of each metal ion was 200 ppm. The adsorption process was described 
better with the pseudo-second-order model and Langmuir, Sips, and Toth adsorption 
isotherms (Paper II).  It  was  found  that  modified  limestones  have  better  adsorption  
capacity for all four metal ions, in contrast to unmodified limestones, which only adsorb 
iron and copper ions well. Both adsorbents showed an affinity for the metal ions studied 
as follows: 
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FS: Ni(II) < Zn(II) < Cu(II) < Fe(III) 

FF: Ni(II) < Zn(II) < Fe(III) < Cu(II) 

The removal of iron, copper, zinc, and nickel ions from real AMD from three different 
depths (270 m, 500 m and 720 m) was also studied (Figure 15). Unmodified and modified 
FF showed better adsorption capacity than FS, as was the case with synthetic AMD. The 
removal capacity for modified FF reached about 100% for all metal ions (Table 7). 
Notwithstanding the fact that many authors have observed the affinity for researched 
metal ions [63, 69, 121, 232, 235, 245], the complete removal of metal ions from real 
AMD with modified limestone, which has been achieved in this work, was a success, 
especially for zinc and nickel ions.  

Based on the results of earlier co-authors’ research [133], limestone was used for the 
production of co-granules with CW for the removal of dyes (Paper IV). 
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Figure 14. Neutralization of AMD by FS and FF with concentration of 20 and 50 g L-1 in 
24 h. 
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Figure 15. The removal of metal ions from real AMD with unmodified and modified 
FS_NaCl (a) and FF_NaCl (b). The initial concentration of copper, zinc, nickel and iron 
ions was 0.3125 mmol L-1, 0.3058 mmol L-1, 0.3389 mmol L-1 and 0.3571 mmol L-1, 
respectively.  
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 Sorbents from bio-products 

Coffee waste was used for the production of co-granules with limestones and considered 
in accordance with this application. 

 Characterization of adsorbent 

Coffee waste contains many different organic components, as was confirmed by organic 
elemental analysis and determination of functional groups on the surface by FTIR (Tables 
3 and A 2). Besides organic and hydrocsilic groups, CW also has in its structure silicon 
and sulphur compounds (Table 2). The particle size distribution analysis showed that CW 
has a heterogeneous structure and the diameter of particles ranges from 100 to 1000 µm 
(Fig. 16). Although the BET method shows that the specific surface area of CW is very 
low  and  amounted  to  less  than  unity,  it  has  a  complex  surface  structure  (Fig.  17a).  
However, the co-granules inherited the surface structure of limestone rather than that of 
coffee (Fig 17c). 

  

 

Figure 16. Particle size distribution of limestone and coffee waste (Paper IV). 
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Figure 17. SEM pictures of the granule surface of coffee waste (a), limestone (b) and co-
granules (c) with different resolution (500, 10 and 5 µm for each material). 
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Figure 18. BET analysis of limestone powder and co-granulated sorbent from coffee 
waste and limestone. 
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Figure 18 shows that the hysteresis in the limestone is occurred between 0.5-1.0 relative 
pressures that can be point to the presence of pore. However, the difference between two 
plots is so significant that it can be assumed that the surface of limestone is monolayer 
and nonporous. The surface area, pore size, and distribution are incised on the granulated 
combined sorbent, as can be seen from the data of the BET analysis (Figure 18 and Table 
6).  

 Application of co-granules 

As has been shown elsewhere, coffee grounds have been applied successfully in the 
removal of some dyes and metal ions from wastewaters [163, 147, 254–260]. This may 
be due to the fact that a sufficient amount of nitrogen and carboxylic groups were present 
in their composition [261] (Table A1). The complex chemical composition of CW may 
be the reason for the effective removal of different pollutants. For example, amino, 
hydroxyl, carboxyl, sulphates, and silicate groups can participate in the removal process 
for both anionic and cationic pollutants. Based on the previous results of co-authors [133], 
CW was selected to increase the adsorption efficiency by ion-exchange reactions for 
limestone. Methylene Blue (MB) and Orange II (OR) were used as acidic and basic 
pollutants for research on the adsorption properties of combined sorbent (Paper IV).  

 Combined sorbent production  

Data on the use of polyvinyl acetate as a binder for limestone and bio-waste has not been 
published before. PVAc was chosen as the binder because other studied binders have low 
adhesive properties for granulation of powders with different particle size, which are 
limestone and coffee waste (Figure 14). 

Particular attention was paid to the choice of optimal concentration of binder because it 
was important in order to produce strong granules with sufficient surface area. After the 
preliminary test, the concentration of binder was chosen and amounted to 30%. The 
largest granules (1-2 mm) with high wettability were produced with a 3/7 combination 
ratio of CW and L. This ratio was used for the production of the granules studied. The 
use of PVAc as the binder allows the formation of granules with high strength and size 
more than 1-2 mm compared to previous studies [133, 233]. 

The results of the FTIR analysis show that all functional groups from both materials are 
present on the surface of the granules (Table A 2). The production of the granules and 
their properties are described in Paper IV. 

 Adsorption properties of granules 

The adsorption capacities of the granules were examined with cationic (MB) and anionic 
(OR) dyes in single and mixed synthetic solutions. The optimal conditions were selected 
during the sorption process from single solutions of dyes and presented in Figure 19. The 
competition of pollutant removal was researched by a mixture of both pollutants with 
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CW, L, and LCW adsorbents. The initial concentration of the dyes was 5 mg L-1 for each.  
Equilibrium in the systems was achieved with the concentration of each adsorbent at 2 g 
L-1.  The  maximum  removal  of  MB  and  OR  was  100%  after  6  h  and  85%  after  8  h,  
respectively (Paper IV) (Table 7). The effect of pH on the removal of both dyes showed 
that more effective removal of MB and OR can be achieved at pH of 8 and 2, respectively 
(Fig. 20). The competition analysis showed that the percentage of MB removal remained 
the  same;  however,  removal  of  OR  decreased  to  60%  and  did  not  change  after  720  h  
(Paper IV).  
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Figure 19. Optimal adsorbents amount and contact time for the removal of MB (a) and 
OR (b) with limestone, coffee waste and their co-granules. Initial concentration of dyes 
was 2 mg L-1. 

 

 

Figure 20. Effect of pH on the removal of MB and OR with an initial concentration of 
dyes, temperature, co-granules dosage, and contact time were kept constant at 5 mg L-1, 
25±2 oC, 2 g L-1, respectively (Paper IV). 

It can be concluded that the co-granules produced had a greater affinity with acidic than 
with basic pollutants. However, they can be used for complex wastewater treatment 
involving more pollutants with a positive charge in solution and capable of entering into 
the exchange reaction with the surface of the sorbents.   

 Iron-based materials 

RH, DI-60, and two sulphate tailings CaFe-Cake and SuFe were identified as iron 
containing materials because they have about 10w% and more of iron in composition 
(Papers I, III, V, VI). It can be assumed that there are iron oxides and hydroxides, since 
the elemental analysis and FTIR method show great amounts of oxide/hydroxide groups 
on the surface of those adsorbents [209-214].  
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 Characterisation of sorbents 

The chemical composition of adsorbents and their specific surface areas are presented in 
Tables 3, 4 and 5. The particle size of RH was about ten times smaller than DI-60, and as 
a consequence, the surface area of RH is significantly larger (Table 5 and see SEM images 
in Papers I and III). FTIR analysis showed about 17% of sulphur in the RH structure. The 
presence of sulphur may constitute a competitor to the removal of some pollutants by 
exchange reactions, such as sulphates and arsenic. However, as the desorption method 
shows, no compounds have not been released into solution from sorbents structure. More 
details on the RH and DI-60 structure are described in Papers (I and III). Two sulphate 
tailings were selected for one group in accordance with their chemical composition and 
origin. These are by-products of the nickel ore extraction process and contain large 
amounts of sulphates and iron compounds (Table 2). Particle size distribution and specific 
surface area of unmodified and modified adsorbents are presented in Table (5). SEM 
analysis of unmodified sulphate tailings shows that the surface areas of both sorbents are 
developed and non-uniform (see SEM pictures in Papers III and V).  

 Application of iron-based adsorbents 

According to the literature and the chemical composition of RH and DI-60, they were 
used for the removal of sulphates and chlorides and RH for the removal of As(III) and 
As(V), sulphate and metal ions (Papers I, III, VI) [38, 111, 149, 247, 248-250]. It was 
assumed also that iron silicone compounds of both materials can support the removal of 
sulphates and chlorides by ion-exchange reactions (Paper I).  

The optimal conditions for the removal of chlorides and sulphates from synthetic and real 
process water were found during the batch adsorption experiments. The optimal amount 
of adsorbents was 40 g L-1 for both adsorbents (Fig. 21). The optimal contact time was 
480 h. The initial concentration of sulphate and chloride ions was 20 mg L-1 in synthetic 
solution and in real process water it was 30 and 2.5 g L-1. The affinity to sulphate ions 
was higher than to chloride ions for both adsorbents and amounted to about 90% (Paper 
I). 

Tolonen et al. (2015) [220] observed the opposite interaction between an adsorbent with 
similar composition and sulphate and chloride ions. The competition between ions was 
observed during the real process water treatment. Chloride ions were better for removal. 
This may be due to the smaller size of chloride molecules in comparison with sulphate 
molecules. Another possible reason may concern the larger surface area of RH and the 
presence of large pores (Paper I).  

Unmodified and modified RH and CaFe-Cake were used for the removal of As(III) and 
As(V) (Paper III). Two methods of surface modification were applied to increase the 
removal capacities of this sorbent. One of them is simple and low-cost. This method is 
the activation of the surface with NaOH and H2O2. This method activated iron compounds 
and generated new hydroxide functional groups on the surface (Table A1) (Paper III). 
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The other method is TiO2 and Al2O3 thin films deposition on the surface of the adsorbent 
using a TFS500 ALD reactor (Paper III).  

The  presence  of  new  active  groups  on  the  surface  of  RH  was  confirmed  with  FTIR  
analysis (Table  A 1). As can be seen, new hydroxyls and aluminium oxides attributed to 
TiO2 nanoparticles appeared in the spectrum of modified RH. SEM pictures of 
unmodified and modified RH are presented in Paper III. The modified adsorbent surface 
with NaOH was completely covered by sodium hydroxide molecules. Particles of TiO2 
form the stick and unequal structure on the RH, while Al2O3 is synthesized into a compact 
and fine-pore layer (see SEM images in Paper III).  The  availability  of  new  active  
functional  groups  on  the  modified  surface  of  CaFe-Cake  was  confirmed  by  FTIR  and  
SEM techniques (Table A1). The porosity of modified CaFe-Cake by ALD technology 
decreased from 10-20 to 2-3 nm. However, the crystalline nanoparticles of TiO2 could be 
observed in the SEM picture (Paper III). The thin film of oxides may be the cause of the 
decreasing pore size. It was also suggested by other researchers [24, 252].  

All adsorption experiments were conducted with initial concentrations of both arsenic 
forms of 20 mg L-1 in synthetic solution and 10 mg L-1 in real AMD. The optimal amount 
of unmodified RH was 40 g L-1 for the removal of As(III) and 20 g L-1 for As(V). 
However, modification with the ALD method allows decreased dosage of adsorbents in 
four and two times for CaFe-Cake and RH, respectively (Fig. 21). 

 The removal efficacy achieved for both forms of arsenic was more than 90%. It was 
shown that the modification of RH is useful only for As(III) because for As(V) the 
percentage removal was 99% for all types of RH. The removal capacities for unmodified 
and modified forms were examined with synthetic solution of As(III) and As(V) with an 
initial concentration of 20 mg L-1 each (Table 8).  Maximum sorption for both forms of 
arsenic was found with concentrations of unmodified adsorbent 40 g L-1. The 
modification of the surface with the ALD method makes it possible to reduce the 
concentration of adsorbent to 10 g L-1 (Fig. 21). Unmodified CaFe-Cake has less capacity 
for the removal of arsenic. The modification with two methods increased the adsorption 
capacity of As(V) and As(III) in the following order: CaFe-Cake (90 and 40%), CaFe-
Cake_NaOH (99 and 70%), CaFe-Cake_Al2O3 (99 and 92%), CaFe-Cake_TiO2 (99 and 
95%) (Table 8). 

Removal of both arsenite and arsenates from a single solution is complex and depended 
on an oxidation environment. The effect of pH and Eh solution was researched and 
presented in more detail in Paper (III). The peroxidation of arsenite with various oxidants 
is usually used for increasing kinetic activity [60]. An efficient method for removal of 
both arsenic forms is a successful solution of the peroxidation that has been excluded by 
using modified RH and CaFe_Cake. Coated RH with TiO2 shows more effective removal 
of both arsenic forms and reached about 100% (Table 8). 
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Figure 21. Effect of dosage of unmodified and modified adsorbents for the removal of 
As(III) and As(V) with initial concentrations of both arsenic forms of 20 mg L-1. 

Two unmodified and modified with atomic layer deposition of Al2O3 sulphate tailings 
(CaFe-Cake and Sufe) were used for the removal of cyanide ions (Paper V). Both 
adsorbents were granulated before use. The procedure of granulation is described in detail 
in Paper V and section 4.6.2. PVAc was chosen as the binder according to preliminary 
results (see Paper IV and paragraph 5.2.3). The results of granule strength after wettability 
tests are shown in Figure 22. As can be seen, the granules with the size range of 1-2 mm 
have more stability properties for liquids. 
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Figure 22. Size of granulated Sufe and CaFe-Cake before wettability test (Paper V). 

The specific surface area of modified CaFe-Cake and Sufe were increased to seven and 
five times according to unmodified sorbents, respectively (Table 5) (Paper V).  

The batch sorption experiments were carried out in ambient conditions. The optimal 
amount of both adsorbents was 10 g L-1 with a maximum initial concentration of cyanide 
ions of 300 mg L-1. The maximum removal of cyanides was found to be 97% for both 
adsorbents  (Table  8).  The  optimal  pH  for  the  removal  of  the  maximum  amount  of  
cyanides was 3-4 (Paper V). The equilibrium of the system was described with Langmuir 
and Freundlich adsorption isotherms (Paper V).   

Cyanide desorption from sorbents has been almost zero. It confirms that these sorbents 
can be used effectively once. The formation of a strong complex between cyanide ions 
and  sorbent  surface  can  be  the  result  of  the  lack  of  desorption.  The  formation  of  the  
sustainable non-toxic ferrocyanide complex has been most likely according to one of two 
reaction mechanisms: 

( ) + 6 [ ( ) ] + 2    (33) 

+ 6 [ ( ) ]     (34) 

The obtained results have been more efficient for water treatment with a high 
concentration of cyanides, which is typical for gold mine process water, as compared to 
other research works [16, 251-253]. The modification did not increase the percent 
removal of cyanide ions; however, it allowed a decrease in the amount of sorbent dosage 
twice and reduced the adsorption time by about 60%. It can be concluded that both 
sulphate tailings can be effectively used for the removal of cyanide ions from wastewater. 
Removal of cyanides with modified sulphate tailings followed two different mechanisms. 
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The first is the formation of a ferrocyanide complex from iron and cyanide ions while the 
second is sorption of a ferrocyanide with aluminium oxide coated to the sorbent surface 
during modification with ALD. The double retention of cyanide ions on the modified 
sorbent surface is enabled to form a stable and non-toxic cyanide complex in the solution, 
which can be reused as the complexing agent in the metallurgical industries. 

Sorption capacities for the removal of sulphate and metal ions with unmodified and 
modified RH were researched in Paper (VI). RH was modified with ALD of TiO2, Al2O3 
and ZnO by increasing the amount of cycles from 300 to 500, compared with the previous 
study (Paper III) and at a lower temperature (Table 7). Subsequent to decreasing the 
temperature of the processes, it was necessary to increase the pulse time for each cycle. 
Although the process time was increased, a significant reduction in temperature makes it 
possible to achieve savings in energy costs (Table 7). The new bending vibrations 
corresponding to aluminum oxide at the peak between 980–1000 and 610–611 cm-1, and 
titanium oxides with the peak in between 450–800 cm-1 were observed after modification 
of original RH with TMA, TiCl4, respectively. Peaks between 420 and 500 cm-1 are due 
to  ZnO  on  the  RH  surface  after  modification  with  (C2H5)2Zn. The peaks observed 
between 2850 and 3000 cm-1 on the initial material can correspond to the stretching 201 
vibration of hydroxyl groups. Those peaks disappear in the modified sorbents, indicating 
that the possible chemical reaction between –OH groups of raw materials and precursors 
(TMA, TiCl4 and (C2H5)2Zn) during the deposition of metal oxides by ALD (Table A 2 
and Fig 19). SEM images also showed changes in the surface structure of modified RH. 
This was discussed in more detail in Paper VI. 
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Figure 23. XRD profiles for unmodified and modified RH (Paper VI). 

Sorption capacities of both modified sorbents were studied with the initial concentration 
of 3420 mg L-1 for SO4

2-; 100 mg L-1 for Ni2+, Zn2+, and Cu2+  and 1000 mg L-1 for Fe3+, 
in synthetic and real AMDs. The pollutants removal capacities for both modified sorbents 
increased as follows: SO4

2- < Ni2+ < Zn2+ < Cu2+ < Fe3+ 

The similar correlation was observed in other research [215, 255, 256].  

Although the percent removal of sulphate ions decreased with ALD modified RH (Paper 
VI) compared with previous results (Paper I), the time of removal and dosage of sorbents 
decreased by ten and twenty times, respectively (Table 8). The ions competition in 
complex synthesis and real AMD can be a case of sulphate ions removal. However, 
similar results were obtained for metal ions removal with limestone (Paper II) (Table 8). 
The amount of possible reuse cycles is presented in Table 8. It can be assumed that 
unmodified sorbents can be used only once. Modification of the surface makes it possible 
to reuse sorbents for 2-4 times. It was observed that preliminary sorbents granulation also 
increased the cycles of reuse.  

Table 8. Summary table of removal of pollutants from synthetic solutions with 
unmodified and modified sorbents, and possible amount of adsorption cycles. 

Sorbent 
name 

Pollutants removal, % cycl
es  

Fe3+ Cu 
(II) 

Zn 
(II) 

Ni 
(II) 

As 
(III) 

As 
(V) 

CN- SO4
2- Cl- MB OR 

FF 98 99 80 35    92 65   1-2 

FF_NaCl 99 99 98 97        3-4 

FF_WW 99 99 98 97        3-4 

FS 87 98 78 20    54 90   1-2 

FS_NaCl 98 98 97 96        2 

FS_WW 98 99 97 97        2 

DI-60        99 96   1-2 

RH     90 99  89 95   1-2 

RH_NaO
H 

    97 99      3-4 

RH_Al2O3 99 90 80 75 98 99  50    3-4 
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RH_TiO2 99 90 80 75 99 99  50    3-4 

RH_ZnO 99 85 60 75    70    3-4 

SuFe       97     1 

SuFe_Al2

O3 

      97     2 

CaFe-
Cake 

    40 90 97     1 

CaFe_Na
OH 

    70 99      2 

CaFe_Al2

O3 

    92 99 97     3 

CaFe_TiO
2 

    95 99      3 

L          93 68 1 

CW          92 62 1 

LCW          100 85 1 

 

  Economic feasibility analysis of novel sorbents 
 

Estimating the cost of water purification methods is an important criteria in the water 
treatment plants design. Adsorption is one of the cheapest and most effective water 
treatment techniques. In general, the operational cost is mainly related to the production 
cost of the adsorbent. The most common commercial adsorbents are activated carbons 
(500-1000 € per kg), iron oxide (more than 1000 € per ton) and activated alumina (300-
500 € per ton), which are relatively expensive. Taking into account the above mentioned 
aspects, manufacturing alternative highly effective adsorbents in a cost-effective manner 
is a relevant objective.  

The adsorption properties of these materials should be compared with commercial 
sorbents. The local availability of those materials is an important feature especially in 
developing countries aiming at ensuring quality water treatment at the lowest cost. 
Developed countries are also interested in such materials to promote sustainable 
development. The total cost of the preparation of 1 kg of adsorbents, developed and 
researched in this work, are presented in Table 9. The price of each sorbent was calculated 
in accordance with the pretreatment of raw materials and all modification stages. 
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Electricity consumption was calculated based on the Finnish price, which was 0.5 € kW-

1.  It should be taken into account that during the analysis of the price of the adsorbents 
developed in this work, the electricity cost in developed countries is much lower. 
Nonetheless, in the preset case, these sorbents are aimed to be manufactured and applied 
locally which will reduce transportation costs and thus the final price of adsorbents. A 
comparative analysis of prices of adsorbents shows that the developed adsorbents are ten 
times cheaper than commercial ones. The modification with ALD increased the price of 
1 kg modified sorbents from 0.5 to 20 times, however the price remains less than that of 
the commercial sorbents. As can be seen from Table 9, the changes of the parameters of 
ALD modification, that were implemented in Paper VI, allowed the reduction of the cost 
of the sorbents by several times, compared to the data obtained in Paper IV.  
 
Table 9. Cost for preparing 1 kg novel sorbents from limestone, bio- and industrial by-
products for mine and process water treatment. 
 
Price, € per 
kg 

FF FS CW RH DI-60 CaFe-
Cake 

 

SuFe 

Prewashing 
and drying, 

 

Price of raw 
material 

 

1.50 

 

 

0.56 

1.50 

 

 

0.56 

1.50 

 

 

0 

1.50 

 

 

0 

1.50 

 

 

0 

1.50 

 

 

0 

1.50 

 

 

0 

Granulation 
and drying 
(IV and V 
Papers) 

 

  1 1  1 1 

Total price, 
€ per kg 

2.06 2.06 2.50 2.50 1.50 2.50 2.50 

Modification 
with NaCl 
(II Paper) 

 

0.60 

 

 

0.60 
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Drying 

 

 

0.50 

 

0.50 

Total price, 
€ per kg 

 

1.66 1.66      

Modification 
with process 
water (II 
Paper) 

 

Drying 

 

0 

 

 

 

 

0.50 

0 

 

 

 

 

0.50 

     

Total price, 
€ per kg 

 

2.56 2.56      

Modification 
with NaOH 
and  H2O2 
(III Paper) 

 

Drying 

 

   2 

 

 

 

 

0.50 

 2 

 

 

 

 

0.50 

 

Total price, 
€ per kg 

 

   4.00  4.00  

Modification 
with ALD 
(III Paper) 
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TiO2 

Al2O3 

 

 

53.20 

9.50 

 

53.20 

9.50 

Total price, 
€ per kg 

 

   55.70 

11.50 

 55.70 

11.50 

 

Modification 
with ALD 
(VI Paper) 

TiO2 

Al2O3 

ZnO 

 

    

 

 

8.80 

1.60 

1.50 

   

Total price, 
€ per kg 

   10.30 

3.10 

3.00 
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6 Conclusions and further research 
 

In this research, various types of low-cost materials were applied for AMD, process water 
treatment, and the removal of dyes. Three types of limestone, four industrial by-products, 
and coffee waste as municipal bio-waste were characterized in terms of their chemical 
compositions and surface properties. The results of these analyses permitted the 
assumption  of  the  possible  physical  and  chemical  capacities  of  these  materials  for  the  
sorption of various contaminants under different reaction conditions. For example, it was 
found that industrial by-products have a certain number of impurities in their 
composition.  Preliminary desorption tests were therefore conducted in acidic solution for 
several days. The results of these tests showed that a large amount of iron was desorbed 
into the solution from the surface of iron sand and both sulphate tailings. This led to the 
conclusion that these materials should be used with caution in the neutralization of AMD 
and the removal of metal ions from acid solutions. The availability of sulphates on the 
structure of sulphate tailings permits the conclusion that these by-products can remove 
arsenic and cyanides with ion-exchange reactions between sulphate and pollutant ions.  

After a preliminary sorption test, the detailed study of each sorbent by batch method was 
conducted. 

Two unmodified types of limestone were studied for sulphate and chloride ions removal. 
It was shown that one of these was more efficient with sulphate and the other for chloride 
ions. One type of limestone (FF) had a greater number of sites, which participate in the 
adsorption of chloride during the competition between chloride and sulphate ions, which 
can be related to the presence of silanolic groups in its composition. Another limestone 
(FS) and two industrial by-products, such as DI-60 and RH, removed sulphate better than 
chloride ions. It was suggested that limestone FF can be used for process water treatment 
with a high capacity for chloride and sulphate ions.  
 
It was shown that even unmodified limestone provides efficient neutralization of AMD 
from pH 1.5 to neutral after about 6 hours. Limestone showed a good affinity for metal 
ions,  such  as  Fe(III),  Cu(II),  Zn(II),  besides  Ni(II).  However,  both  types  of  limestone  
modified with NaCl and alkaline process water showed good adsorption capacity for 
nickel  ions.  Modification  of  limestone  with  alkaline  process  water  was  presented  as  a  
novel and efficient method. This method has many advantages over the traditional 
modification method. In addition to increasing the adsorption capacities of adsorbents, 
this method makes it possible to reduce the amount of alkaline wastewater by reuse.  
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Combined sorbents, as co-granules, were formed from limestone and coffee wastes. 
PVAc was found as an appropriate binder for preparation of co-granules with higher 
strength that was not reported before. The adsorption capacity of co-granules of coffee 
wastes and limestone was investigated with acidic (MB) and alkali (OR) dyes.  The 
competing reaction was observed during the removal of both dyes from a complex 
solution. Meanwhile, future experiments are required to improve the adsorption capacity 
of co-granules from a complex solution because the chemical composition of the 
constituents gives hope of producing efficient combined sorbents for both cation and 
anion removal from mine water. An increase in mine water treatment efficiency, as well 
as solid waste management and water reuse, provides numerous opportunities for further 
study.  

Based on the theoretical and experimental study, As(III) is more toxic and removed from 
water solutions with less efficiency than As(V). However, unmodified iron-containing 
material (RH) showed a great affinity for both forms of arsenic. Sulphate tailing CaFe-
Cake showed good properties only after modification with Al2O3 and TiO2 deposited onto 
the surface of adsorbents with ALD technology. Developed sorbents make it possible to 
remove directly, with an average pH value of 6–8, both forms of arsenic at an ambient 
temperature, and consequently those new sorbents can be used for the direct removal of 
both forms of arsenic, as more environmentally friendly and with lower economic costs, 
compared to other current methods. 

Novel iron-containing sorbents from an industrial solid waste were produced with ALD 
technology for TiO2, Al2O3 and ZnO coating. The optimal sorption parameters were 
estimated with synthetic AMD. The optimal time (48 h for TiO2 and Al2O3 and 10h for 
RH_ZnO) and sorbent concentration (2 g L-1) were determined by a batch method. The 
maximum sorption capacities of RH_Al2O3, RH_TiO2 and RH_ZnO were around 650, 
200, 200, 150 and 100 mmol g-1 for  removal  of  SO4

2-, Fe2+, Cu2+, Zn2+ and Ni2+, 
respectively.  The  sorption  process  was  carried  out  using  complexation  and  an  ion-
exchange mechanism. The deposition of TiO2, Al2O3 and  ZnO  on  the  surface  of  
granulated sorbents sufficiently increased the sorption capacities of raw material for real 
AMD treatment. The modified sorbents could be used for real AMD treatment with a high 
capacity for some pollutants. RH_ZnO show higher adsorption capacities for real AMD 
treatment and equilibrium was observed even after 10 h, which is about five times faster 
compared with other modified sorbents. Considering that the lower temperatures were 
used for deposition of metal oxides in this work and modified with ZnO and Al2O3 
sorbents showed perfect capacities for removal of ions from real mine water, with the 
ALD modification cost lower compared with previously published results. 

Modified with ALD granulated sulphate tailings were applied for cyanide removal with 
a high concentration from synthetic process water. Surface modification with ALD 
increased the granules strength and sorption capacities of sulphate tailings about three 
and five times, respectively. Modification of the adsorbent reduced the adsorption time 
of cyanide ions by 40% and also a smaller adsorbent dose of modified adsorbent is needed 
for cyanide removal in comparison to unmodified adsorbent. The adsorption capacity was 
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reached at 3.5 mmol g-1, which is several times higher compared to other published data. 
Developed sorbents with high adsorption capacities for cyanide removal are an efficient 
opportunity for not only economically underdeveloped countries, but for environmental 
management on the whole. It was observed that strong nontoxic ferrocyanide complex 
formed between the sorbents’ surface and cyanide ions during the synthetic process water 
treatment.  The  second  mechanism  removal  of  cyanide  was  carried  out  by  sorption  of  
ferrocyanide with aluminum oxide coated on the sorbent surface during modification with 
ALD. This new nontoxic material can be suggested as a complexing agent for removal of 
trace amounts of radioactive elements, such as caesium and uranium.   

The desorption study and reuse of unmodified and modified sorbents shows that ALD 
modification makes it possible to increase the reuse of sorbents to 3-4 times. Other  
modification methods also make it possible to use sorbents repeatedly, but the number of 
repetitions is only 2–3 times. 

Overall, according to the comparative analysis of prices for commercial sorbents and the 
ones developed during this work, it can be confirmed that the novel new sorbents are 
more cost effective than the commercial ones. According to the obtained results in this 
work, the developed sorbents can be recommended for further experiments for real AMD 
and process water treatment by columns. Column experiments make it possible to select 
better parameters for simultaneous removal of sulphate and metal  ions from AMD and 
sulphate and chloride ions from process water.  
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a b s t r a c t

Two limestones and two solid wastes were tested as adsorbents for chloride and sulphate ion removal
from synthetic and real alkaline process mining water. The composition and surface structure of the
adsorbents were analysed by ED-XRF, XRD, SEM and MIR spectroscopy and the nitrogen adsorption
method. The optimal adsorption time and amount of adsorbent were determined by batch analysis with
an anion concentration of 20 mg/L. In synthetic solution adsorbents removed 99% of SO4

2� and 96% of Cl�

and in real process water the removal rate was 85% and 74% for SO4
2� and Cl�, respectively. It was found

that equilibrium could successfully be fitted to the Langmuir, Toth and BiLangmuir adsorption isotherms.
� 2014 Elsevier B.V. All rights reserved.

1. Introduction

Water is a vital factor in many industrial processes, including
mining. Water is much more than a medium for cooling, creating
steam, transport or cleaning; it is often an essential component
of the process or product [1,2].

As water shortages increase, so does the need to use unconven-
tional supplies such as seawater or wastewater for industrial pro-
cesses. The water deficit may also be met by energy intensive
water recovery systems such as cooling water systems for indus-
trial processes. With the right treatment technologies, water can
be reused over several cycles which helps to bridge the gap
between water supply and demand [1,3].

Process water treatment problems can be solved using a variety
of treatment technologies, such as the electro-chemical method

[4–7], biological degradation [8], membrane filtration [9,10], coag-
ulation [11–13], adsorption or ion exchange [10,14–17]. Low-cost
process water recovery is one of the most significant issues facing
industry today. Ion exchange is considered to be one of the best
and most efficient methods for removing anions from water due
to its high efficiency, simplicity and low cost.

Process water content depends on the type of industrial pro-
cess. Alkaline mining process waters require special treatment
mainly due to the combination of a high concentration of anions,
such as Cl�, SO4

2�, NO3
�, NO2

�, NH4
+, and a low concentration of metal

ions [1].
The removal of anions from highly alkaline process water is

expensive and quite challenging. Sulphate and chloride removal
is often accomplished thorough an ion exchange mechanism with
limestone [10,18,19]. This process involves ion exchange between
OH� on the adsorbent surface and removed anions. Natural lime is
often used for process and wastewater treatment [20–24]. Sul-
phate removal from water by adsorption has not always been suc-
cessful, for example, in A. Darbi et al.’s research on sulphate
removal from drinking and groundwater by bentonite [10]. Solid
waste, however, is similar in composition to limestone and has a
demonstrably high capacity to adsorb anions from wastewaters,

http://dx.doi.org/10.1016/j.cej.2014.07.091
1385-8947/� 2014 Elsevier B.V. All rights reserved.
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yet it has received the least amount of research attention [25,26].
This work took a novel approach to the removal of sulphate and
chloride ions from alkaline process water. Two limestone products
and two solid wastes from various industries were used as adsor-
bents. Two challenges were faced; real mining process water treat-
ment forms SO4

2� and Cl�, and it is difficult to reuse solid wastes.
The adsorption capacities of unmodified solid wastes were studied
and the effect of both competing ions on the adsorption process
was also investigated.

2. Materials and methods

2.1. Materials

Two solid wastes, iron sand (RH) and pulp and paper waste (DI-
60), were used. RH and DI-60 were obtained from Ekokem Com-
pany and Metsä Tissue Corporation (Finland), respectively. Two
limestone products, filter sand (FS) and flotation fines (FF),
obtained from Nordkalk Corporation (Finland) were applied as
adsorbents. Before use all the adsorbents were milled, washed with
distilled water, and oven dried for 12 h at 80 �C. The dried adsor-
bents were stored in glass flasks. Sodium sulphate (Merck) and
sodium chloride (Sigma–Aldrich) were used for the preparation
of sulphate and chloride solutions. Solution pH adjustment was
carried out with 0.1 M NaOH and HCl (Merck). Milli-Q ultrapure
water was used to prepare the stock and dilute solutions.

2.2. Characterisation of adsorbents

The particle size distribution and zeta potential of the samples
were determined using dispersion analyser LUMiSizer 610/611
(LUM GmbH) and ZetaSizer Nano ZS (Malvern Instruments Ltd.,
UK), respectively. 1.5 g of solid sample was conditioned in 50 ml
of 0.001 M NaCl solutions at various final pH for 24 h in a shaking
bath. Zeta potential was calculated from electrophoretic mobility
measurements using the Smoluchowski equation; each value was
an average of approximately 20 measurements. The pH of the sus-
pension was adjusted using 0.01–1.0 M HCl. All solutions were pre-
pared using ultrapure water and solution pH was determined with
a pH Electrode SenTix 81.

The physical structure of the samples was analysed with N2

adsorption at �196 �C with TriStar 3000 (Micromeritics Inc.). The
specific surface area was calculated from the adsorption isotherm
using Brunauer-Emmett-Teller (BET) theory [27].

Infrared spectroscopic measurements in middle infrared (MIR)
spectra of adsorbents were recorded with a Bruker Vertex 70v
spectrometer. MIR: transmission technique, samples were pre-
pared by the standard KBr pellets method. Spectra were collected
in the mid infrared region (4000–400 cm�1) averaging 124 scans
with 4 cm�1 resolution. Samples were prepared according to the
standard KBr pellets method.

The microstructure of the materials were examined using scan-
ning electron microscopes (SEM, Nova Nano SEM 200, FEI Com-
pany and Hitachi S-4800), with energy dispersive X-ray
spectroscopy (EDX, EDAX) for micro-area analysis. The experiment
was carried out at low vacuum conditions in secondary electron
mode and samples were covered with a layer of gold.

X-ray diffraction (XRD) data were collected with a PANalytical
Empyrean powder diffractometer using Cu Ka radiation. The con-
figuration was a standard Bragg–Brentano (h/h) reflection setup
with a Ni-filter placed in front of the detector. The measurements
were performed in a h scanning range of 3–90� with a 0.007� step
size and 69 s of measurement time for each step at ambient tem-
perature and pressure.

The chemical composition of materials was determined by an
energy dispersive X-ray fluorescent (ED XRF) analyser X-Art (Joint
Stock Company Comita, St. Petersburg, Russia) [28].

2.3. Batch adsorption experiments

Ion exchange tests were conducted by mixing a known weight
of FF, FS, RH and DI-60 with 15 ml of synthetic sulphate and chlo-
ride ions in alkaline solution. The ion concentrations of the syn-
thetic solution ranged from 20 to 2000 mg/l. The solutions were
shaken in a mechanical shaker ST5 (CAT M.Zipper GmbH, Staufen,
Germany) from 1 to 720 h. 2 ml samples of the solution were taken
from flasks at known time intervals and then filtered using a
0.20 lm diameter polypropylene syringe filter. All tests were per-
formed at ambient temperature (22 ± 2 �C) and pressure. The final
concentrations of sulphate and chloride anions in the solutions
were determined with high-performance liquid chromatography
(HPLC). A Shimadzu HPLC equipped with a conductivity detector
(Shimadzu Model CDD-10A) was used (column:
4.0 mm ID � 250 mmL Shodex IC SI-50 4E; mobile phase: solution
of 3.2 mM Na2CO3 and 1 mM NAHCO3 in ultrapure water; flow
rate: 0.7 ml/min; temperature:ambient). Adsorption was calcu-
lated as:

A ¼ Ci � Ct

Ci
� 100; ð1Þ

where A is adsorption (%), Ci and Ct (mg/l) are the ion concentrations
in the initial and post treatment solutions, respectively.

2.3.1. Sorbent optimisation
The optimum amount of sorbent was determined by mixing

15 ml of SO4
2� and Cl� synthetic solutions with different amounts

of sorbent (2, 5, 10, 20, 30, 40, and 50 g/l). Each result is the average
of three samples.

2.3.2. Contact time optimisation
The optimum contact time was determined by mixing 40 g/l of

FF, FS DI-60, and RH in 15 ml flasks tumbled at 100 rpm from 1 to
720 h with an initial concentration of SO4

2� and Cl� of 20 mg/L.
Samples were taken after 1, 2, 4, 8, 24, 48, 96, 120, 240, 480, and
720 h.

3. Results and discussion

3.1. Adsorbent characterisation

The chemical compositions of the studied materials are shown
in Table 1. These results were obtained by ED-XRF and XRD. Each
material contains calcium (12–37%). RH contains more than 17%
sulphur. Such a high sulphur concentration could affect the
removal of sulphate ions, because sulphur on the adsorbent surface
can initiate competition in the ion exchange process [13]. All
chemical compounds structurally similar to calcite should have
high adsorptive properties for sulphate and chloride ions.

The particle size distribution and specific surface area of the ori-
ginal materials are shown in Table 2. The particle size of FS and FF
adsorbents are approximately the same (approximately 500 lm).
The particle size for DI-60 is about three times larger
(�1500 lm), and for RH it is four times smaller (�125 lm). Unex-
pectedly, the active surface area of RH is significantly larger than
that of other adsorbents, which may be explained by its relatively
high porosity. The results of spectroscopic analysis of the adsor-
bent are shown in Fig. 1. Each image presents two spectra, before
(1) and after (2) washing and drying the adsorbents. As can be
seen, pretreatment does not change the distribution and location
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of functional groups on the adsorbent surface. Spectroscopic stud-
ies in the mid-infrared (MIR) region confirm the results of the XRD
studies. The spectra of each adsorbent show two additional bands
characteristic of water molecules, at about 1620–1640 and 3450–
3480 cm�1 (Fig. 1). The OH� stretch vibrations of the SiOH group
adsorb at 3200–3700 cm�, and strong Si–O bands at 830–
1100 cm� are observed in the spectra of DI-60 (Fig. 1c). The spectra
of sulphones show strong adsorption bands at 1120–1160 cm� for
RH (Fig. 1d). These bands arise from symmetric SO2 [29]. Adsorbent

Table 1
Chemical composition of adsorbents (XRF and XRD analysis).

Element (%) FS FF RH DI-60

Ca 21.3 37.2 14.4 12.0
Fe 1.07 0.43 7.2 0.46
K 0.254 0.241 0.3 0.329
Mn 0.0216 0.0100 0.27 0.0043
S 0.100 0.105 17.6 0.039
Si 42 10.3 0.2 4.4
Sr 0.026 0.074 0.021 0.016
Ti 0.052 0.042 2.3 0.059
Rb 0.0013 0.0005 0.001 0.0020

Compounds formula CaMgSi2O6 (K,H3O)Al2Si3AlO10(OH)2 Ca(SO4)(H2O) Ca(CO3)
CaCO3 Al2(Si2O5)(OH)4Ca(CO3)
(K,H3O)Al2Si3AlO10(OH)2 CaSiO3

Compounds name Diopside Illite Calcium sulphate hydrate Calcite
KaoliniteParawollastoniteCalcite Calcite

Table 2
Characteristic of the surface of adsorbents.

Name of
adsorbent

Particle size
(lm)

Specific surface area
(m2/g)

Zeta-potential
(mV)
pH = 11

FF 599 1.35 0
FS 451 1.82 �25
RH 180 62.5 �7
DI-60 1390 3.29 �14

Fig. 1. MID spectrums of FF (a), FS (b), DI-60 (c) and RH (d).
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surfaces were studied by XRD (Table 1) and MRI (Table 2). Both
methods showed the presence of sulphur on the RH surface and sil-
icone on the FF, FS, and DI-60 surfaces.

SEM images are presented in Fig. 2. The structure of RH is the
finest, which is partly due to its highly specific surface area. This
is confirmed by data on the active surface of adsorbents obtained
by the BET method (Table 2); RH has the largest active surface area.

3.2. Optimisation of adsorbent amount and ion competition

The optimal amount of adsorbent for chloride and sulphate
removal with an initial concentration of 20 mg/l is shown in
Fig. 3. This indicates that initially Cl� and SO4

2� removal increased
with increasing amounts of adsorbent, with equilibrium reached at
an adsorbent concentration of 40 g/l. The highest removal percent-
age of sulphate (99%) was achieved with DI-60; sulphate removal
was 88.5%, 90%, and 92% with RH, FS, and FF, respectively. Kolics
et al. described the competition between sulphates and chlorides
during the adsorption on aluminium [30]. They found that chlo-
rides were adsorbed better than sulphates. Our experiments show
that in case of adsorption with DI-60 and RH, ion competition was
not observed: Cl� ion removal reached approximately 96% with DI-
60 and RH. With limestone-like adsorbents (FF and FS), however,
this was not the case. Chloride removal was substantially lower
than that of sulphates; only 66% and 54% were removed with FF

and FS, respectively. Chloride was adsorbed better than sulphate
with RH, which had the highest adsorption capacity. This phenom-
enon can consider as one of the factor influencing for better
adsorption of Cl� ions than SO4

2� ions, because chloride ions are
smaller than sulphate [12]. Since RH has a porous surface structure
it was better able to adsorb chloride.

3.3. Contact time optimisation

It was found that the removal percentage increases with time,
reaching the maximum at 480 h (Fig. 4). The maximum amount
of Cl� and SO4

2� adsorbed to FF, FS, DI-60, and RH was 65% and
92%; 90% and 54%; 96% and 99%; 95% and 89%, respectively. It
was observed that the ion exchange process does not change the
initial pH of the solution [12,13].

3.4. Adsorption isotherms

Equilibrium of the adsorbate sorption on the adsorbent surface
at a constant temperature is described with empirical models
known as adsorption isotherms. Mathematical modelling of
adsorption isotherms gives us information about the adsorption
mechanism. A rigorous theory of adsorption isotherms was pro-
posed by Langmuir for monolayer adsorption on specific homoge-
neous sites without attractive forces between the adsorbate

Fig. 2. SEM images of FF (a), FS (b), DI-60 (c) and RH (d).
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molecules and their mobility along the surface [31]. Further devel-
opment of the theory eliminates assumptions made by Langmuir.
Since the adsorbents have a complex structure, homogeneous as
well as heterogeneous adsorption mechanisms are possible. Two-
parameter Langmuir isotherm (Eq. (2)) was used to describe a clas-
sic case of adsorption in a homogeneous system. Three-parameter
(Toth Eq. (3)) and four-parameter (BiLangmuir Eq. (4)) models
were selected to describe adsorption process in the case of a heter-
ogeneous system:

qe ¼
qmKLCe

1þ KLCe
ð2Þ

qe ¼
qmCe

ðaT þ CmT
e Þ

1
mT

ð3Þ

qe ¼
qm1KL1Ce

1þ KL1Ce
þ qm2KL2Ce

1þ KL2Ce
ð4Þ

where qe and Ce are anion-exchange capacity (mmol/g) and concen-
tration of anions in the solution (mmol/L) at equilibrium, respec-
tively; qm is the maximum uptake capacity; KL is Langmuir, KL1

and KL2 are the BiLangmuir constants related to the energy of
anion-exchange; aT is the adsorptive potential constant (mmol/L)
and mT the heterogeneity factor of the Toth isotherm.

Isotherm parameters were calculated with minimisation of the
error distribution between experimental and predicted data by
Marquardt’s percent standard deviation (MPSD):

Xn

i¼1

qe;exp � qe;calc

qe;exp

 !2

i

ð5Þ

The Langmuir isotherm is the most frequently used theory [32].
A basic assumption is that one molecule occupies a site and no fur-
ther adsorption can take place at that site. In the other words, at
equilibrium, saturation point is reached where no further adsorp-
tion can occur. Parameter qm shows the number of adsorbent sites
that actively interact with anions of the sorbate. The K coefficient is
the affinity between sorbate and adsorbent. According to Langmuir
theory the affinity between the studied adsorbents and adsorbates
is:

RH; FS; DI-60 : SO2�
4 > Cl�

FF : Cl� P SO2�
4

The number of sites (qm) which participate in the adsorption of
Cl� is much greater than in the adsorption of SO4

2�. This could be
because chloride molecules are smaller than sulphate molecules;
Langmuir theory implies that the amount of adsorbed chloride will
be much greater [33]. Yet since the affinity (K) of adsorbents to sul-
phate ions is higher, better removal of sulphate could be observed
with FF, FS and DI-60. Chloride was more effectively removed with
RH, since its pores are significantly larger than those of other sor-
bents (Table 2). The combination of large RH pores and small chlo-
ride ions allows for near complete chloride removal (Fig. 3b).
Comparison with published data was difficult, because very few
studies of the concurrent removal of chloride and sulphate ions
exist; however, Hendricks found the same relationship between
sulphate and chloride ions [34].

The Toth isotherm (three-parameter equation) is an adaptation
of Langmuir theory to allow for a heterogeneous system. The Toth
equation is obtained by adding two parameters, (aT) and (mT), to
the Langmuir equation [35]. Those two parameters allow for heter-
ogeneity of system. The Toth isotherm fits adsorption of both
anions with DI-60 slightly better than the Langmuir one (Fig. 5),
apparently because DI-60 is more heterogeneous.
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Fig. 3. Effect of dosage of FF, FS, DI-60 and RH for removal of SO4
2� (a) and Cl� (b)

with initial concentration of ions 20 mg/l.

(a)

(b)

0 

10

20

30

40

50

60

70

80

90

100

1 2 4 8 12 24 48 96 120 240 480 720

FF 

FS 

DI-60

RH

Re
m

ov
al

, %
 

t, h

0 

10

20

30

40

50

60

70

80

90

100

1 2 4 8 12 24 48 96 120 240 480 720

FF 

FS 

DI-60

RH

t, h

Re
m

ov
al

, %

Fig. 4. Kinetics of SO4
2� (a) and Cl� (b) ions removal with FF, FS, DI-60 and RH, at pH

12. Initial ions concentration is 20 mg/L.

368 E. Iakovleva et al. / Chemical Engineering Journal 259 (2015) 364–371



(c)

0 

5 

10

15

20

25

30

35

40

0 5 10 15 20 25

SO4

Langmuir 

Toth

BiLangmuir 

C, mmol/L

qe
, m

m
ol

/g

0 

20

40

60

80

100

120

140

0 10 20 30 40 50 60

Cl

Langmuir 

Toth

BiLangmuir 

qe
, m

m
ol

/g

C, mmol/L

(d)

0 

2 

4 

6 

8 

10

12

14

0 5 10 15 20 25

SO4

Langmuir 

Toth

BiLangmuir 

C, mmol/L

C, mmol/L

qe
, m

m
ol

/g
qe

, m
m

ol
/g

0 

10

20

30

40

50

60

0 10 20 30 40 50 60

Cl

Langmuir 

Toth

BiLangmuir 

Fig. 5 (continued)

(a)

0 

50

100

150

200

250

300

0 1 2 3 4 5 6 7 8 9 10 11 12 13

Langmuir 

Toth

SO4

BiLangmuir 

C, mmol/L

qe
, m

m
ol

/g

0 

20

40

60

80

100

120

0 10 20 30 40 50 60

Langmuir 

Cl

Toth

BiLangmuir 

C, mmol/L

qe
, m

m
ol

/g

(b)

0 

50

100

150

200

250

300

350

400

450

0 2 4 6 8 10 12

SO4

Langmuir 

Toth

BiLangmuir 

C, mmol/L
qe

, m
m

ol
/g

0 

50

100

150

200

250

300

350

400

450

500

0 10 20 30 40 50

Cl

Langmuir 

Toth

BiLangmuir 

C, mmol/L

qe
, m

m
ol

/g

Fig. 5. Adsorption isotherms for SO4
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The BiLangmuir isotherm assumes that the surface contains two
divergent active sites having different affinities towards the target
compound [36]. BiLangmuir isotherms for both anions fit better to
the FF, FS, and DI-60 adsorbents (Fig. 5), possibly because these
adsorbents have at least two anion adsorption sites. The BiLa-
ngmuir model was rather efficient in reflecting the adsorption
process.

3.5. Anion removal from real process water

Chloride and sulphate ion concentrations in real mining process
water were 2.5 and 30 g/L, respectively. The chemical composition
of the process waster is presented in Table 3. The removal of anions
was conducted by batch method at ambient temperature for 480 h
with 40 g/L of each adsorbent. The experiment was carried out in
three steps, using fresh adsorbent at each stage, and the total pro-

cess took 60 days. Chloride removal with FF, FS, DI-60, and RH was
52%, 45%, 80%, and 82%, respectively; sulphate removal with the
same adsorbents was 73%, 68%, 54%, and 75%, respectively
(Fig. 6). Increasing adsorbent concentration and time did not
increase anion removal, as might be expected. Equilibrium
occurred at the optimal adsorption time (480 h) and adsorbent
concentration (40 g/L). The lower removal of anions from the real
process water could be due to its complex composition. It contains
other ions beside Cl� and SO4

2 which can act as competitors during
the adsorption process.

4. Conclusions

The efficiency of four solid wastes used as anion exchangers to
remove chloride and sulphate ions from alkaline mining process
water was investigated. The optimal adsorption parameters were

Table 3
Isotherm parameters for FS, FF, DI-60 and RH during adsorption process of anions from synthetic solution.

Ce (mmol/L) qe exp (mmol/g) qe model (mmol/g) qm (mmol/g) KL (L/mmol) R2

Langmuir
FF SO4

2� 6.77 221 215 285 0.453 0.998
Cl� 16.9 106 104 115 0.583 0.984

FS SO4
2� 5.2 261 217 526 0.135 0.998

Cl� 13.2 373 241 718 0.038 0.997
DI-60 SO4

2� 8.96 29.13 36.46 30.85 1.895 0.928
Cl� 23.94 105 83 93 0.355 0.928

RH SO4
2� 4.74 11.72 11.24 11.37 18.68 0.728

Cl� 5.07 49.3 43.8 44.5 12.06 0.757
Ce (mmol/L) qe exp (mmol/g) qe model (mmol/g) K (L/mmol) aT (mmol/L) mT R2

Toth
FF SO4

2� 6.8 221.4 190.2 10,936 0.019 0.338 0.995
Cl� 16.9 106.3 102.2 141.5 0.821 0.854 0.997

FS SO4
2� 5.2 260.7 225 114.5 0.207 0.177 0.999

Cl� 13.2 373.3 314.1 35.8 10,149 2.67 0.997
DI-60 SO4

2� 6.4 36.5 25.9 29.2 14.3 0.941 0.985
Cl� 23.9 105.6 82.8 60,389 0.001 0.641 0.981

RH SO4
2� 0.55 12.2 9.9 616 0.035 0.957 0.897

Cl� 5.07 49.3 40.7 3810 0.019 0.929 0.961
Ce (mmol/L) qe exp (mmol/g) qe model (mmol/g) qm1 mmol/g qm2 (mmol/g) K1 (L/mmol) K2 (L/mmol) R2

BiLangmuir
FF SO4

2� 6.8 221.4 218 118.5 166.4 0.162 0.101 0.995
Cl� 16.9 106.3 98.2 95 32.9 0.133 16.7 0.989

FS SO4
2� 5.2 260.7 217.2 139.8 123.5 0.089 0.033 0.998

Cl� 13.2 373.3 241.2 271.4 120.5 0.038 0.213 0.997
DI-60 SO4

2� 6.4 36.5 28.5 37.7 8.03 0.257 78.9 0.991
Cl� 23.9 105.6 96.4 17.6 132.1 140.9 0.154 0.991

RH SO4
2� 0.55 12.2 10.4 11.0 0.106 20.7 0.107 0.775

Cl� 5.07 49.3 43.8 3.7 42.3 1.7 14.1 0.825

Fig. 6. Removal of SO4
2� and Cl� with FF, FS, DI-60 and RH from real process water. Initial concentration of SO4

2� and Cl� was 30 and 2.5 g/L, respectively. Amount of
adsorbents is 40 g/L.
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estimated with synthetic solution. The optimal time (480 h) and
adsorbent concentration (40 g/L) were determined by batch
method. The maximum adsorption capacities of FF, FS, DI-60 and
RH ranged from 221, 261, 29 and 12 mmol/g for SO4

2� removal, to
106, 373, 105 and 49 mmol/g for Cl� removal, respectively. All
three isotherms (Langmuir; Toth; BiLangmuir) described both
anion exchange processes well. The FF and FS removed more than
50% of both anions and RH removed approximately 80% of sulphate
ions. The DI-60 removed more than 80% of both sulphate and chlo-
ride ions. All adsorbents could be used industrially for alkaline pro-
cess water treatment: although the removal process is long
(around 2 months), the treatment requires a minimum amount of
energy and is low in cost due to the use of solid wastes as
adsorbents.
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A B S T R A C T

Limestones and their modifications from Nordkalk Corporation (Finland) flotation fines (FF) and filter
sand (FS) as potential adsorbents for AMD treatment and wastewater purification from Cu, Fe, Zn and Ni
ions were studied. Limestones were capable of binding significant amounts of Cu and Fe from synthetic
AMD solutions and wastewater, while unmodified limestones were not good for Zn and Ni removal. Two
methods of surface area modification were suggested. The first one with 2 M solution of NaCl and the
second one with wastewater from Norilsk Nickel Harjavalta. The structure of materials and their surface
area were characterized by SEM, EDX, MIR spectroscopy and nitrogen adsorption methods. Optimal
amount of adsorbents for different model and real solutions was found. Adsorption kinetics showed that
the adsorption equilibrium was reached within approximately 8 h. The kinetic data fits to a pseudo
second order model with correlation coefficients greater than 0.999. The adsorption capacity was the
highest at solution pH range of 6–7. Langmuir, Toth and Sips models were used to fit the adsorption
isotherms. Based on the parameters calculated from models, the adsorption capacity decreased in the
order of Cu > Fe > Zn > Ni for FF and Fe > Cu > Zn > Ni for FS. The research showed that the proposed
modified limestones can be successfully used for AMD neutralization and removal of Cu(II), Fe(III), Zn(II)
and Ni(II).

ã 2015 Elsevier B.V. All rights reserved.

1. Introduction

Each year global mining industry produces several billion
tonnes of solid inorganic wastes or by-products, including liquid
wastes through its mineral processing and metal production
operations (Charbonier, 2001; Akcil and Koldas, 2006).

Composition of solid and liquid wastes in mining varies greatly
depending on the process, methods of enrichments and treatments
of ores. Mine waters can be categorized into three groups according
to their acid-base properties: acid mine drainage (AMD) with pH
6 and below, neutral mine drainage with pH 6 and above, and saline
mine drainage with pH above 6 containing more than 1000 mg L�1of
carbonates (Wolkersdorfer, 2008). AMD is formed by the

decomposition of pyrites (Wolkersdorfer, 2008 After hydrothermal
deposits of copper, lead, zinc, tin, and other nonferrous/colored
metals into pyrites, substantial amounts of them are sent to landfill
as they are economically inefficient to treat further.

Process of pyrites decomposition is hazardous because of
mining water acidification and also because a large number of
various toxic trace elements are released during the process, these
are Ag, As, Bi, Cd, Co, Cu, Hg, Mo, Ni, Pb, Ru, Sb, Se, Sn, Te, and Zn
(Abraitis et al., 2004; Chandra and Gerson, 2010; Deditius et al.,
2011). The pyrite oxidation process has been extensively studied
and can be summarized by the following reactions:

FeS2 þ 7
2
O2 þ H2O ! Fe2þ þ 2SO2�

4 þ 2Hþ (1)

FeS2 þ 7
2
O2 þ H2O ! Fe3þ þ 1

2
H2O (2)
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Fe3þ þ 3H2O ! FeðOHÞ3 # þ3Hþ (3)

FeS2 þ 14Fe3þ þ 8H2O ! 15Fe2þ þ 2SO2�
4 þ 16Hþ (4)

First, the oxidation of sulfide to sulfate is observed by the action
of water and oxygen leaving Fe (II) unoxidized (Eq. (1)). Then the
oxidation of Fe (II) to Fe (III) occurs (Eq. (2)) and part of Fe (III) is
precipitated as ferric hydroxide (III) (Eq. (3)) while the other part

reacts with pyrite oxidizing sulfide to sulfate in the presence of
water reducing Fe (III) to Fe (II) (Eq. (4)). All four reactions above
are parallel processes, which occur and last as long as there is
access to water and oxygen. Ríos et al. (2008), described in detail
the process of pyrite decomposition.

There are three main problems attributed to mining, such as
AMD treatment, utilization of solid wastes and reusing of process
water. Various adsorbents for mining wastewater purification have
been recently reviewed (Iakovleva and Sillanpää, 2013). Recently
interest has arisen to use solid wastes as adsorbents for waste
water purification (Bhatnagar et al., 2014; Ahmaruzzaman, 2011;

Fig. 1. SEM pictures of initial FS (a), modified FS with NaCl (b) and modified FS with MPW (c), initial FF (d), modified FF with NaCl (e) and modified FF with MPW (f).
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Gupta et al., 2011; Oliveira et al., 2007; Wan Ngah et al., 2011;
Zhang and Itoh, 2003). A number of AMD techniques of
neutralization and recovery of toxic metal ions have been used,
primarily including solid materials such as lime (Silveira et al.,
2009) and limestone sand (Watten et al., 2005), fly ash (Gitari et al.,
2008), natural clinker (Ríos et al., 2008), alkaline paper mill
(Castillo et al., 2010) and lignite (Mohan and Chander, 2006). The
above studies have shown good potential for the use of solid wastes
as adsorbents for wastewater treatment. Some investigations
(Repo et al., 2011; Yo�gurtcuo�glu and Uçurum, 2011; Argun and
Dursun, 2008; Zhao et al., 2013) showed that solid wastes are more
efficient as adsorbents if pre-modified. For example, amino-
polycarboxylic acids have been immobilized on solids to enhance
their adsorption capacity (Repo et al., 2013). Modification method
should be simple and inexpensive.

Limestones have been studied extensively as neutralizers for
AMD and they are used mainly in passive wastewater treatment
(Watten et al., 2005; Sibrell et al., 2006; Aziz et al., 2008; Strosnider
and Nairn, 2010; Silva et al., 2012). In previous study, two
limestones, FS and FF were investigated for purification of
sulphates and chlorides from mining process water (MPW)
(Iakovleva et al., 2015). In this study, MPW was used as a reagent
for modifying of FS and FF the surface area. Three challenges were
addressed; (1) AMD neutralization, (2) metal ions removal and (3)
reuse of solid wastes using two solid wastes from limestone
industry of Nordkalk Corporation (Finland).1 Nordkalk produces
limestone products, which are used, for example, for soil
improvement in order to neutralize acidity. The products are used
mainly in the paper, steel and building materials industries as well
as in environmental care and agriculture (Nordkalk.com). Toxic
metals, such as iron, copper, zinc and nickel, were chosen as targets
metals since they can be found in mine wastewaters in large
quantities. These metals are commonly present in substantial
amounts in AMD and pose a serious threat to the environment and
human health (Kemp et al., 2010). Moreover, if iron and copper ions
can be removed from solution by precipitation, removal of nickel is
much more complex task (Aziz et al., 2008; Sdiri et al., 2012;
Alcolea et al., 2012). Electrochemical methods are most frequently
used for the removal of nickel from solutions (Curteanu et al., 2011;
Gao et al., 2007). The objective of this work was to find the least
expensive way to purify water from metal ions specified above.The
aim of this study was to investigate the performance of limestones
for simultaneously AMD neutralization and the removal of Zn (II),
Fe (III), Cu (II), Ni (II). Effect of competing ions on the adsorption
process was studied. Removal of Cu (II), Zn (II), Fe (III), Ni (II) from
real mine water was tested as well.

2. Materials and methods

2.1. Characterization of adsorbents

The particle size distribution and zeta potential of the samples
were determined using dispersion analyzer LUMiSizer 610/611
(GmbH) and ZetaSizer Nano ZS, Malvern, UK, respectively. The zeta
potential was calculated from electrophoretic mobility measure-
ments using the Schmalukowski equation. A 1.5 g solid sample was
conditioned in 50 mL of 0.001 M NaCl solutions at various final pHs
for 24 h in a shaking bath. Each reported point value was an average
of approximately 20 measurements. The pH of the suspension was
adjusted using 0.01–1.0 M HCl. All solutions were prepared using
ultrapure water. The pH of solutions was determined with a pH
Electrode SenTix 81.

The samples were characterized with nitrogen sorption at
196 �C using TriStar 3000 (Micromeritics Inc. USA). The specific
surface area of samples was calculated using the Brunauer–
Emmett–Teller (BET) theory.

FTIR spectra of adsorbents were recorded with a Bruker Vertex
70v spectrometer. Spectra were collected in the mid infrared
region (4000–400 cm�1) averaging 124 scans with 4 cm�1 resolu-
tion. Samples were prepared by the standard KBr pellets methods.

Microstructure of the produced materials was examined using
of scanning electron microscope (SEM, Nova Nano SEM 200, FEI
Company) with attached chemical analysis of specimen in
microareas with energy dispersive X-ray spectroscopy (EDX,
EDAX). The experiment was carried out at low vacuum condition
in secondary electron mode. For the analysis samples were covered
with a gold layer.

XRD data was collected with a PANalytical Empyrean powder
diffractometer using Cu Ka radiation. The configuration was a
standard Bragg–Brentano (U/U) reflection setup with a Ni-filter
placed prior to the detector. The measurements were performed
between U scanning range of 3–90� with a 0.007� step size and the
69 s of measurement time for each step under ambient tempera-
ture and pressure.

2.2. Materials

Two limestones, FS and FF used in this study, were obtained
from Nordkalk Corporation (Finland). Both materials are commer-
cially used for pH increasing (from 1.5 to 9). Synthetic AMD
solutions of Fe (II), Cu (II), Zn (II) and Ni (II) were prepared from
analytical grade Fe2(SO4)3�5H2O, CuSO4�5H2O, ZnSO4�H2O and
NiSO4�6H2O, respectively (obtained from Merck). The required
metal concentration was 100 mg L�1. Real AMD were obtained from
a sulfide mine in Finland from three depths (270, 500 and 720 m).
Their compositions were tested with Inductively Compled Plasma
Optical Emission Spectrometry (ICP-OES) spectrometer iCAP
6000 Series, Thermo (UK), with the detection limits for copper,
zinc, iron and nickel at 0.4 ppb, 0.2 ppb, 0.1 ppb and 0.5 ppb,
respectively. Cu was analyzed at 324.7 nm, Zn at 202.5 nm, Ni at
231.6 nm and Fe at 259.9 nm. MPW for surface area modification of
adsorbents was obtained from Norilsk Nickel Harjavalta. MPW is
process water from nickel chemical production after raw
purification with diluted sodium sulfate solution. Then metal ions
were precipitated using soda ash and caustic soda (Na2CO3 and
NaOH).

Table 1
Chemical composition of adsorbents (XRF and XRD analysis), RSDs at 3 times the
detection limit were less than 10%.

Chemical composition, % Commercial names of materials

FF FS

Al 0.8 0.2
As 0.002 0.007
Ca 37.2 21.3
Cr 0.004 0.003
Cu 0.002 0.002
Fe 0.43 1.07
K 0.24 0.25
Mn 0.01 0.022
Ni 0.01 0.01
S 0.10 0.10
Si 10.3 42
Zn 0.002 0.006
Compounds formula (K,H3O)

Al2Si3AlO10(OH)2
CaSiO3

CaMgSi2O6

CaCO3

(K,H3O)
Al2Si3AlO10(OH)2

Compounds name Illite
Parawollastonite

Diopside
Calcite

1 Nordkalk.com, http://www.nordkalk.com/mine.
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2.3. Modification of adsorbents

To improve adsorption properties of the limestones, two
modification methods were suggested. The first one with 2 M
solution of NaCl and the second one with MPW from Norilsk Nickel
Harjavalta. New modified adsorbents are (FS_NaCl, FS_ww, FF_NaCl
and FF_ww).100 g FS and FF were placed in 1 L of 2 M NaCl solution or
1 L alkaline MPW and then stirred at ambient temperature for 12 h.
After preparation, the reaction mixtures were filtered and washed

with distilled water and the modified adsorbents were oven-dried
for 12 h at 80 �C. The dried adsorbents were stored in glass flasks.

2.4. Batch sorption

Batch adsorption tests were conducted by mixing known
weight of FS and FF with 50 mL of synthetic and real AMD solution
of known metal ions concentration. Metal ions concentrations in
model solution were in range of 10–300 mg L�1. The mixture was

Fig. 2. MIR analysis of unmodified and modified FS (a) and FF (b).
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shaked in a mechanical shaker ST5 (CAT M.Zipper GmbH, Staufen,
Germany) from 30 min to 72 h, and 10 mL samples of the solution
were taken from the flasks at known time intervals and then
filtered, using 0.20 mm diameter polypropylene syringe filter. The
temporal evolution of the solution pH was monitored.

The experiments were conducted to observe the effect of
competitive metal ions by mixing model solutions containing Cu
(II), Zn (II), Ni (II) and Fe (III). The final concentration of the
pollutant ions in the aqueous phase then was determined by ICP-
OES. The percentage adsorption (%) was calculated as

%Adsorption ¼ Ci � Ctð Þ
Ci

� 100 (5)

where Ci and Ct are the concentrations of the metal ions in the
initial and after treatment solutions, respectively.

2.4.1. Kinetic study
Amount of adsorbents was 40 g L�1 in a constant volume

(50 mL) of synthetic solutions containing the different metal ions
(Cu(II), Fe(III), Ni(II) and Zn(II)) with concentration of 20 ppm and
200 ppm. The agitation time was varied from 1 to 72 h. The
sorption experiments were carried out in triplicate in order to
observe the reproducibility of the results, and the mean value was
used. In each case the standard deviation between the triplicate
experiments was about �5%.

2.4.2. Effect of solution pH
Effect of initial solution pH on adsorption was determined by

mixing 0.8 g of adsorbent with 20 mL of Zn (II), Cu (II), Ni (II) and Fe
(III) solutions with the concentration of 200 mg L�1 and multi
element solution of 20 mg L�1 for each component at various pH
values ranging from 1.5 to 9. Solution pH was adjusted with 1 M,
NaOH and HCl solutions. The mixture was shaken for 48 h then the
solution was filtered and analysed.

2.4.3. Neutralization of AMD
pH was monitored during the adsorption process (50 mL of

solution was contacted with 2.5 g of all materials for 72 h).

3. Results and discussion

3.1. Adsorbents composition and characterization

The Fig. 1 shows the SEM pictures of original and modified
adsorbents. Original surface has sufficiently pronounced

crystalline structure of the adsorbents with different particle
sizes. Surface modified adsorbents are more smooth and porous.

Chemical composition of studied materials is shown in Table 1.
These results were obtained by XRF and XRD. Materials under
investigation were found to have similar structure. The predomi-
nant exchangeable cations were found to be Ca and Si for both
potential adsorbents. All chemical compounds similar in structure
to calcite, jarosite, kaolite, diopside, illite, wollastonite and gypsum
should have high adsorptive properties.

Spectroscopic studies in the Mid-infrared (MIR) (Fig. 2) confirm
the results of XRD studies. The system of bands in each sample is
characteristic for calcite (bands 1428 cm�1, 875 cm�1, and
713 cm�1) and diopside (1077–1079 cm�1, 1022–1024 cm�1,
967 cm�1, 922 cm�1, 641–646 cm�1, and 474–475 cm�1). The
difference is only in the proportions of these bands. Spectrum of

Table 2
The particle size distribution, specific surface area and zeta-potential results of adsorbents.

The particle size distribution, hm Specific surface area, m2g�1 zeta-potential, mV
pH 11

<90% <75% <50% <25% <10%

FS 451 420 318 228 156 1.35 0
FS_NaCl 589 568 450 282 270 1.46 �15
FS_ww 273 134 131 91 90 1.29 �6
FF 599 567 354 185 177 1.82 �25
FF_NaCl 872 798 535 494 487 1.63 �20
FF_ww 492 421 188 87 88 1.58 �6

Table 3
Elemental composition of mining water from copper mine of Finland and process water (MPW) from Norilsc Nickel Harjavalta, RSDs at 3 times the detection limit were less
than 3%.

pH Cu(II), ppm Ni(II), ppm Zn(II), ppm Fe(III), ppm Cl�, ppm Na+, ppm

Level 270 2.6 108 13 2080 911 – –

Level 500 2.3 76 1.7 5900 3400 – –

Level 720 3.2 4.4 0.3 242 52 – –

NorNikel 12 0.11 2.13 0.18 0.60 954 11570

Table 4
Comparison of of the adsorption efficients on unmodified and modified adsorbents
at room temperature.

Adsorbent Metal Contact time pH qm (mmol g�1) Removal, %

FF Fe 5 4.5 3.4 98
Cu 12 8 3.0 99
Zn 12 8 2.5 80
Ni 8 6 1.2 35

FF_NaCl Fe 4 4 3.5 99
Cu 8 6 3.1 99
Zn 8 6 3.0 98
Ni 12 8 3.3 97

FF_ww Fe 4 4 3.5 99
Cu 8 6 3.1 99
Zn 8 6 3.0 98
Ni 12 8 3.3 97

FS Fe 8 6 3.1 87
Cu 12 7 3.0 98
Zn 24 7.5 2.4 78
Ni 12 7 0.7 20

FS_NaCl Fe 8 6 3.5 98
Cu 12 7 3.0 98
Zn 12 7 3.0 97
Ni 8 6 3.2 96

FS_ww Fe 8 6 3.5 98
Cu 12 7 3.1 99
Zn 12 7 3.1 97
Ni 8 6 3.3 97
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modified limestones indicate the presence of small amounts of
hydroxyl groups (bands at 3558 and 3492 cm�1), possibly a layered
silicate or other silicate containing hydroxyl group (Yang et al.,
2008). The comparison between initial and modified adsorbents
shows that a new adsorption band around 3480–3455 cm�1

appears as a result of new hydroxide groups. It may be due to
the introduction of sodium cation onto the structure of adsorbents
surface in the form of sodium hydroxide.

The particle size distribution and specific surface area results of
the original and modified materials are shown in Table 2. The
surface areas of both adsorbents and their modified forms are
approximately the same.

Modification of FF and FS with 2 M NaCl solution resulting in
increase and homogenization of the adsorbent particle size
(Table 2). Despite the fact that the particle size increased, the
surface area had not grown most probably due to the crystal
structure of sodium chloride. Modification of FS and FF with MPW
decreases and homogenizes the particle size of adsorbents. This
may be due to the fact that MPW has a corrosive environment and
during the modifications process, the expansion of the adsorbent
surface may occur, which also leads to particle size reducing. The
results for surface area of unmodified and modified adsorbents
also confirm the change of the surface structure.

Zeta potential of each adsorbent does not exceed the value �30
and was approximately �15 mV for FS, and �25 mV for FF. The zeta
potential of the adsorbents tested in water is shown in Table 2.
Furthermore, FF particles show slightly more negative zeta
potential value compared to FS particles. If the zeta potential is
low, attraction exceeds repulsion and the dispersion stability is
violated. Thus, the colloids with high zeta potential are electrically
stable, while colloids having low zeta potential tend to coagulate or
flocculate (Viallis-Terrisse et al., 2001).

3.2. Sorbents modification

The contents of calcium and silicates in adsorbents were
20–35%. Thus, one can assume that suitable modification
techniques should be similar to those used for calcite and silicates
modification. Widely used, calcite and silicate modification
techniques are not simple and cheap (Yo�gurtcuo�glu and Uçurum,
2011; Gomari et al., 2006; Yuan et al., 2008). Based on the analysis
of the surface area of the adsorbents the original calcite surface
was smooth. To increase the surface area we tried to cover the
adsorbent with a salt layer. This increases the surface area, as well
as the number of functional groups to participate in ion exchange
process. As an affordable modification method, sodium chloride
treatment was chosen. Modification of materials with NaCl
markedly improved the removal of nickel and zinc from the
modeling solution. As alkaline matrix and high chloride ion
content seem to be promising as the second approach for
adsorbents modification, we decided to study MPW from Norilsk
Nickel Harjavalta. Elemental composition of MPW and their pH are
shown in Table 3. The concentration of chloride ions in this water is
sufficient for the surface modification of calcite. The experimental
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Fig. 3. Neutralization of AMD by FS and FF with concentration of 20 and 50 g/L in 24 h.
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Fig. 4. Effect of pH on removal efficiency of Fe(III), Cu(II), Zn(II) and Ni(II) from
single and multi ions solutions with FS_NaCl (a) and FF_NaCl (b). Initial
concentration of metal ions in single and multi component solution is 20 ppm,
dose of sorbent is 40 g L�1.
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data showed that the best result was observed with adsorbent
modified with NaCl, however, materials modified with MPW
showed good adsorption capacity as well (Tab. 4). Removal of Ni(II)
increase from 20 and 35% to 97% with modified FF and FS
adsorbents, respectively. Use of such adsorbents modified with
process water would solve several problems at the same time –

modifications of adsorbents, purification of process water from the
alkaline chlorides, as well as subsequent use of adsorbents with

improved properties for metals removal and neutralization of
AMD.

3.3. Selection of optimal conditions for AMD treatment

Neutralization of AMD and metal ions removal were studied by
varying contact time of solution with adsorbents, adsorbents
dosage and metal ion concentration.

Table 5
Pseudo-first- and pseudo-second-order kinetic parameters for metal ions adsorption on FS and FF modified with NaCl.

Co

(mmol L�1)
qe exp (mmol g�1) qe (mmol g�1) K2 (g mmol/min) R2

Pseudo-first-
order

Pseudo-second-
order

Pseudo-first-
order

Pseudo-second-
order

Pseudo-first-
order

Pseudo-second-
order

Pseudo-first-
order

Pseudo-second-
order

FS_NaCl Cu
(II)

0.22 0.058 0.057 0.049 0.064 1 0.28 0.23 0.97

Zn
(II)

0.99 0.039 0.042 0.039 0.044 1 1.15 0.74 0.98

Ni
(II)

0.71 0.048 0.054 0.048 0.06 1 0.37 0.68 0.92

Fe
(III)

0.053 0.075 0.086 0.075 0.096 1 0.19 0.6 0.98

FF_NaCl Cu
(II)

0.61 0.035 0.035 0.044 0.091 1 0.025 0.1 0.98

Zn
(II)

0.84 0.035 0.041 0.035 0.048 1 0.245 0.1 0.94

Ni
(II)

0.13 0.052 0.052 0.061 0.069 1 0.216 0.28 0.97

Fe
(III)

0.004 0.067 0.082 0.067 0.104 1 0.077 0.32 0.98
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Fig. 5. Kinetic of Fe(III) and Cu(II) (a), Zn(II) and Ni(II) (b) adsorption with unmodified and modified FS and FF.
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3.3.1. Neutralization of AMD
Neutralization of AMD is generally the first step in mine water

treatment. The acidity reduction properties of FS and FF were
tested by batch method showing solution pH increased from 1.5 to
6.8 within 72 h. The results are presented in Fig. 3. FF and FS reduce
the acidity of AMD fast. The increase of the initial pH (1.5) of the
AMD occurred on contact with FS (20 and 50 g L�1) and FF (20 and
50 g L�1). After 2 h of shaking by the batch method, the pH reached
5.0–6.5. The reaction rates decrease as equilibrium was reached.
The pH increase is the result of the progressive dissolution of the
sorbent during the shaking process. The pH was stabilized after 6 h
whereas the same time (6 h) was required using the modified
materials as adsorbents for the metal ions removal. The final pH
was 6.8, indicating that effective neutralization of AMD took place.

3.3.2. Effect of pH
pH is an important parameter in the sorption process

optimization, since it affects not only the surface charge of
adsorbents, but also the degree of ionization of the metal ions in
solution. The effect of the initial pH of Cu (II), Ni (II), Fe (III) and Zn
(II) solutions on the amount adsorbed was studied by varying the
initial pH from 1.5 to 9, under constant temperature (Fig. 4).
Maximum adsorption efficiency was achieved at pH 5–6 for each
metal. At higher pHs the sorption capacity values decrease due to
precipitation of hydroxide complexes especially for Zn (II) and Fe
(III), and reduction in qe value was observed at higher pHs (Sdiri
et al., 2012). Initial pH of solution significantly affected adsorption
characteristics of FF_NaCl and FS_NaCl, and removal of Cu (II), Ni
(II), Fe (III) and Zn (II) was at maximum level in neutral solution. For
example, in case of Cu (II) and Ni (II) sorption by FS the desorption
of metal ions increased at the pH above 6. In multi ions solutions

similar pattern was observed for FS_NaCl and FF_NaCl adsorbent
(Fig. 4).

It seems that ion desorption takes place due to supersaturation
of the solution. While as the part of ions precipitated and other of
ions remain in solution. Ions partially precipitate and partially
remain in the solution. Various researchers have also reported that
the mechanism of sorption and precipitation depends on
characteristic reactions of metals with calcite. Adsorption is
occurring at metals concentrations lower than 2 mg L�1, while at
higher concentrations precipitation is dominating (Aziz et al.,
2008; Sdiri et al., 2012; Alcolea et al., 2012; Macias et al., 2012).

3.3.3. Kinetic studies
The optimum dosage of the adsorbents for the best removal of

most metals from model solutions was 40 g L�1. The equilibrium
occurs at 8 h at the concentration of 200 ppm. The results of the
kinetic experiments of metals adsorption from synthetic solutions
onto different adsorbents are shown in Table 5 and Fig. 5. Kinetics
was studied using pseudo-first- (Eq. (6)) and second-order models
(Eq. (7)).

The pseudo-first-order model is associated with the kinetics of
one-site adsorption governed by the rate of the surface reaction.
The equation is given as:

dq
dt
¼ k1ðqe � qÞ (6)

The pseudo-second-order model, which assumes that the adsorp-
tion process is governed by the surface reaction, has the form:

dq
dt
¼ k2ðqe � qÞ2 (7)

where qt and qe (mmol g�1) represent the amount of metals
adsorbed at time t (min) and at equilibrium, respectively, and k2 is
the pseudo-second-order rate constant.

The adsorption process of metals from liquids was described
best with the pseudo-second-order model. This model suggests
that the system includes the formation of at least two compounds,
or is a multi-component system with a complex compound of
adsorbent with adsorbate.

3.3.4. Equilibrium study with adsorption isotherms
Removing metals from single metal solutions and the mixture

was also conducted. Fig. 5 and Table 4 show that the modified
adsorbents, FF_ww, FF_NaCl, FS_ww and FS_NaCl, have better
adsorption properties for metals. Nickel and zinc are hardly
removed with unmodified adsorbents. Apparently, this is due to
the fact that the surface of unmodified adsorbent has a low affinity
to these ions.

Study of multiple metal solution (Figs. 4 and 6) also shows that
the best degree of removal takes place on modified materials, than
on unmodified adsorbents. During the first six hours removal of all
four metal ions is observed. Then desorption of Ni (II) and Zn (II)
into the solution taces place. After approximately 12 h the
equilibrium is observed in the system. Both adsorbents have
exhibited greater affinities to iron and copper ions. While strong
bonds are formed on the surface area of the adsorbents due to iron
and copper ions, bonds of zinc and nickel ions with the adsorbent
surface are weakened, and Zn (II) and Ni (II) desorb into solution.
The desorption of zinc and nickel ions might be associated with
supersaturation of solution, as is observed above. Apparently, iron
and copper ions formed more stable complexes, than zinc and
nickel ions. The same pattern was observed by other researchers
(Aziz et al., 2008; Sdiri et al., 2012; Alcolea et al., 2012).

Adsorption capacity, equilibrium concentration of the adsor-
bate and affinity of adsorbates to adsorbents were fitted with the
Langmuir (Eq. (8)), Sips (Eq. (9)) and Toth (Eq. (10)) adsorption
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Fig. 6. Removal of copper, zinc, nickel and iron by modified FS with NaCl (a) and
modified FF with NaCl (b) from multielement model solution with concentration of
ions 0.3125 mmol L�1, 0.3058 mmol L�1, 0.3389 mmol L�1 and 0.3571 mmol L�1,
respectively.
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isotherms for modified adsorbents (FS_NaCl and FF_NaCl).
Coefficients of sorption isotherms equations and graphs of the
adsorption isotherms are showed in Table 6.

qe ¼
qmKLCe

1 þ KLCe
(8)

qe ¼
qmðKSCeÞnS

1 þ ðKSCeÞnS
(9)

qe ¼
qmce

ðat þ Cmt
e Þ1=mT (10)

where qe and Ce are sorption capacity (mmol g�1) and concentra-
tion of metal ions in the solution (mmol L�1) at equilibrium,
respectively; qm is the maximum uptake capacity; KL and KS are
Langmuir and Sips constants related to the energy of sorption,
respectively; ns is coefficient of Simps isotherm describes the
surface heterogeneity; at is the adsorptive potential constant
(mmol L�1) and mT the heterogeneity factor of the Toth isotherm.

The parameters were calculated with minimisation of the error
distribution between experimental and predicted data by Mar-
quardt’s percent standard deviation (MPSD).

Langmuir adsorption model allows us to describe the sorption
of substances in a single homogeneous layer of sorbent with finite
number of active binding sites. The coefficient qe, that reflects the
amount of sorption sites in the sorbent molecule that actively
interact with sorbate, and the coefficient K, which indicates the
degree of affinity between the sorbate and sorbent, can be

calculated with Langmuir model. Affinity shows the increasing
degrees for metal ions to the surface of the adsorbent on the basis
of coefficient K values as follows:

FS: Ni(II) < Zn(II) < Cu(II) < Fe(III)

FF: Ni(II) < Zn(II) < Fe(III) < Cu(II)

Both adsorbents show less affinity for nickel and zinc ions. It was
difficult to find a suitable model of adsorption isotherm for adsorption
process description. Apparently, this is due to the heterogeneous
structure of adsorbents, alongside with their complex structure. Some
of the isotherms fit the description of the rare cases of adsorption
system presented in literature (Erkey, 2011).

The Toth isotherm is an empirical equation, which was derived
to improve the Langmuir model fittings at both low and high
concentrations. The Toth model assumes an asymmetrical quasi-
Gaussian energy distribution and is useful in the cases of
heterogeneous adsorption. These models were used to describe
the adsorption on FF and FS. It was found that Toth model was
inappropriate to describe iron adsorption process on FF. The Sips
isotherm is a combination of the Langmuir and Freundlich
isotherms and can be derived using either equilibrium or
thermodynamic approach and was used to describe of FF and FS
adsorbents.

Correlation coefficients (R2) were calculated to estimate the
relevant patterns and are given in Table 6. The R2 values of the
isotherms described by Langmuir, Sips and Toth models are
relatively close. However, it can be concluded that Toth model is
better for FS and Sips model for FF, both involving the sorption on a

Table 6
Isotherm parameters for FS_NaCl and FF_NaCl during adsorption process of metal ions from model solution.

Co(mmol L�1) qm exp(mmol g�1) q(mmol g�1) KL(L/mmol) R2

Langmuir model
FS_NaCl Cu (II) 0.068 0.391 0.066 472 0.895

Zn (II) 0.068 0.391 0.076 19 0.905
Ni (II) 0.038 1.864 0.043 8.26 0.968
Fe (III) 0.089 8.9 � 10�4 0.13 3010 0.969

FF_NaCl Cu (II) 0.071 0.004 0.083 745 0.977
Zn (II) 0.119 0.033 0.247 15 0.931
Ni (II) 0.075 0.366 0.107 3.52 0.985
Fe (III) 0.006 0.089 0.17 203 0.944

Co(mmol L�1) qm exp(mmol g�1) q(mmol g�1) n K(L/mmol) R2

Sips model
FS_NaCl Cu (II) 0.068 0.391 0.129 0.246 1.972 0.988

Zn (II) 0.068 0.391 0.073 1.062 21 0.907
Ni (II) 0.038 1.864 0.06 0.52 1.744 0.988
Fe (III) 0.089 8.9 � 10�4 0.131 1.01 3052 0.969

FF_NaCl Cu (II) 0.071 0.004 0.078 1.217 886 0.937
Zn (II) 0.119 0.033 0.129 4.298 44 0.846
Ni (II) 0.075 0.366 0.089 1.874 5.313 0.951
Fe (III) 0.006 0.089 0.183 0.913 164 0.940

Co (mmol L�1) qm exp (mmol g�1) qm (mmol g�1) aT mT (L/mmol) R2

Toth model
FS_NaCl Cu (II) 0.068 0.391 0.066 0.002 0.985 0.914

Zn (II) 0.068 0.391 0.076 0.052 1.028 0.903
Ni (II) 0.038 1.864 0.067 0.242 1.264 0.845
Fe (III) 0.089 8.9 � 10�4 0.506 0.03 �10�2 3.766 0.372

FF_NaCl Cu (II) 0.071 0.004 0.055 0.001 1.136 0.953
Zn (II) 0.119 0.033 0.03 � 10�2 2.7 � 10�5 4.189 0.967
Ni (II) 0.075 0.366 0.548 1.005 2.419 0.92
Fe (III) 0.006 0.089 – – – –
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heterogeneous surface. When the first active positions with lower
energy are filled, a continuous variation of sorption energy occurs.

3.4. Mine water treatment

Mine water treatment is a very complex process and depends
on several factors, such as waters matrices, composition and pH. In
this study, waters from different mining depths were investigated.
pH was 2.3–3.2 and the chemical composition is presented in
Table 3. AMD neutralization and metal ions removal were studied.
The experiments were carried out at ambient temperature for 12 h
with 40 g L�1 unmodified and modified FS and FF. After 8 h pH
increase to 6.5–6.8. Both unmodified and modified FFs shows

better adsorption properties in mine waters treatment compared
to FSs (Fig. 7). Unmodified FF showed good affinity for Zn and Fe in
all waters and better affinity than FS for Cu in waters from 1st and
2nd depths. Desorption of Fe (III) for levels 1 and 2 on unmodified
and modified FS was observed. Modified FF adsorbed nearly 100%
of all metal ions (Zn (II), Fe (III), Cu (II) and Ni (II)).

3.5. Removal mechanism of metal ions

There are two mechanisms of metal ions removal from acidic
solutions. These mechanisms are sorption, include complexation
and ion-exchange mechanism (Aziz et al., 2008; Yuan et al., 2008;
Aziz et al., 2004; Christensen et al., 2001; Martin et al., 2005; Miller
et al., 2011) and precipitation (Watten et al., 2005; Wang et al.,
2013; Allende et al., 2012; Miller et al., 2013). In these experiments,
ion-exchange is much more likely than precipitation. Since, like
most silicates, unmodified and modified FS and FF shows a
negative surface charge at high pH (as given in Eqs. (11–13)) and it
will be changed due to the adsorption of ions on to the surface.
Dissociation equilibrium of silicate sites due to the pH increase is
given in (Eq. (11)). Calcium ion should be exchanged with hydrogen
ion and attached to the surface of the adsorbent to form a complex
compound (Eq. (12)). Further interaction in solution leads to an ion
exchange between calcium and metal ion, while pH of the solution
increased (Eq. (13)).

� SiOH$SiO� þ Hþ (11)

� SiOH þ Ca2þ$ ¼ SiOCa þ Hþ (12)

¼ SiOCa þ Meþ þ 2HOH !¼ SiOM þ Caþ þ 2OH� (13)

Iron compounds, such as oxides and hydroxides are known to
be effective sorbents for various ion metals (Iakovleva and
Sillanpää, 2013), including nickel and zinc. Since iron is a
component of FF and FS materials, nickel and zinc could be
removed by complexation of these ions with iron compounds onto
surface area of sorbents.

During removal of ion metals from multicomponent solutions,
the removal of zinc and nickel increased to approximately 10% in
comparison to single component solution. It could be because
some of iron precipitated and secondary metal removal could be
observed. Major mechanism of secondary metal removal is
adsorption and co-precipitation with newly formed iron com-
pound particulates. After treatment of multicomponent system,
the color of adsorbents was changed from white to dirty yellow,
that also could indicate a certain level of iron precipitation as
hydroxide. Precipitation of Fe(OH)3 on the limestone particles was
also observed by Wang et al. (2013).

Modified adsorbents removed nickel and zinc ions approxi-
mately four times more effective than unmodified ones (Fig. 5,
Table 3). Possible explanation of these results is that the metal ions
could create a surface complex, and the ternary complexation of
nickel and zinc with carbonate or chloride were formed. For
example complexation of nickel and zinc with carbonate was
observed by Miller et al. (2011). However, in the next study, the
same authors suggested the benefit of co-precipitation of these
metals under the same conditions (Miller et al., 2013).Batch
experiments show that the removal effectivity of nickel and zinc
ions is heavily affected by presences the carbonates and chlorides
on the surface area of modified adsorbents and somewhat by the
iron content in solution. Therefore, besides an adsorption
mechanism, co-precipitation of iron, zinc and nickel ions could
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Fig. 7. Mining water treatment with unmodified and modified FS and FF from
different mining depths: (a) 270 m, (b) 500 m, (c) 720 m. Contact time is 24 h,
agitation speed is 50 rpm.
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be have place during the removal process of metals from acidic
solutions.

4. Conclusions

Modification of limestones surface area by sodium chloride and
process water with high content of chlorides, sodium hydroxide
and sodium carbonate seems effective and inexpensive methods of
modification.

It was found that unmodified and modified materials exhibit
good adsorption properties for Zn (II), Fe (III), Cu (II). Both
unmodified adsorbents were better to copper and iron, however FF
can be used for removal of zinc and nickel as well. These
adsorbents neutralized the solution acidic and changed pH from
1.5 to 6. Both limestones can be effectively used after modification
as adsorbents for AMD treatment and removal of iron, cooper, zinc,
and nickel as well. For industrial application of these adsorbents,
further experiments in their selectivity to different kinds of
pollutants, such as cations and anions are required. Preliminary
experiments using the pilot plant are required.
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a b s t r a c t

Sulphate tailings and iron sand e industrial solid wastes containing iron oxide/hydroxides e were
investigated as potential adsorbents for arsenic removal from water. Two effective methods of surface
modification by NaOH treatment and atomic layer deposition of TiO2 and Al2O3 thin films were used for
increasing As(III) and As(V) removal capacities of both adsorbents. The structure and surface area of the
materials were characterised by scanning electron microscopy, middle infrared region spectroscopy,
energy dispersive X-ray spectroscopy, and nitrogen adsorption. The iron sand waste was capable of
binding significant amounts of As(III) and As(V) from synthetic solutions and wastewater. The sulphate
tailings also showed a high adsorption capacity. Adsorption kinetics showed that equilibrium was
reached within 240 min and fit to a pseudo second-order model with correlation coefficients greater
than 0.99. Adsorption capacity was at the highest value at a solution pH range of 6e8. The Langmuir and
Toth models can be used to fit the adsorption isotherms. The research showed that the proposed solid
wastes can be successfully used for the adsorption of As(III) and As(V).

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Arsenic is one of the most dangerous elements to human health
and the environment (Mandal and Suzuki, 2002). In some areas
(Mukherjee et al., 2006), such as Bangladesh (Asadullah and
Chaudhury, 2011), India (Roychowdhury, 2010) the Tibetan
Plateau (Huang et al., 2009), Chile (Gidhagen et al., 2002), the USA
(Camacho et al., 2011), and Cambodia (O'Neill et al., 2013), Panonian
refion (northern part of Serbia, southern Hungary and part of
Romania) (Lekic et al., 2013) arsenic is a natural component of
ground waters, which has caused the mass poisoning to the people
for drinkingwater. Arsenic is also a by-product of certain industries,
including copper, gold and silver mining. In many countries, arsenic

has caused cancers by entering natural waters with mining sewage
(Iakovleva et al., 2015). The impact on human health depends on
the oxidation forms of the arsenic in the following order according
to their toxicity index:

AsH3 >AsO3�
3 >As2O3; org:AsðIIIÞ>AsO3�

4 >R4AsX>Asð0Þ
It is believed that the higher toxicity of As (III) compared toAs (V)

is attributed to the capability of reacting with sulphur-containing
fragments of protein molecules, leading to a loss of functional
properties of certain enzymes in the human body (Doull's, 2001).

The acidity and redox potential (Eh) of an arsenic solution are the
most important factors determining the predominant oxidation
formof arsenic (Iakovleva et al., 2015). The redoxpotential ranges for
different arsenic forms are as follows: oxidation (Eh>100e150mV),
transition (Eh 0e100 mV) and reduction (Eh < 0). Oxidative waters
usuallycontain sufficient amountsof dissolvedoxygen, for examples
some natural waters and closed mining water. All forms of As are
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rapidly oxidised to As(V) in these waters. The transition media are
usually unstable geochemical solutions with variable oxygen and
sulphide contents. Slow processes of oxidation and reduction take
place under these conditions. The reducing media are waters con-
taining metal ions in reduced forms. They are typically anaerobic
ground waters. Under these conditions As is predominantly in the
form of As(III) (Mohan and Pittman, 2007). The low value of Eh is
observed also in alkaline solutions with rich amount of sulphates
and chlorides (DeLaune and Reddy, 2005).

There are various methods of removing As fromwater including
coagulation and filtration (Wickramasinghe et al., 2004; Cui et al.,
2014), lime softening (Nguyen et al., 2008); photo-oxidation
(Nguyen et al., 2009); membrane processes (micro, ultra, and
nanofiltration) (Pal et al., 2014; Chan and Dudeney, 2008; Ning,
2002; Lakshmanan et al., 2010); electrodialysis reversal
(Lakshmanan et al., 2010) and adsorption with various adsorbents
activated carbon (Wu et al., 2013), alumina (Ruiping et al., 2009),
iron oxides and hydroxides (Tresintsi et al., 2012; Maji et al., 2011;
Meng et al., 2002; Ghosh and Gupta, 2012). Adsorption is one of the
most affordable, cheap and effective methods. Different adsorbents
have been used for As removal from different media. Recently,
several research groups have attempted to find an effective and low
cost adsorbent for arsenic removal. The candidates were activated
alumina and activated carbons (Han et al., 2013a, 2013b; Chuang
et al., 2005; Dou�sov�a et al., 2011). Activated alumina was found to
be very efficient and it could be regenerated in situ to extend the
adsorbent lifetime. Yet its sorption efficiency is high only at low pH
and arsenites must be pre-oxidised to arsenates before adsorption
(Han et al., 2013a; Lunge et al., 2014). It was found that activated
carbon was able to remove only a few mg g�1 of As. Besides low
capacity, regeneration problems also existed and the high price was
not conducive to widespread utilisation. Several researchers stud-
ied activated carbon produced from industrial by-product with iron
oxide/hydroxides to improve its adsorption properties (Chuang
et al., 2005; Dou�sov�a et al., 2011). Numerous attempts were also
made to activate cheap sorbents such as clays, silica and sand with
iron oxides/hydroxides. Such activation drastically improves their
adsorption capacity (Zuo et al., 2012; Rahman et al., 2013; Aredes
et al., 2013; Wu et al., 2013). Industrial iron or iron compound by-
products (iron oxides, oxyhydroxides and hydroxides, including
ferric oxide (FeO-OH), goethite (-FeO-OH) and hematite (-Fe2O3),
etc.) are the most widely used adsorbents, due to their high

removal efficiency and low cost (Tresintsi et al., 2012; Maji et al.,
2011; Meng et al., 2002; Ghosh and Gupta, 2012; Banerjee et al.,
2008; Wang and Tsang, 2013). Yet they are efficient only at low
pH and cannot be regenerated. More details of these adsorbents
and their application in arsenic removal can be found in the review
(Iakovleva et al., 2015). It seemed promising to use iron containing
wastes as adsorbents for As removal in order to satisfy the
following criteria: low cost pre-treatment, sorption efficiency in a
wide range of acidity and inexpensive regeneration. Therefore, this
work investigates the behaviour of two industrial by-products as
adsorbents for As(III) and As(V) removal from synthetic and real
mining wastewater. The by-products are originated from Ekokem
and Norilsk Nickel Harjavalta factories in Finland. These materials
were chosen because of their availability and high production
volumes.

The objectives of this study were to evaluate and compare the
performance of the adsorbents in raw andmodified states with two
different methods. One of the economic and effective method is
surface activation with NaOH in liquid phase (Wickramasinghe
et al., 2004). This method activates iron oxide/hydroxide com-
pounds and generates new hydroxide reactive functional groups on
the surface, which provide to increase of ion exchange process. The
other efficient method of adsorbent activation is functionalization
of the surface with additional chemical groups. In this study we
used an atomic layer deposition technique (ALD) based on chemical
interaction between gaseous reagents and active sites on the
adsorbent surface. The ALD process was carried out in sequential
steps which consists of gaseous precursor pulses in order to deliver
the reagent inside the reactor. This sequence is usually refereed as
ALD cycle and repeat of required amount of times in order to obtain
certain coating thickness on the surface. Detailed information on
ALD process can be found elsewhere (Ahmadzada et al., 2015;
George, 2010).

2. Materials and methods

2.1. Materials

Twosolidwastes,with commercial names of RH (industrial sand)
andCaFe-Cake (sulphate tailings)weremilled,washedwithdistilled
wateranddried for 12hat80 �C. Thedriedadsorbentswere stored in
glass flasks. Milli-Q ultrapure water was used for the preparation of
the stock and diluted solutions. AMD was obtained from a sulphide
Finnish mine from depth 270 m. The composition of real AMD is
shown in Table 1. The initial concentration of As(III) and As(V) was
added to AMD and amounted 10 mg L�1 for both for of arsenic.

2.2. Adsorbent modification

2.2.1. Activating the surface area by NaOH
Since the main objective of this work was to create low-cost

adsorbents for water purification from arsenic, one of the cheap-
estmethods of activating the surface of the iron compounds (oxides
and hydroxides) is a two-stage method using NaOH. This method
activates both iron compounds and generates new hydroxide
reactive functional groups on the surface. The adsorbents were
activated with NaOH (Sigma-Aldrich, Germany, assay �98%) and
H2O2 (Sigma-Aldrich, Germany, 30wt.% in H2O) to improve their
adsorption capacities. Typically, 100 g RH and CaFe-Cake were
suspended in 25% NaOH (Sigma-Aldrich, Germany, assay �97%)
solution and then stirred at 100 �C for 6 h with the addition of
10 mL H2O2 as a catalyst. After preparation, the reaction mixture
was filtered and the adsorbents were washed with distilled water
and oven-dried for 12 h at 120 �C. The dried adsorbents were stored
in plastic flasks.

Notation

ALD Atomic layer deposition
AMD Acid mine drainage
BET BrunauereEmmetteTeller theory
CaFe-Cake sulphate tailings
CaFe-Cake_Al2O3 modified sulphate tailings with Al2O3

CaFe-Cake_NaOH modified sulphate tailings with NaOH
CaFe-Cake_TiO2 modified sulphate tailings with TiO2

FT-IR Fourier Transform Infrared Reference Spectra
RH iron sand
RH_Al2O3 modified iron sand with Al2O3

RH_NaOH modified iron sand with NaOH
RH_TiO2 modified iron sand with TiO2

SEM scanning electron microscopy
TMA trimethylaluminium
XRD X-ray diffraction
ED-XRF energy dispersive X-ray fluorescence
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2.2.2. ALD of TiO2 and Al2O3 on sulphate tailings
TiO2 and Al2O3 thin films were deposited on the surface of ad-

sorbents by using TFS500 ALD reactor (Beneq Oy, Finland) for
increasing adsorption capacity for As(III) removal. The surface of
the CaFe-Cake and RH adsorbents were modified with TiO2 and
Al2O3 in order to obtain TieOH and AleOH groups on the surface,
respectively. For TiO2 ALD process, adsorbent surface was exposed
to TiCl4 and H2O vapours intermittent with inert gas (N2) pulses in
order to purge the reactor. The pulse time of TiCl4 and H2O was 0.6
and 0.25 s, respectively. In turn, Al2O3 film was synthesized by
sequential pulses of trimethylaluminium (TMA) and H2O into the
reactor with the pulse time of 1 and 2 s, respectively. ALD process
was carried out at 350 �C for TiO2 and 200 �C for Al2O3 under
pressure of 1 mbar. 300 ALD cycles were deposited for both ma-
terials. The silicon substrates <100> (Si-Mat, Germany) was used to
control of the film thickness of both metal oxides.

2.3. Adsorbent characterisation

FT-IR spectra were recorded with a Bruker Optik Vertex 70
spectrometer. The spectrometer is equipped with a DLaTGS de-
tector which covers a spectral range from 12000 to 250 cm�1,
operating at room temperature with a sensitivity of D*>2 �
108 cm Hz1/2W�1.

The morphology and surface of adsorbents were examined us-
ing a SEM, Zeiss Supra 40VP with field emission cathode, GEMINI
electron-optics column, oil-free vacuum system, and variable
pressure operating mode.

XRD data were collected with a PANalytical Empyrean powder
diffractometer using Cu Ka radiation. The configuration was a stan-
dard BraggeBrentano (q/q) reflection setup with a Ni-filter placed
prior to the detector. The measurements were performed at a q
scanning range of 3e90� with a 0.007� step size and 69 s of mea-
surement time for each step at ambient temperature and pressure.

The chemical composition of materials was determined by an
ED XRF analyser X-Art (Joint Stock Company Comita, St. Petersburg,
Russia) (Serebryakov et al., 2004).

The samples were characterised with nitrogen sorption at
196 �C using a TriStar 3000 (Micromeritics Inc., USA). The specific
surface area of samples was calculated using the BET theory
(Brunauer et al., 1938).

TiO2 and Al2O3 film thicknesses were measured on silicon sub-
strates by J.A. Woollam M-2000UI spectroscopic ellipsometer (J.A.
Woollam Co., Lincoln, United States). A Cauchy model was used to
fit the experimental data.

2.4. Batch adsorption experiments

Batch adsorption tests were conducted by mixing a known
weight of adsorbents with 50 mL of synthetic solution and waste-
water at a known arsenic ion concentration. As(III) and As(V)
concentrations of the solutions were in the range of 5e300 mg L�1.
The mixture was shaken in a mechanical shaker ST5 (CAT M.Zipper
GmbH, Staufen, Germany) from 30 min to 72 h, and 10 mL of the
solution were taken from the flasks at known time intervals and
then filtered, using a 0.20 mmdiameter polypropylene syringe filter.
The temporal evolution of the solution pH and Eh were monitored

using a pH meter WTW Inolab pH 730 and glass electrode SenTix
81 (Germany), respectively.

All solutions were prepared with ultrapure water. Stock solu-
tions of As(III) and As(V) were prepared fromAs2O3 and As2O5, with
25% NaOH and 37% HCl, respectively. Arsenic concentration was
determined using an Inductively Coupled Plasma/Optical Emission
Spectrometry (ICP-OES) iCAP 6000 Series, Thermo (UK), at a
wavelength of 188.98 nm. The hydride generation accessory
(Thermo Fisher Scientific, UK) was used for increased sensitivity to
arsenic. The quantification limit of arsenic determination with the
hydride generation accessory was 0.23 mg L�1.

The percentage of adsorption (%) was calculated (Eq. (2)) as

%Adsorption ¼ ðCi � CtÞ*100=Ci; (2)

where, Ci and Ct are the concentrations of the metal ions in the
initial and post-treatment solutions, respectively.

Arsenate and arsenite concentrations were determined by ion
exchange chromatography using RSpak KC-811 column (Shodex,
Japan) for HPLC equipment (Shimadzu, Japan). Solution of 12 mM
H3PO4 as eluent; flow rate was 1.0 mL/min; column temperature
40 �C and UV detector (195nm) were used.

2.4.1. Sorbent amount optimisation
The optimum sorbent amount was determined by contacting

15 mL of As(III) and As(V) synthetic solutions with different
amounts of sorbent (0.5, 1, 2, 5, 10, 20, 30, 40, and 50 g L�1). Each
result is the average of three samples.

2.4.2. Kinetic study
The optimum time was determined by contacting 40 g L�1 of

unmodified and modified RH and CaFe-Cake in 50 mL flasks
tumbled at 100 rpm from 1 to 60 h. Samples were taken at 0.5, 1, 2,
3, 4, 5, 9,13, 17, 21 and 24 h.

2.4.3. Effects of solution pH and Eh
The effects of initial solution pH and Eh on adsorption were

determined by mixing 40 g of CaFe and RHwith 20 mL of As(III) and
As(V) solutions with the concentration of 20 mg L�1 for each
component at various pH and Eh values ranging from 2 to 9 and
120e730 mV. Solution pH was adjusted with 1 M NaOH and HCl
solutions. The mixture was shaken for 48 h and the solution was
filtered and analysed. pH solutions was adjustedwith 1MNaOH and
HCl. Redox potential varied depending on pH changes and it was
recorded in each case. The start and finite pH and Eh were deter-
mined by a multi-parameter portable meter HQ40d (Hach, USA).

3. Results and discussion

3.1. Adsorbent characterisation

The chemical composition data of the studied materials were
obtained by XRF and XRD analyse (Table 2). According to the re-
sults, CaFe-Cake and RH contains about 8% of iron. A large amount
of sulphur can affect water purification, either positively or nega-
tively. If the sulphur is in sulphate form it could improve the
removal of arsenic (Tresintsi et al., 2014). On the other hand, the
sulphur could be desorbed from the surface of the adsorbent in the

Table 1
Chemical composition of AMD.

AMD from depth 270 m Cu, mg L�1 Zn, mg L�1 Fe, mg L�1 Mn, mg L�1 As(III), mg L�1 As(V), mg L�1 Redox, Eh pH

108 2080 911 80 10 10 444 3.2
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solution as a polluting by-product. A relatively high level of sulphur
was found on the surface of the unmodified adsorbents; 2.94 and
17.6% for CaFe-Cake and RH, respectively. After modification with
NaOH the obvious appearance of sodium and a decrease in sulphur
level was observed, corresponding to the introduction of NaOH
onto the adsorbent surface. Spectroscopic study showed the
bending vibration of SieOeSi at about 661e600 cm�1 and bending
vibration of OeSieO at about 473e466 cm�1 (Sitarz, 2008). In the
spectra of each adsorbent, there were two additional bands at
about 1620e1690 and 3407e3610 cm�1, which are the character-
istic peaks for adsorbed water (Table 3). The new bending vibration
of HeOeH at 3406e3407 was observed in modified adsorbents by
NaOH, and can be attributed to bonders of additional hydroxyl
group. The FT-IR spectra of modified RH and CaFe-Cake with Al2O3
and TiO2 are given in Table 2. The peak between 800 and 450 cm�1

was observed for both adsorbents modified with TiO2 and attrib-
uted to TiO2 nanoparticles. Two new peaks were appeared in the
spectrum of both adsorbents modified with Al2O3. The peak at
about 980e1000 cm�1 was assigned to the AleO stretching bands,
and other peak about 611 cm�1 is AleO2 bending vibration.

The particle size distribution and specific area of the unmodified
and modified adsorbents are shown in Table 3. The specific surface
area of RH is approximately ten times greater than that of CaFe-
Cake. The SEM images of unmodified and modified adsorbents
are shown in Figs. 1 and 2. The modification of CaFe-Cake and RH
with NaOH shows that the surface of the modified material is
completely covered by NaOH layer, partly causing the observed
reduction in specific surface area through increased mass and
partial filling of the porosity. Despite the apparent aggregation of
the particles in the images, they still appeared to be microparticles,
indicating that the size of the material surface area is largely due to
their fine structure and macroporous nature.

The film thickness of Al2O3 and TiO2 was controlled on silicon
substrates. Five silicon samples were placed in the reactor around
sorbents for each of process. The measurements of film thickness
showed uniform deposition of thin films. The growth rate was
1.3 Å/cycle and 0.6 Å for Al2O3 and TiO2, respectively and correlated
with previous publication (George, 2010).

The specific surface area for modified RH with Al2O3 and TiO2
remained unchanged compared to the unmodified material
(Table 4). However, for CaFe-Cake it increased by about two times.
According with the porosimeter data, the pore size is considerably
decreased and became 10e20 and 2e3 nm for both adsorbents
modified with TiO2 and Al2O3, respectively. The distinctive crys-
talline nanoparticles of TiO2 can be observed on Fig. 1d. TiO2 lay
down on the surface of sulphate tailing by the sufficiently uniform
layer. However, TiO2 form the more thick and unequal structure on
the RH surface (Fig. 2d). Aluminium oxide is produced in a compact
and fine-pored layer on the both adsorbents (Figs. 1c and 2c).

3.2. Adsorption performance

3.2.1. Effect of adsorbent dosage
The optimal amount of unmodified andmodified CaFe-Cake and

RH for As(III) and As(V) removal with initial concentration of
20 mg L�1 was found. It can be seen (Fig. 3) that initially the per-
centage of As(III) and As(V) removal increased with increasing
amounts of adsorbent and depended on the modification. For
example, ALDmethod decreases adsorbent amount in four and two
times for CaFe-Cake and RH, respectively. Equilibrium for As(III)
and As(V) removal was reached at both unmodified adsorbents
with concentration of 40 g L�1 and 20 g L�1, respectively. The
highest removal percentage of As(V) and As(III) (99 and 90%) was
achieved with RH, while removal percentages with CaFe-Cake were
90 and 40%, respectively (Fig. 4).

As can be seen, the removal percentage of As(III) increased
significantly from 40% with modified CaFe-Cake and amounted at
70, 92 and 95% for CaFe-Cake_NaOH, CaFe-Cake_Al2O3, CaFe-
Cake_TiO2, respectively (Fig. 3). The removal percentage of As(III)
with RH_NaOH, RH_Al2O3, RH_TiO2 increased from 90 to 97, 98 and
99%, respectively. The removal percentage of As(V) with all of
modified adsorbents changed only slightly at about 99%.

3.2.2. Effects of solution pH and redox potential
The effects of solution pH and redox potential were inves-

tigated with unmodified and modified adsorbents. The oxida-
tion state of arsenic directly depends on pH and redox potential
of the solution. Arsenic species are include arsenites (As (III)),
arsenates (As (V)), arsenious acid (H3AsO3, H2AsO3�, HAsO2�

3 ),
arsenic acid (H3AsO4, H2AsO4�, HAsO2�

4 ), as well as their
methyl- and dimethyl derivatives. Therefore, the degree of
arsenic oxidation state in the solution can be controlled by

Table 2
Chemical composition of adsorbents (XRF and XRD analysis).

Element CaFe, wt% RH, wt%

Si <2 0.2
S 2.9 17.6
K 0.025 0.3
Ca 11.9 14.4
Ti <0.01 2.3
Cr 0.005 0.031
Mn 0.013 0.27
Fe 7.8 7.2
Ni 0.28 þ
Cu 0.024 0.002
Zn 0.037 0.018
As 0.001 þ
Rb 0.001 0.001
Sr 0.0016 0.021
Compounds formula CaSO4(H2O)2 Ca(SO4)(H2O)
Compounds name Gypsum Ca(CO3)

Table 3
Band assignments of the FTIR spectra of adsorbents.

Adsorbent Wave number (cm�1)

SieOeSi OeSieO HeOeH HeOeH TieO2 AleO AleO2

600e661 466e473 1620e1690 3470e3610 450e800 980e1000 610e611

CaFe-Cake þ þ þ
CaFe-Cake_NaOH þ þ þ þ
CaFe-Cake_Al2O3 þ þ þ þ þ
CaFe-Cake_TiO2 þ þ þ þ
RH þ þ þ
RH_NaOH þ þ þ þ
RH_Al2O3 þ þ þ þ þ
RH_TiO2 þ þ þ þ

E. Iakovleva et al. / Journal of Cleaner Production 133 (2016) 1095e11041098



varying pH. The removal efficiency of As(III) and As(V) with
modified CaFe-Cake increases significantly from 40 to 95% and
from 90 to 99%, respectively, as pH increases from 6 to 8, in
compare with unmodified CaFe-Cake. In case with modified RH
in compare with unmodified, the removal efficiencies of both
forms of arsenic increase smoothly from 95 to 98% for As(III)
and from 78% to 98% for As(V), respectively, as pH increases
from 6 to 8. In addition to the above, equilibrium was observed
for both sorbents only at pH 8. In case that the removal percent
for both form of arsenic did not change or increased slightly.
Equilibrium in the system from pH 6e8 has been observed by
some researchers (Banerjee et al., 2008; Wang and Tsang, 2013;

Fig. 1. SEM images of a) unmodified CaFe-Cake, b) CaFe-Cake_NaOH, c) CaFe-Cake_Al2O3 d) CaFe-Cake_TiO2.

Fig. 2. SEM images of a) unmodified RH, b) RH_NaOH, c) RH_Al2O3 d) RH_TiO2.

Table 4
The particle size distribution and specific surface area of adsorbents.

Adsorbent Specific surface area, m2 g�1 Pore size, nm

CaFe-Cake 6.5 550
CaFe-Cake_NaOH 4.7 20
CaFe-Cake_Al2O3 10.2 2e3
CaFe-Cake_TiO2 15 10
RH 62 180
RH_NaOH 8.4 30
RH_Al2O3 65 20
RH_ TiO2 74 3
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Fig. 3. Removal of As(III) (a,b) and As(V) (c,d) with different amount of adsorbents. Initial concentration of arsenic is 20 mg L�1.

Fig. 4. Effect of solution pH (should be read in the left) and redox potential (should be read on the right) for removal of (a, b) As(III) with CaFe-Cake and RH, respectively; (c, d) As(V)
with CaFe-Cake and RH, respectively.
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Wang et al., 2014). The coagulation and complex formation of
arsenic with iron sulphate or hydroxide is controlled by pH and
occurred better at pH range from 6 to 8 (Wang et al., 2014). The
value of Eh decreased during adsorption process in compare
with initial value. It happens because of reaction which occurs
between arsenic compounds and adsorbent and may form
complex compound. In turn, this process results in decrease of
Eh which can be explained by release of sulphate from adsor-
bents surface (Wang et al., 2014). In both cases a sustained
decrease in Eh from 550 to about �280 could be seen (Fig. 4).
This is confirmed by the fact that in the more reactive systems
Eh is less than 100 mV (Doull's, 2001). Since one of the objec-
tives of this research was to study the behaviour of adsorbents
for arsenic removal from acid mine wastewaters, it could be
supposed that RH is more effective for As(III) and As(V) removal
than CaFe-Cake at a pH less than 6. The better removal of
arsenic with RH can be explain by the fact, that CaFe-Cake has
sulphur compounds in their composition, which may negatively
affect to arsenic removal, as was estimated above. The surface
area of RH is greater than surface area of CaFe-Cake by an order
(Table 4). It also can be the cause of the better capacity of RH for
arsenic removal compared to CaFe-Cake. For both adsorbents, it
could be better to increase pH above 6 first before carrying out
the adsorption process, which will then be more effective. Ac-
cording to this experiment, pH 6 was selected as the optimum
value for batch adsorption experiments.

3.2.3. Kinetic study
Kinetic models describe the process of chelation on the adsor-

bent surface, depending on adsorbent and adsorbate contact time.
The mechanism of the complex formation of As(III) and As(V) with
ferric hydroxide or sulphate is shown below (Eqs. (3a), (3b) and
(3c)).

H3AsO3 þ Fe� OH4Fe� H2AsO3 þ H2O (3a)

H3AsO4 þ Fe� OH4Fe� H2AsO4 þ H2O (3b)

2H3AsO3 þ Fe2ðSO4Þ3 þ 2H2O42Fe� 2H2AsO4 þ 3H2SO4

(3c)

Adsorption kinetics was studied using pseudo second-order
models under pH 6. The pseudo second-order model, which as-
sumes that the adsorption process is limited by the surface reac-
tion, takes this form (Eqs. (4) and (5)):

dq
dt
¼ k2ðqe � qÞ2 (4)

d½As�
dt
¼ k2

�
qAs � qFe�OH=SO4

�2
(5)

where qAs and qFe�OH=SO4
(mmol g�1) represent the amount of ion

adsorbed at time t (min) and at equilibrium, respectively, and k2 is
the pseudo second-order rate constant.

The estimated parameters of the pseudo second-order equation
are listed in Table 5. The process of arsenic adsorption from liquids
is well described by the pseudo second-order model. This model
suggests that the system includes the formation of at least two
compounds, or it is a multi-component system with a complex
compound of adsorbent and adsorbate. Equilibrium was observed
in the system after 750 and 1200 min for As(III) and As(V),
respectively with CaFe-Cake and CaFe-Cake_NaOH (at pH 10) and
after 750 min for both forms of arsenic with RH and RH_NaOH (at
pH 6). Considering that As(III) and As(V) are the neutral and

charged ions, respectively, the effect of pH on k was more signified
for As(V), than for As(III). Other researchers (Banerjee et al., 2008)
reported an analogue effect of pH on As(V) and As(III) adsorption
with iron hydroxides and oxides. For modified adsorbents with
ALD, equilibrium was observed a little early and at about 480 min
for both adsorbent.

3.2.4. Adsorption isotherms
As it is crucial to understand the interaction between adsorbate

and adsorbent, the Langmuir (Eq. (6)) and Toth (Eq. (7)) isotherm
models were used:

qe ¼ qmKLCe
1þ KLCe

(6)

qe ¼ qmCe�
aT þ CmT

e
� 1
mT

(7)

where qe and Ce are arsenic adsorption capacity (mmol g�1) and
concentration of arsenic in the solution (mmol L�1) at equilibrium,
respectively; qm is the maximum uptake capacity; KL is Langmuir
constant; aT is adsorptive potential constant (mmol L�1), mT is the
heterogeneity factors of the Toth isotherm.

The Langmuir isotherm produced the monolayer coverage from
the adsorption model, and the fitted qm values of As(III) and As(V)
by CaFe-Cake and RH were calculated to be 26.7 and 36.7; 215 and
248 mmol g�1 at T ¼ 25 �C, respectively. The maximum uptake
capacity for both forms of arsenic was ten times higher for RH than
for CaFe-Cake. The maximum adsorption capacity was also higher
for As(V) for both adsorbents, as was also observed by Wang and
Tsang (2013), under the same experimental conditions. The com-
parison of R2 indicated that the Toth and Langmuir models well
describe the adsorption of As(III) onto CaFe-Cake and RH (Table 6)
for lower adsorbate concentrations. These phenomena could be
due to the fact that the system is homogenous at low concentra-
tions of adsorbate. With increasing concentrations of adsorbate,
however, competitive sites appeared and the process proceeded in
a heterogeneous phase. The Toth model well describes the
adsorption process throughout the range of concentrations. This is
in agreement with the finding of Lakshmanan et al. (2010), who
stated that the Toth isotherm model can be better applied to
adsorption processes on heterogeneous surfaces than the Langmuir
model.

Table 5
Estimated parameters of the pseudo-second-order equation for (a) CaFe and (b) RH.
Agitation speed is 50 rpm, concentration of As(III) and As(V) is 0.266 mmol/l.

Adsorbent Adsorbate pH 6

qe (mmol g�1) k (L mmol�1) R2

CaFe As(III) 0.004 3.05 0.97
As(V) 0.012 0.99 0.97

CaFe_NaOH As(III) 0.006 1.79 0.94
As(V) 0.013 1.41 0.94

CaFe_Al2O3 As(III) 0.026 0.66 0.95
As(V) 0.052 0.63 0.96

CaFe_TiO2 As(III) 0.049 0.20 0.98
As(V) 0.053 0.34 0.99

RH As(III) 0.007 4.04 0.93
As(V) 0.007 6.51 0.88

RH_NaOH As(III) 0.007 0.88 0.98
As(V) 0.014 1.38 0.98

RH_Al2O3 As(III) 0.014 0.93 0.99
As(V) 0.027 4.51 0.98

RH_TiO2 As(III) 0.028 0.23 0.99
As(V) 0.029 0.47 0.99
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3.3. Desorption process

Study of the desorption process showed that the greatest
desorption (from 98% to 50%) of As(V) occurred at pH 10 with CaFe-
Cake. At pH 7, desorption of both As(III) and As(V) took place with
CaFe-Cake (Fig. 5). The same phenomenon has been obtained
previously (Sun et al., 2013). With RH, desorption occurred only for
As(V) at pH 4 after 240 min (Fig. 6). The increasing desorption of
As(V) at pH 10 with respect to pH 7 from CaFe-Cake and lack
desorption of As(III) fromRH can be associatedwith the onset of the
reverse reaction (3c) with increasing pH. The large amount of sul-
phates in composed of CaFe-Cake is potential reason to counter
reaction and desorption of As(V).

3.4. Removal of arsenic from wastewater

Mining wastewater treatment is a very complex process and
depends on several factors, such as wastewater matrices and pH. A
mining wastewater from a 270 m depth with a pH of 3.2 was
investigated in this research. The experiments were carried out at
ambient temperature for 12 h with 40 g L�1 and 20 g L�1 unmod-
ified CaFe-Cake and RH, respectively. The pH of 3.2 was increased to
6.8 and the Eh decreased from 700 to 500 after 8 h. Removal of
As(III) and As(V) from the real wastewater was more effective with
RH (nearly 100%), than with CaFe-Cake (Fig. 7). Unmodified RH

showed a good affinity for As(III) and As(V) in wastewaters. The
affinity for As(III) was greater than for As(V) with CaFe-Cake. The
percent removal of arsenic by modified and unmodified CaFe-Cake
from real AMD is lower, than from synthetic solution. This may be
due the fact that the real AMD has in composition a significant
concentration of metal ions, whichmay be the cause of competitive
reactions with adsorbent surface.

Table 6
Isotherm parameters for CaFe-Cake and RH during adsorption process of As(III) and As(V) from model solution.

Langmuir model Ci (mmol/l) qm exp (mmol/g) qm (mmol/g) KL (L/mmol) R2

CaFe-Cake As(III) 0.933 26.66 93.8 0.004 0.99
As(V) 2.533 36.66 92.5 0.722 0.99

RH As(III) 34.12 215 45.2 0.82 0.99
As(V) 2.50 248 21.1 0.79 0.99

Toth Ci (mmol/l) qm exp (mmol/g) qm (mmol/g) a (mmol/l) m R2

CaFe-Cake_NaOH As(III) 2.66 31.4 32.2 1.16 3.38 0.99
As(V) 1.02 2 2.21 6.37 1.28 0.99

CaFe_Cake_Al2O3 As(III) 2.0 31 32.7 0.59 4.87 0.98
As(V) 0.49 8 7.9 139 2.74 0.99

CaFe_Cake_TiO2 As(III) 1.13 40 42.4 2.97 2.74 0.99
As(V) 0.63 8 7.8 122 2.68 0.99

RH_NaOH As(III) 2 1 1.99 2.2 0.95 0.99
As(V) 9.33 94 9.77 0.03 9.77 0.99

RH_Al2O3 As(III) 1.33 2 1.5 1 0.58 0.99
As(V) 2.66 33.3 158 8287 158 0.99

RH_TiO2 As(III) 0.66 2 1.52 0.9 0.47 0.98
As(V) 2 33 13.3 40 13.3 0.99

Fig. 5. Desorption process of As(III) and As(V) with CaFe-Cake.

Fig. 6. Desorption process of As(V) with RH.

Fig. 7. Removal of As(III) and As(V) from real AMD with unmodified RH and CaFe-Cake.
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4. Conclusions

The structural and compositional properties of two solid wastes
were studied. The thin TiO2 and Al2O3 layers on the solid wastes by
ALD increase the removal efficiency of the both adsorbents about
two times as high as that modified with NaOH. However, ALD is
expensive and complicate method for industrial production of ad-
sorbents, for the time being. Since, modification with sodium hy-
droxides could be used as an effective and inexpensive method of
improving the properties of both adsorbents. The adsorption
behaviour of unmodified andmodified adsorbents was investigated
for the removal of arsenic (III) and (V) from synthetic solutions and
acidic wastewaters from a mining site. It was found that these
materials exhibit effective adsorption properties for arsenic. Both
adsorbents were more efficient with As(V) than As(III), however RH
can be used to remove both forms of arsenic. Therefore, CaFe-Cake
and RH solid wastes can be used effectively after modification as
adsorbents for As removal.
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a b s t r a c t

Limestone and coffee waste were used during the wet co-granulation process for the production of
efficient adsorbents to be used in the removal of anionic and cationic dyes. The adsorbents were char-
acterized using different analytical techniques such as XRD, SEM, FTIR, organic elemental analysis, the
nitrogen adsorption method, with wettability, strength and adsorption tests. The adsorption capacity of
granules was determined by removal of methylene blue (MB) and orange II (OR) from single and mixed
solutions. In the mixed solution, co-granules removed 100% of MB and 85% of OR. The equilibria were
established after 6 and 480 h for MB and OR, respectively.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

During recent decades, researches considered solid wastes as
sources of biofuels (Schr€oder, 2015), fertilizers (Nishio and
Nakashimada, 2013), composite materials (Pavla, 2011) and low-
cost adsorbents for water treatment (Kaushik et al., 2009;
Bhatnagar et al., 2015; Iakovleva and Sillanp€a€a, 2013). The main
problems regarding water treatment are the minimization and
reuse of processed water, and cost saving including a reduction in
energy consumption. Despite a quarter century of studies, these
problems of solid and liquid wastes management are as relevant
today as 25 years ago, when the term “industrial ecology” was
introduced (Smith et al., 2015).

For example, Finland is first in the world for coffee consumption
and has about 50M kg coffee wastes per year (Ojaniemi, 2010).
Coffee wastes are mostly used as a source for bio-energy and fer-
tilizers (Cruz et al., 2015; Adi and Noor, 2009). In some research
papers, coffee waste has been used as biosorbents for the removal

of acid dye (Gupta and Suhas, 2009; Rafatullah et al., 2010; Lafi
et al., 2014; Roh et al., 2012; Kyzas et al., 2012), organics (Al-
Zaben and Mekhamer, 2013; Lafi and Hafiane, 2015; Rossmann
et al., 2012) and metal ions from aqueous solutions (Azouaou
et al., 2010; Boonamnuayvitaya et al., 2004; Ching et al., 2011;
Kaikake et al., 2007; Oliveira et al., 2008; Pujol et al., 2013). Cof-
fee waste has a high C/N ratio, and contains carboxylic group (Cruz
et al., 2015) ensuring high efficiency for metal ions removal due to
chelates formation (Adi and Noor, 2009; Lafi et al., 2014). Therefore,
the coffee waste could be used as potentially effective sorbent for
various pollutants, including metal ions. In order to test properties
of new adsorbent Methylene Blue (MB) and Orange II (OR) were
used as model acidic and basic pollutants, respectively. Various
functional groups such as amino, hydroxyl, carboxyl and sulfate on
the bio-waste surface, which can act as binding sites for acidic and
basic dyes, help to increase the adsorption effect (Adegoke and
Bello, 2015; Kyzas et al., 2012). Clay and siliceous materials show
high affinity for pollutants in acidic solution as a scavenger through
an ion-exchange process (Iakovleva et al., 2015).

A combination of limestone and coffee waste might improve the
removal efficiency of pollutants and ensure neutralization of the
acidic water, based on the ion-exchange reactions on the surface of
combined sorbent.
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Adsorbents must have certain properties to be suitable for in-
dustrial use. The combined sorbents must be resistant to water,
must not stick together, and should retain the properties of the
original materials (Albadarin et al., 2014; Mangwandi et al., 2014).
Granulation of two different materials was chosen as a way to
produce a uniform dual adsorbent. There are some requirements of
the material to be produced, including segregation of the powder
particles, uniform granules, their wettability, strength and stability
in the solutions. The adsorbent should be stable to the trans-
portation as well. The main parameters of the granulation process
are process variables such as processing time, impeller speed and
formulation variables such as particles size and choice of binder.
Homogeneous materials are granulated uniformly, and produce
pellets of the similar size and composition. Our choice of binder
was made taking into account results of previous studies
(Mangwandi et al., 2014). The widely used carboxymethylcellulose
binder was not suitable in this research as it is water soluble; the
resultant granules would disintegrate when coming into contact
with the waste water. It seems that polyvinyl acetate (PVAc) might
give better results in the granulation of dissimilar materials and it is
water insoluble.

The main aim of this research was to develop a low-cost and
effective sorbent for water treatment of both anionic and cationic
pollutants, as well as neutralization of acidic water. Limestone
seemed to be one of the most suitable candidates for acidic water
neutralization as well as for removal of a number of pollutants.
Limestone is a commercial material for acidic neutralization of
water and agriculture's grounds (Iakovleva et al., 2015; Mangwandi
et al., 2014). This work proposes the novel approach to the treat-
ment of waste water from cationic and anionic dyes using the same
sorbent. In order to improve the adsorption properties of the
limestone, a combination of limestone and coffee wastes will be
used in this research. In this study, coffeewaste and limestonewere
co-granulated using PVAc as binder. The strength and wettability of
granules, as well as their reuse and resistance to liquid solutions
were determined. Adsorption properties of new adsorbents were
tested for their ability to remove MB and OR. The competition of
removal of both cationic and basic dyes from complex liquid was
examined.

2. Raw materials

Limestone was provided by Killwaughter Chemical Ltd UK. The
CW was collected from the cafeteria at Queen's University Belfast,
Rami cafeteria of Mikkeli and Green Chemistry Laboratory of Lap-
peenranta University of Technology. Before use, CW was washed
with distilled water, and oven dried for 12 h at 60 �C.

Polyvinyl acetate (PVAc) and acetone by MERCK UK were used
as a binder in the granulation process. Solution of PVA was pre-
pared by dissolving a known mass of the PVAC (from 10 to 40%) in
acetone. Themixturewas stirred for about 20min at 60 �C to obtain
a homogenous solution. The viscosities of the binder solutions were
determined by the Haake Viscotester C.

3. Co-granules production

A small bench scale high shear granulator (KENWOOD KM070
(Japan) was used for the granulation of materials. The known mass
of limestone powder and coffee waste were added to the mixer and
mixed without binder for 60 s. The known value of binder was
added to the powder during the next 30 s without stopping the
rotator. The mixing of powder was performed at an impeller speed
of 490 rpm and binding occurred within 60 s until the formation of
granules.

4. Characterization of raw materials and co-granules

4.1. Spectral and physics characterization

The particle size distribution was determined using dispersion
analyzer LUMiSizer 610/611 (GmbH). The measurements were
performed thrice.

The chemical composition and organic elemental analysis of raw
materials were determined with an energy dispersive X-ray fluo-
rescent (ED XRF) analyzer X-Art (Joint Stosk Company Comita, St.
Petersburg, Russia) and CHNS-O analyzer (Flash 2000 Elemental
Analyzer, Thermo Fisher Scientific, UK), respectively.

FTIR spectra of rawmaterials and granules were recorded with a
Bruker Vertex 70v spectrometer. Spectra were collected in the mid
infrared region (4000e400 cm�1) averaging 124 scans with 4 cm�1

resolution. Samples were prepared by the standard KBr pellet
methods.

The samples were characterized with nitrogen sorption at
196 �C using TriStar 3000 (Micromeritics Inc., USA). The specific
surface area of samples was calculated using the Brunauer-
Emmett-Teller (BET) theory.

Microstructure of the raw and produced materials was exam-
ined using a scanning electron microscope (SEM, Nova Nano SEM
200, FEI Company). The experiment was carried out at low vacuum
condition in secondary electron mode. For the analysis, samples
were covered with a gold layer.

In order to study the effect of binder viscosity on the co-
granulation process, different granulation experiments were car-
ried out using binder solution of different concentrations whilst
maintaining the other processing conditions constant. All experi-
ments were carried out at room temperature (24 �C) with mixing
time and speed of 2 min and 490 rpm, respectively.

The effect of the L and CW ratio on the granulation process was
studied using different amounts of each material. The granules
were dried for 12 h at 80 �C. The dried granules were separated
according to size by sieving. The percentage of co-granules in each
size range was calculated by following equation:

n ¼
�
mi

mt

�
� 100% (1)

wheremt andmi are initial and total the measure range mass of co-
granules, respectively.

Granules strength wasmeasured from diametric compression of
the single granules using previously described method using Eq.
(2).

s ¼ 2:8 �
�

Fi
pD2

�
(2)

where Fi (Newton) is compressive force during testing of granules
strength, i is number of tests, D (mm) is granules diameter.

Granules wettability was tested by mixing a known mass of
granules with water at ambient temperature for 72 h. After testing,
all granules were oven dried for 12 h at 80 �C. The strength and size
of granules were determined before and after wettability tests.

4.2. Batch adsorption experiments

Sorption tests of pollutants were conducted by mixing a known
weight (from 0.5 to 40 g L�1) of L, CW, PVAc and LCWwith 15 ml of
synthetic solution of MB and OR. The concentration of dyes on the
synthetic solution ranged from 5 to 20 mg L�1. The experimental
solutions were shaken by a shaker ST5 (IKA KS 4000i Control) from
1 to 720 h. 10 mL solutions were taken from flasks at known time
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intervals and filtered using a 0.20 mm diameter polypropylene sy-
ringe filter. For determination of final concentration of dyes, 2 mL of
solution was taken and determined by UV/Vis spectrometer
(Lambda 45 PerkinElmer Instrument) at wavelength 664 and 486
for MB and OII, respectively.

The percentage adsorption was calculated as:

%Adsorption ¼ ðCi � CtÞ
Ci

� 100 (3)

where A is adsorption, Ci and Ct (mg L�1) are the pollutants con-
centrations in the initial and treated solutions, respectively.

5. Results and discussion

5.1. The chemical composition of materials

The chemical compositions of the rawmaterials are presented in
Table 1. These results were collected with ED-XRF and organic
elemental analysis. The limestone contains about 20% calcium and
40% silicon. The coffee waste consists mainly of organic compo-
nents, such as lignin, nitrogenous compounds, fibers, etc. (Narita
and Inouye, 2014).

5.2. The particle size distribution

The average value of particle size distribution has been reported
in Fig. 1. The coffee waste particles are approximately ten times

larger than the limestone particles. Their diameters range from 100
to 1000 mmand are less uniform than limestone powder. More than
ten times difference in particle size of the two materials might
cause problems during the binding process. Also, great difference in
particles size might complicate uniform granulation. Therefore, the
selection of the ratio of the two raw materials presents three
challenges. The first is to choose the concentration of binders for
sufficient strength at which the granules will withstand long
exposure to water. The second is to choose the appropriate ratio of
the two materials with different particle size. And the last is to
produce granules with sufficient surface area of sorbents for effi-
cient pollutant removal.

5.3. Co-granules production

The optimal concentration of binder was chosen by granulation
of limestone and coffee waste separately. The data of binder solu-
tion viscosity and matrix of granulation test are presented in
Tables 2 and 3. After preliminary tests the optimal binder concen-
tration of 30% was chosen. The preliminary co-granules tests
demonstrated that, for the preparation of the largest granules
(>1000 mm)with high wettability, the best combinationwas 7 parts
limestone to 3 parts coffee waste. This ratio was used for further
experiments. The chosen materials ratio and binder concentration
produced the greatest number of granules with particle size from 1
to 2 mm. These granules have better stability upon contact with
water and remain approximately the same size and strength
(Table 2). These co-granules should be used for waste water
treatment over an extended testing time.

Table 1
Chemical composition of raw materials (XRF and organic elemental analysis).

Element L (w%) CW (w%)

Al 1.5 <1
C 3.3 60
Ca 21.3 <1
H e 6
K 0.25 <1
N e 3
O 52.7 25
S 0.1 <1
Si 42 5

Fig. 1. Particle size distribution of limestone and coffee waste.

Table 2
Viscosity of binder solutions with various con-
centration of PVA.

CPVA (%) m (mPa$c)

10 1.4
15 13
20 37
25 52
30 72
35 111
40 157
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5.4. Spectral characteristics

Spectroscopic studies of limestone in the mid-infrared region
with FTIR analysis confirms the results of XRD studies. The com-
pounds of calcium, carbonate, and silicone were detected with both
analyses (Tables 1 and 4). Various organic compounds remained in
coffee waste even after extraction, as confirmed by XRF, FTIR and
organic elemental analysis. The results of spectroscopic analysis
show that co-granules were composed of nearly all functional
groups from the two raw materials. This indicates that the pre-

mixing of raw materials was uniform and the binder did not
block the functional groups which are involved in the adsorption
process.

The coffeewaste has very low specific surface area and therefore
is not presented. Specific surface area of the limestone and co-
granules is about 2.2 m2 g�1 and only 0.4 m2 g�1, respectively
(Figs. 2 and 3). The low surface area of coffee waste and coating of
the coffee waste particles with PVAc could cause sharp decrease of
co-granules specific area. However, the spectroscopic analysis
shows complex structure of materials. SEM images are presented in
Fig. 4.

The surface structure of coffee waste is underdeveloped and
almost flat, as was confirmed by BET method data (Fig. 4a). The
structure of limestone is highly developed (Fig. 4b). The size of most
particles is less than a micrometer. The surface of co-granules
inherited a complex structure of limestone (Fig. 4c). Most likely,
this is due to the fact that the fine particles of limestone are
distributed on the flat surface area of coffee waste and set up ag-
glomerations. For the purpose of this study, it is important that the
functional groups of CW were available for pollutants during the
removal process. The presence of functional groups on the surface
area of co-granules was confirmed with FTIR (Table 4).

5.5. Synthetic dye solution treatment

The removal of MB and OR with novel combinative granulated
sorbents from single synthetic solution and mixture was

Table 3
Mass fraction of raw materials, size and strength of granules before and after wettability test.

Mass fraction
of limestone

Mass fraction of
coffee waste

Size of granules, before wettability test (%) Strength of granules before
wettability test (MPa)

Strength of granules after
wettability test (MPa)

1e2 mm 0.5e1 mm �0.5 mm

1.0 0.0 28 49 23 28 21
0.75 0.25 25 27 48 28 10
0.70 0.30 60 30 10 35 14
0.60 0.40 49 47 4 12 2
0.50 0.50 40 53 7 10 3
0.40 0.60 36 45 19 11 3
0.30 0.70 30 46 24 9 2
0.25 0.75 28 48 24 27 39
0.0 1.0 40 53 7 28 42

Table 4
FTIR spectrum data for raw materials and granules.

Compound WNL (cm�1) WNCW (cm�1) WNLCW (cm�1)

C≡O3 719 þ þ
C-H e 808 e

Ca-C≡O3 871 e þ
Si-O 1100 1029 þ
S¼O2 e 1158 e

C-O e 1239 þ
Ca-C≡O3 1377 e þ
Ca-O e 1518 þ
R¼C¼O e 1654 e

R¼C¼O e 1743 þ
Ca-O 2512 e þ
R-O-H e 2853 þ
Si-O-H 3200e3700 2923 þ
N-H e 3294 þ
R-O-H e 3329 þ

Fig. 2. Adsorption-desorption analysis of limestone with N2.
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researched in this work. The adsorption properties of co-granules
and their materials were studied separately to understand
possible removal mechanisms. The possible effect of binder on the
removal of pollutants has been eliminated by the adsorption test

using PVAc for treatment of solution from both dyes.

5.5.1. Optimization of adsorbent amount and contact time
The optimal amount of adsorbents and efficient contact time

Fig. 3. Adsorption-desorption analysis of co-granules with N2.

Fig. 4. SEM image of CW (a), L (b) and LCW (c).
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with an initial concentration of dyes 2 mg L�1 are shown in Figs. 5
and 6.

The equilibrium of the systems was reached with the concen-
tration of each adsorbents at 2 g L�1 for both dyes. The maximum
removal of MB, 100%, and OR, 85% removal, was found after 6 and
480 h, respectively. Removal of both dyes was relatively higher with
co-granules, as compared to each material individually. This could
be explained by a smaller number of functional groups on the

surface area of the co-granules capable of removing anions,
compared with cations.

5.5.2. Effect of pH and possible removal mechanism
The impact of solution pH on the dyes adsorption process has

been investigated by increasing the initial pH from 2 to 10, while
the initial dyes concentration, temperature, co-granules dosage and
contact time were kept constant at 5 mg L�1, 25 ± 2 �C, 2 g L�1 and

Fig. 5. Optimal conditions for the removal of MB with limestone, coffee waste and their co-granules.

Fig. 6. Optimal conditions for the removal of OR with limestone, coffee waste and their co-granules.
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60 min, respectively (Fig. 7).
The study of the effect of pH on the removal of cationic and

anionic dyes confirms the results of previous researchers
(Albadarin et al., 2011; Ramesh et al., 2005; Kyzas et al., 2012; Lafi
and Hafiane, 2015; Lafi et al., 2014). MB was removed from the
solution more efficiently at high pH as the adsorption mechanisms
associated with the formation of a complex between the positively
charged ions and negatively charged dye ion on the adsorbent
surface. While the adsorption capacity of OR increases in basic
medium by electrostatic interaction between negatively charged
dye ions and positively charged cell of co-granules surface (Lafi and
Hafiane, 2015).

The possible removal mechanism of cationic and anionic dyes is
ion-exchange between co-granules surface and pollutants. In case
of OR there might be two mechanisms: ion-exchange between the
positively charged ions on the surface of the co-granules and
anionic dyes and physisorption between OR and carbon which is
part of the coffee waste. For the removal of OR by ion-exchange
mechanism the ionic strength of the solution should provide an
exchange between the similar sodium cations, or between calcium
and sodium (Fig. 8).

The process of adsorption of dyes is reversible. This was
confirmed by desorption studies performed using solutions at
different pH; the dyes were easily desorbed from the adsorbent

Fig. 7. Effect of pH on the adsorption amount of MB and OR with co-granules.

Fig. 8. Ion-exchange mechanism of MB and OR removal.
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surfaces. Concentrated hydrochloric acid and sodium hydroxide,
were used for the desorption of MB and OR, respectively. Experi-
ments showed that desorption process of MB was 100%, while
desorption efficiency of OR was only 50%. The reusing experiments
showed that the developed co-granules can be used only once.

5.5.3. MB and OR ions competition
Competition between MB and OR during the adsorption on co-

granules was observed. The presence of MB reduced the removal of
OR from 85% to 60%. During experiments it was found that the
amount of removed MB remained at 100% and equilibrium was
reached after 24 h. However, the removal of ORwas 60% and did not
increase even after 720 h. By contrast, desorption process of OR into
solution was observed and measured to be about 20%. It could be
explained by the fact that the limestone increased pH of initial
solution to pH 8 during the removal process. Decreasing concen-
tration of OH� could change the positive charge surface of co-
granules to negative, thereby reducing the sorption capacity of
dye anions (Kyzas et al., 2012).

6. Conclusion

The novel efficient co-granules from CW and L for purifying
acidic wastewater containing dyes were produced. The co-granules
showed more affinity to acidic than to basic pollutants, and per-
centage removal from complex solution was 100 and 60, respec-
tively. However, decreasing of pH solution to 2, allowed to increase
to 85% removal of basic pollutants. The strength and resistance to
wettability of co-granules makes them suitable for various types of
water treatment, including passive and column methods. Use of
these novel materials would reduce not only bio-waste amount, but
would also benefit the water treatment with efficient and low-cost
adsorbents.
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ABSTRACT 

A novel approach for the management of solid and liquid wastes of mining was implemented in 

this work. Unmodified and modified metallurgical solid wastes, sulfate tailings, were used as 

adsorbents for the removal of cyanide ions from synthetic mine process water. Energy dispersive 

X-ray fluorescence (ED-XRF), scanning electron microscopy (SEM) and nitrogen adsorption 

methods, based on Brunauer-Emmett-Teller (BET) theory, were used for analysis of 

composition, structure and surface area of the adsorbents. A wet-granulation method was used 

for preparation of granules from sorbent powders with polyvinyl acetate as a binder and the 

further modification of the sorbent surface was carried out by atomic layer deposition (ALD) of 

Al2O3. The granules were used for the removal of cyanide ions from synthetic solutions by batch 

adsorption method. ALD-modified sorbent showed approximately 3.5 mmol g-1 adsorption 

capacity for cyanide ions. The adsorption isotherm was fitted with Langmuir and Freundlich 

adsorption models. The cyanide ions on the modified sorbent surface is enabled to form a stable 

and non-toxic cyanide complex in the solution, which can be reused as the complexing agent in 

the metallurgical industries.   

Keywords 

Solid wastes; rapid cyanide removal; mine water treatment; sulfate tailing reusing. 



 



 

1. Introduction 

Cyanides are inexpensive and efficient reagents, which are used in various industrial processes, 

such as mining and exploration, pharmaceutical industry, agriculture (Kuyucak and Akcil, 2013).  

The cyanide ion has a high affinity for gold and silver, which allows to be used effectively for 

metal extraction (Iakovleva and Sillanpää, 2013), according to the reaction, known as Elsner's 

Eqs. 1 and 2: 

 (1) 

 (2) 

On the other hand, cyanide and its compounds are very toxic to living organisms and able to 

replace copper and sulphur-containing compounds, thereby disrupting oxygen transport 

processes in the cells (Aggrawal, 2013). The facts of accidental cyanide leakage in the world 

were recorded, in Romania, Japan, Argentina and China (Johnson, 2015). Although the effect of 

cyanide on aquatic flora and fauna is not long-term, because it is rapidly destroyed by natural 

processes, the severe consequences can take place, which caused large-scale pollution, the death 

of fish, plankton and plants. Searching for efficient method for rapid removal of a high 

concentration of cyanide from aqua solutions could be a solution for the problem of large-scale 

pollution.  

Many studies have been reported for cyanide removal during the last decade: viz. 

photoelectrocatalytic (Zhao et al., 2015), UV degradation (Hanela et al., 2015), ozone oxidation 

(Cui, et al., 2014), electrodialysis (Scarazzato et al., 2014), and biodegradation (Yu et al, 2016), 



based on the ability of cyanide to be oxidized and complexation with various metals, forming a 

non-reactive compounds. The most cost-effective method is the complexation of cyanide with 

various metal ions (Kuyucak abd Akcil, 2013; Zhao et al., 2015; Dash et al, 2009; Seung-Mok 

and Diwakar, 2009; Xu et al., 2015).  

In particular, potassium cyanide is neutralized with iron sulfide or iron hydroxide to form a non-

toxic and insoluble ferrocyanide complex: 

 (3) 

   (4) 

Due to the selectivity and affinity of iron sulphide for cyanides, FeS-containing materials are 

used as a complexing agent to remove cyanides from solutions, and in particular from industrial 

water (Kuyucak and Akcil, 2013; Yu et al., 2016).  

The mining and processing of mineral extraction generate a billion metric tons of solid waste 

annually.  The majority of the waste are sulphate tailings. For some minerals, the amount of 

tailings might reach from 20 to 98%. Basic treatment procedure for tailings is storage in lakes 

until dewatered (Wills, et al., 2016; Iakovleva et al., 2015). Disposal, recycling and/or reuse of 

tailings are very important and require innovative solutions. Whereas, sulfate tailings contain 

iron and sulfate compounds, they can be efficient material for cyanide removal by complexation 

(Iakovleva et al., 2015; Silva et al., 2012). Due to increased environmental requirements and 

control,  the  desire  to  reuse  solid  waste  and  water  in  the  industry,  the  use  of  solid  waste  

containing iron-sulfur compounds has become an alternative option for cyanide removal. Several 

techniques have been applied for the modification of adsorbent materials to enhance their 

removal efficiency, such as magnetic sedimentation (Bakhteeva et al., 2017; Cao et al., 2017), 



addition of various functional groups (Liu et al., 2017) and development of iron-bio-combined 

sorbents (Tiwari et al., 2017). The deposition of metal oxides on the surface of powders and 

granules for the modification of adsorbent materials has been studied by several authors (Orak, 

2016; Sampath et al., 2016; Tiznado et al., 2014). Deposition of metal oxide by atomic layer 

deposition (ALD) has been using often for depositing thin metal oxide layers on the surface of 

solar cells and semiconductors (Chang et al., 2015; Frijters et al., 2016; George, 2010; Iakovleva 

et al., 2016; Jõgiaas et al., 2015; Kilbury et al., 2012; Kukli et al., 2016). ALD is a self-

terminating cyclic process providing sequential layering of metal oxides on the surface and 

helpful to get the ultrafine film with controlled thickness. ALD mechanism leads to several 

unique properties of layers, viz ALD films grow without pinholes and discontinuities (Leskelä et 

al., 1999). The main objective of present study is the utilization of solid wastes as potential 

adsorbents for the removal of cyanide ions. For this purpose, two unmodified tailings from 

different mineral processing were selected as potential sorbents for selective removal of cyanide 

compounds from synthetic wastewater. Since the sulphate tailings are fine powder and using 

these materials without pre-treatment is complicated, raw materials were granulated before 

using. Granulation of tailings provides a suitable adsorbent for both passive and column methods 

in wastewater treatment. The resistance to wettability, preserving porosity and surface properties 

of raw materials were also tested.  Further, granulated sorbent was modified by using atomic 

layer deposition technique for the enhancement of stability and efficiency of adsorbent material. 

As application of ALD treatment for enhancement is an innovative solution for development of 

sorbents from industrial solid wastes. In this study, the raw materials, unmodified and modified 

granules were characterized by Fourier-transform infrared spectroscopy (FTIR), Brunauer-

Emmett-Teller (BET) analyzer, zetasizer and scanning electron microscopy (SEM). In adsorption 



studies, the effects of contact time, pH, initial cyanide concentration, and regeneration of 

adsorbent were investigated. 

2. Materials and methods 

2.1. Granules production  

Two sulfate tailings (CaFe-Cake and SuFe) were provided by Norilsk Nickel Harjavalta, Finland. 

Both materials were wastes from the metal extraction process. Before use, the sulfate tailings 

were dried at 60 oC for 12 h in hot air oven (9000 Series, Termaks, Norway). After drying, 

agglomeration of tailings particles was observed, so both materials were ground to increase 

homogeneity. A wet-granulation with polyvinyl acetate as a binder was chosen (Mangwandi et 

al., 2014; Mangwandi et al., 2010; Mangwandi et al, 2011). Polyvinyl acetate (PVAc) was used 

for the granulation of both sulfate tailings. Acetone by Merck (UK) was used as a solvent for 

binder preparation during the dissolving process with a known mass of PVAc. The mixture was 

stirred for 20 min at 60 oC to obtain a homogenous solution.  

A high shear granulator (Kenwood KM070, Japan) was used for the granulation of materials. 

Sulfate tailing powders (150 g) were added to the mixer. The binder was added with the powders 

without stopping the rotator. The mixing of powder and binder occurred within 120 s to form 

granules; the impeller speed was 220 rpm. The optimal concentration of binder was selected by 

the addition of PVAc with different concentrations (from 10 to 40 w%) during the granulation 

process and it was found to be 30 wt%. The viscosities of the binder solutions were determined 

by the Haake Viscotester C.  

 



2.2. Modification of granule surface by ALD  

Trimethyl aluminum (TMA) was used as a precursor for the deposition of Al2O3    granules by 

ALD method. A TFS500 ALD reactor (Beneq Ltd, Finland) was used for deposition of Al2O3 

thin films onto surface of both granulated materials. The pulse time of Al2O3 deposition time (3.5 

sec), pressure (6.5 mbar), reactor temperature (250 oC) and cycles (500) were chosen after 

preliminary test. Monocrystalline silicon <100> substrate (Si-Mat, Germany) was placed into the 

reactor together with the powder sample in order to extract information regarding film thickness 

deposited onto the substrate surface. Once the process was finished, film thickness was measured 

using spectroscopic ellipsometry (M-2000, J.A. Woollam Co.). 

Since the modification of sulphate tailings if a multi-step process, which included granulation of 

raw material, drying and ALD coating, the average price of prepared sorbents is approximately 

11.50 € kg-1, while the price of commercial activated carbon, which is known to be as efficient 

sorbent for cyanide removal, is ranges from 500 to 1500 € kg-1 (Marsh & Rodriguex-Reinoso, 

2006). This price of novel sorbents, based on sulphate tailings, includes the cost of electricity 

based on the Finnish price. It should be taken into account that in the developing countries that 

occupy the first places in gold mining in the world, the price of electricity is many times less 

than in northern Europe. A clear benefit of these sorbents is that they are mining solid wastes and 

the price of the raw products is based only on the costs of logistics. Further use of waste material 

from mining, will also reduce the waste disposal cost which is used for the proper treatment of 

waste before discharge.  

 

 



2.3. Physical characterisation of materials 

The chemical composition of sulfate tailings was determined with an energy dispersive X-ray 

fluorescence (ED-XRF) analyser X-Art (Joint Stosk Company Comita, St. Petersburg, Russia).  

FTIR spectra of raw, unmodified granulated and modified granulated sorbents were recorded 

with a Bruker Vertex 70v spectrometer.  

The particle size distribution of the materials was obtained using a dispersion analyser, 

LUMiSizer 610/611 (LUM GmbH). Zeta-potential of raw and developed sorbents was 

determined with ZetaSizer Nano ZS, Malvern, UK, and calculated from electrophoretic mobility 

measurements using the Schmalukowski equation. 

The samples were characterized with nitrogen sorption at 196 C using a TriStar 3000 

(Micromeritics Inc., USA). The specific surface area of the samples was calculated using the 

Brunauer-Emmett-Teller (BET) theory. 

Microstructure of the surface of raw and modified materials was examined using a scanning 

electron microscope (SEM, Nova Nano SEM 200, FEI Company). All experiments were carried 

out at low vacuum conditions in a secondary electron mode.  

Granules wettability was tested by mixing a known amount of granules with water at ambient 

temperature for 72 h. The strength and size of granules were determined before and after the 

wettability tests. After testing, all granules were dried in an oven at 80oC  for  12  h.  All  

experiments were carried out at room temperature (22 oC) with mixing time and speed of 2 min 

and 490 rpm, respectively. The granule strength was measured from diametric compression of 

the single granules using previously described methods (Mangwandi et al, 2013) (Eq. 5). 



     (5) 

where F (N) is compressive force during testing of granule strength, i is amount of tests, D (mm) 

is granule diameter.  

2.4. Batch adsorption experiments 

Sorption tests of cyanide were conducted by mixing a known dose (from 0.5 to 40 g L-1) of 

granulated CaFe-Cake and SuFe with 15 mL of synthetic solution of potassium cyanide 

(obtained from Merck, German). The concentration of cyanide in the solution ranged from 10 to 

300 mg L-1. The experimental solutions were shaken by a shaker ST5 (IKA KS 4000i Control) 

from 1 to 720 h and 1.5 mL sample was taken from flasks at known time interval and filtered 

using a 0.20 µm polypropylene syringe filter. Optimum time was determined by contacting 40 g 

L-1 of CaFe-Cake and SuFe in 15 mL flasks tumbled at 100 rpm from 1 to 720 min with initial 

concentration of CN- at 20 mg L-1. Samples were taken after 30, 60, 120, 240, 360, 720 min.  For 

optimization of adsorbent dose, initial amount of both adsorbents ranged from 1 to 40 g L-1 by 

keeping 20 mg L-1 initial cyanide concentration. The test was carried out in triplicate and 

reported result is the average of the three tests. The effect of initial solution pH on adsorption 

was determined by mixing 40 g of CaFe-Cake and SuFe with 20 mL of cyanide solution at the 

initial concentration of 20 mg L-1 and pH values ranging from 2 to 9. Solution pH was adjusted 

with 1 M NaOH and HCl solutions. The mixture was shaken for 48 h and the solution was 

filtered and analysed. Final concentration of cyanide was determined by high-performance liquid 

chromatography (HPLC). A Shimadzu HPLC equipped with a conductivity detector (Shimadzu 

Model CDD-10A) was used (column: 6.0 mm IDx250 mm L Shodex RSpak KC-811; eluent: 

solution of 1 mM H2SO4 in ultrapure water; flow rate: 1.0 mL/min; temperature: 40 oC; reagent 



1: 0.1% Chloramin T in 0.1 M phosphate buffer (pH 7.5); reagent 1 flow rate: 0.5 mL/min; 

reagent 2: 1-Phenyl-3-methyl-5-pyrazolone + 4-pyridinecarboxylate (Na); reaction temperature: 

80 oC; wavelength: 638 nm).  

The percentage adsorption was calculated as: 

  (6) 

where Ci and Ct (mg L-1) are the  initial and final concentration of cyanide  ions respectively.   

The zeta potential was calculated from electrophoretic mobility measurements using the 

Schmalukowski equation. Known amount of solid samples were conditioned in 50 mL of 

0.001 M NaCl solutions at various final pHs for 24 h in a shaking bath. Each reported point value 

was an average of approximately 20 measurements. The pH of the suspension was adjusted using 

0.01–1.0 M HCl and KOH.  

3. Results and discussion 

3.1. Comparison of granules properties 

The granules produced should be stable under aqueous conditions for a longer period of time to 

allow for the use in wastewater treatment. The binder solution viscosity and matrix of the 

granulation test are presented in Table 1. Granulation tests showed that both materials formed 

granules with the same size range from 1 to 2 mm. However, CaFe-Cake formed more 

homogeneous granules with a smaller fraction; 10% of total mass is biggest than 2 mm. At the 

same time, SuFe formed more stable granules and their strength decreased after wettability test 

negligibly, in comparison to CaFe-Cake granules (Figures 1b & 2b).  The modified granules 

from both tailings with particle size from 1 to 2 mm have a better stability upon contacting with 



water and remain approximately the same size and strength compare with unmodified granules 

(Figures 1b & 2b).  

Table 1. Viscosity of binder solutions with various concentration of PVA.  

CPVA, % µ, mPa·c 

10 1.4 

15 13 

20 37 

25 52 

30 72 

35 111 

40 157 

 

 

 



 

Figure 1. Comparative data of unmodified and modified CaFe-Cake granules size and strength 

before and after wettability test (a, b), SEM images of unmodified (c) and modified (d) CaFe-

Cake granules.  

 

Figure 2. Comparative data of unmodified and modified SuFe granules size and strength before 

and after wettability test (a, b), SEM images of unmodified (c) and modified (d) SuFe granules.  



 

 

3.2. Possible removal mechanism and sorbents characterization  

According to XRF analysis, the contents of iron are 10 wt% and 39 wt% for CaFe-Cake and 

SuFe, respectively (Table 2). A high content of iron compounds should provide good adsorptive 

properties for cyanide ions by ion exchange. The possible mechanism of the complex formation 

of ferrocyanide can take place in two ways: 

   (7a) 

 (7b) 

Because iron is included in the sorbent composition by iron hydroxide and iron sulphate, both 

mechanisms may occur as presented in Eq. 7a and 7b, respectively.  

Comparative data of chemical composition, specific surface area and pore size of original and 

granulated unmodified and modified materials are shown in Table 2. Specific surface area of 

unmodified CaFe-Cake is lower than unmodified SuFe materials (Table 2). Increased surface 

area was observed in aluminium oxide modified granulated sorbent. For aluminum oxide 

modified granulated sorbents, specific surface area increase to 7 and 5 times for CaFe-Cake and 

SuFe, respectively (Table 2). Specific surface area excursion can be directly related to the 

appearance of new functional groups on the surface after modification.  

 

 



Table 2. Comparative data of chemical composition, specific surface area and pore size of 
unmodified and modified CaFe-Cake and Sufe. 

Element CaFe-Cake, 

w% 

gCaFe-Cake, 

w% 

gCaFe-

Cake_Al2O3,  

w% 

SuFe, w% gSuFe, 

w% 

gSuFe_ 

Al2O3, 

w% 

Al 0.2 0.2 1.2 0.3 0.3 1.5 

Si <2 <2 - <3 <3 - 

K 0.03 0.03 - 0.03 0.03 - 

Ca 11.9 10.0 10 0.16 0.15 0.18 

Fe 10.0 10.0 10 38.7 39.0 38.5 

Specific 

surface area, 

m2 g-1 

6.5 6 48 12.3 12 63 

Pore size, m 0.6 0.7 0.65 0.9 1.0 1.0 

 

SEM pictures (Figures 1c & 2c) show the granules surface of CaFe-Cake and SuFe at different 

magnifications. SEM images of CaFe-Cake showed the presence of agglomerated particles. 

However, SuFe has a fine polyhedrous particles which are stacked onto each other.  Figures 1d 

and 2d show the surface of both modified sulfate tailing with ALD method. It is very clear from 

SEM images of modified granules that ALD treatment modified granule surface. The surface of 

the modified sorbents are more developed and covered with distinctive particles of aluminum 

oxides. The surface is uneven, however, as XRF analysis is shown, weight amount of aluminum 

increases five times compared to the original materials (Table 2).  



It can be seen in Fig. 3 that initially the percentage of cyanide removal increased with increasing 

the adsorbent amount, and the maximum equilibrium reached at the adsorbent concentration of 

10 g L-1. In the case of the both granulated modified sorbents, the maximum equilibrium reached 

at the concentration of 5 g L-1. The highest removal approximately 97% of cyanide was achieved 

with both unmodified and modified adsorbents. 

 

Figure 3. Selection of the optimal amount of adsorbents with range of initial concentration of 

both adsorbents from 1 to 45 g L-1.  



However, the removal percentage increased upon increasing time and reached the maximum at 

360 min for unmodified and 210 min for modified sorbents (Fig. 4). This equilibrium is stable 

and desorption of cyanide ions from ferrocyanide complex was not observed even after 720 min 

of the experiment. Adsorption kinetics was studied using the pseudo-first and pseudo-second 

order models.  

 

Figure 4. Optimisation of contact time with initial concentration of modified and unmodified 

adsorbents 40 g L-. 



The pseudo-second order model described the adsorption process of cyanides better and assumed 

two-site-occupancy adsorption by the rate of the surface reaction (Eq. 6, Table 3): 

    (8) 

Where q and qe are amount of metals adsorbed at time t (min) and at equilibrium, respectively. 

The pseudo-second-order rate constant is k2.  

Table 3. Pseudo-first- (P1O) and pseudo-second (P2O) order models for unmodified and 

modified CaFe-Cake and Sufe with initial concentration of both adsorbents 40 g L-1 and initial 

concentration of cyanide ions 0.769 mmol g-1. 

 qe exp (mmol g-1) qe (mmol g-1) K (g mmol min-1) R2 

 P1O P2O P1O P2O P1O P2O P1O P2O 

 

CaFe-Cake 

 

1.87 

 

1.87 

 

1.12 

 

2.13 

 

1 

 

0.36 

 

0.85 

 

0.99 

gCaFe-Cake 1.37 1.37 0.99 1.32 1 0.35 0.85 0.99 

gCaFe-

Cake_Al2O3 

3.52 3.52 2.15 3.33 1 0.45 0.80 0.99 

SuFe 2.86 2.86 1.06 2.28 1 0.25 0.87 0.99 

gSuFe 2.65 2.65 1.03 2.65 1 0.23 0.85 0.99 

gSuFe_Al2O3 3.52 3.52 1.98 3.41 1 0.33 0.85 0.99 

 



The pseudo-second-order model suggested that the system includes at least two reacting 

components with formation of one or two other compounds (Semiokhin et al., 1995; Ho and 

McKay, 1999). In this case the reaction between iron and cyanide ions takes place. The 

formation of a strong complex is confirmed by the lack of desorption after a long time.  

The adsorption of formed ferrocyanide complex by aluminum oxide which was coated to the 

modified sorbents can take place as additional sorption mechanism of cyanide removal from 

solution. The high adsorption capacity of Al2O3 for removal of ferrocyanide (Fe(CN)6)n- has been 

proven by (Bushey and Dzombak, 2004). They showed that approximately 100% of ferrocyanide 

was adsorbed by aluminum oxides at pH <7 (Bushey and Dzombak, 2004). 

Zeta potential measurements were carried out over the pH from 1 to 10 and shown in Figures 5. 

It can be seen that the lowest potential values have the unmodified raw materials, CaFe-Cake and 

SuFe at pH around 8 and 9, respectively. The zeta potential of both modified sorbents is shifted 

towards the positive values. However, unmodified and modified Sufe exhibit higher positive 

potential at all range of pH compared with CaFe-Cake. It can be due to the fact that SuFe 

contents highest concentration of Fe than CaFe-Cake (Table 2).  

 



 

Figure 5. The study of pH influence on the removal of cyanide ions with initial concentration of 

both adsorbents 40 g L-1 

Oxidation of cyanide directly depends on solution pH. The removal of cyanide with both 

adsorbents occurs easily at pH 3-4 and with more positive values of the surface charge. Removal 

efficiency decreased significantly from 97% to 60% as pH increased from 6 to 9 (Fig. 5). This 

could be the effect of better adsorption capacity of Al2O3 and iron hydroxide for pH < 6. Cyanide 

ions formed ferrocyanide complex with sorbent surface and adsorbed completely at low pH. 

Similar results were observed by other researchers (Bushey and Dzombak, 2004; Golbaz et al., 



2014; Shen et al., 2014; Zheng et al., 2014). The experimental results show that cyanide ions 

adsorbed to modified sorbents easily and in a shorter time than to unmodified sorbents. Bushey 

and Dzombak also reported that cyanide adsorbs to the greatest extent on Al2O3 than iron 

hydroxide sites (Bushey and Dzombak, 2004). According to the experiments, pH 4 was selected 

as the optimum value for batch adsorption.  

The adsorption isotherms are used to explain the mechanism of pollutant removal. Langmuir and 

Freundlich isotherms were used for the description of cyanide removal mechanism in this 

research: 

    (9) 

     (10) 

The equation can be linearized and 1/n was found by linear regression: 

  (11) 

where  are Langmuir and Freundlich constants, respectively, which correspond to 

adsorption capacity. n is Freundlich constant which corresponds to adsorption intensity and unite  

of this constants less than unity indicates the chemical sorption process, while the unite greater 

than 1 can point to the physisorption process (Yang, 1998). The n value indicates the degree of 

nonlinearity between solution concentration and adsorption (Yang, 1998). The n value was 

determined to be < 1, indicating that an irreversible chemical reaction is taking place (Table 4). 

In this case, the formation of complexes is most probably dominating the process.  

 



Table 4. Isotherm parameters for CaFe-Cake and SuFe during adsorption process of cyanide ions 
from synthetic solution. Initial concentration of CN- in 20.8 mmol L-1.  

 qm exp, 
mmol g-1 

K, 

 L mmol-

1 

 n R2 

 Langmuir 

 

gCaFe-Cake 

 

 

1.10 3.87   0.75 

 

gCaFe-
Cake_Al2O3 

 

3.50 3.95   0.82 

gSuFe 

 

1.31 2.68   0.78 

 

SuFe_Al2O3 

 

3.80 2.72   0.80 

 Freundlich 

gCaFe-Cake 1.52 5.45  0.62 0.99 

gCaFe-
Cake_Al2O3 

 

3.50 6.01  0.62 0.99 

gSuFe 1.72 6.18  0.57 0.98 

gSuFe_Al2O3 

 

3.80 6.22  0.60 0.98 

 

 



Isotherm parameters were calculated with minimization of the error distribution between 

experimental and predicted data by Marquardt’s percent standard deviation (MPSD): 

n

i i
q

qq

1

2

expe,

calce,expe,    (12) 

The maximum uptake capacity for cyanide ions was about three times higher for both modified 

sorbents than for unmodified (Table 4). The additional reaction sites were introduced to the 

surface of both sorbents during modification, which explains the enhancement of their adsorption 

capacity. 

Two parameters of the Freundlich isotherm that take into account the heterogeneity of sorbents 

surface describe the cyanide adsorption better than Langmuir. These data correlated with 

previous reports on cyanide removal from solutions with Freundlich isotherms (Behnamfard and 

Salarirad, 2009; Giraldo et al., 2010; Agarwal et al., 2013). 

The comparative analysis of maximum adsorption capacity of modified adsorbents and other 

reported adsorbents for cyanide ions is presented in Table 5. From the table 5, it is clear that 

developed adsorbents showed significant adsorption capacity in comparison to other adsorbent 

materials. The obtained results exceed by three and more times compare with data reported in 

other studies. For example, Ning et al. (2013) and Uppal et al. (2017) obtained zeolite and Zn 

peroxide nanomaterials with adsorption capacity for cyanide of 0.07 and 0.08 mmol g-1, 

respectively, that are fifty times less than granulated Sufe_Al2O3 (Table 5); activated carbon 

from coconut shell obtained by Singh & Balomajumder (2016) has 20 times and other ones 

approximately 2-3 times (Moussavi & Talebi, 2012; Dwivedi et al., 2016) less effective 

adsorption capacity than modified CaFe-Cake and SuFe (Table 5). 

 



Table 5. Comparison of maximum adsorption capacity of cyanide ions from industrial 

wastewater with various novel sorbents.  

 qmax  (mmol g-

1) 

Reference 

Zeolites 0.07 (Ning et al., 2013) 

Polymeric complex 3.6 (Zheng et al., 2014) 

Zn peroxide nanomaterial 0.08 (Uppal et al., 2017) 

Modified pistachio hull 1.41 (Moussavi & Talebi, 2012) 

Prunus amygdalus (Almond) shell 

Tectona grandis (Sagwan) leaves 

1.145 

0.658 

(Dwivedi et al., 2016) 

 

Activated carbon from coconut shell 0.189 (Singh & Balomajumder, 2016) 

gCaFe-Cake_Al2O3 

 

gSuFe_Al2O3 

 

3.5 

3.8 

This work 

This work 

 

The high affinity of cyanide ions to metal cations is resulted from the strong complex formation 

with iron compounds. The complex of hexacyanoferrate(II) ions produced by the reaction of Fe2+ 

and CN- is particularly resistant and non-toxic (Eqs. 7a and 7b) (Kou ím et al., 1964). This 

complex compound has a low dissociation, which makes the reusing of developed granules 

economically unviable.  



 

 

Conclusions 

In this study, solid waste “sulfate tailing”  were used as a potential source for the development of 

efficient adsorbent for the selective removal of cyanide ions from synthetic mine water. Granular 

materials from the solid wastes were obtained with a high strength which were used for the 

selective removal of cyanide ions from acidic wastewater and it was found to be very efficient 

even for very high concentration of cyanide ions. Approximately 97% removal was obtained for 

the 300 mg L-1 cyanide solution.  

Strong ferrocyanide complex formation prevents cyanide ions desorption into the solution. 

Surface modification with ALD increased granules strength and sorption capacities of sulphate 

tailings about three and five times, respectively. Modification of adsorbent reduced the 

adsorption time of cyanide ions by 40% and also less adsorbent dose of modified adsorbent is 

needed for cyanide removal in comparison to unmodified adsorbent. Removal of cyanides with 

modified sulphate tailings followed two different mechanisms. The first is the formation of 

ferrocyanide complex from iron and cyanide ions while the second is sorption of ferrocyanide 

with aluminium oxide coated to the sorbent surface during modification with ALD. The double 

retention of cyanide ions on the modified sorbent surface is enabled to form a stable and non-

toxic cyanide complex in the solution, which can be reused as the complexing agent in the 

metallurgical industries. The removal of cyanide ions from water with sulphate tailings is a rapid 

and effective method, which allows reusing solid wastes and can be used for the treatment of 

cyanide polluted wastewater.  



 

 

 

Acknowledgements 

Finnish Funding Agency for Technology and Innovation (TEKES) is thanked for the financial 

support. Norilsk Nickel Harjavalta is thanked for providing the sulfate tailings. The authors are 

grateful to Dr. Olga Bogdanova from V.G. Khlopin Radium Institute, St. Petersburg, Russia for 

the measuring of modified granules strength. Aleksandr Mursin is acknowledged for his 

contribution in performing some experiments. 



 

References 

B. Agarwal, C. Balomajumder, P.K. Thakur Simultaneous co-adsorptive removal of phenol and 

cyanide from binary solution using granular activated carbon. Chemical Engineering 

Journal, 228 (15), (2013), pp. 655-664.  

A. Aggrawal Encyclopedia of Forensic and Legal Medicine. Encyclopedia of Forensic and Legal 

Medicine. Elsevier. (2013) http://doi.org/10.1016/B978-0-12-800034-2.00242-1 

I. Bakheeva, I.V. Medvedeva, I.V. Byzov, S.V. Zhakov, M.A. Uimin, A.E. Yermakov. Speeding 

up the magnetic sedimentation of surface-modified iron-based nanoparticles. Separation and 

Purification Technology, 188, (2017), pp. 341-347. 

 https://doi.org/10.1016/j.seppur.2017.07.053 

A. Behnamfard, M.M. Salarirad, M.M. Equilibrium and kinetic studies on free cyanide 

adsorption from aqueous solution by activated carbon. Journal of Hazardous Materials, 170 

(1), (2009), pp. 127-133. http://dx.doi.org/10.1016/j.jhazmat.2009.04.124 

J.T. Bushey, D.A. Dzombak Ferrocyanide adsorption on aluminum oxides. Journal of Colloid 

and Interface Science, 272 (1), (2004), pp. 46-51.         

M.L. Chang, L.C. Wang, H.C. Lin, M.J. Chen, K.M. Lin Investigation of defects in ultra-thin 

Al2O3 films deposited on pure copper by the atomic layer deposition technique. Applied 

Surface Science, 359, (2015), pp. 533–542.  

T. Cao, Z. Zhou, Q. Chen, Z. Li, S. Xu, J. Wang, M. Xu, T. Bisson, Z. Xu. Magnetically 

responsive catalytic sorbent for removal of Hg0 and NO. Fuel Processing Technology, 160 

(2017), pp. 158-169. 



 https://doi.org/10.1016/j.fuproc.2017.02.022 

J. Cui, X. Wang, Y. Yuan, X. Guo, X. Gu, L. Jian Combined ozone oxidation and biological 

aerated filter processes for treatment of cyanide containing electroplating wastewater. 

Chemical Engineering Journal, 241, (2014), pp. 184–189.  

R.R. Dash, C. Balomajumder, A. Kumar Removal of cyanide from water and wastewater using 

granular activated carbon. Chemical Engineering Journal, 146 (3), (2009), pp. 408–413. 

http://doi.org/10.1016/j.cej.2008.06.021 

K. Deng, C. Li, X. Qiu, J. Zhou, Z. Hou Electrochemical preparation, characterization and 

application of electrodes modified with nickel-cobalt hexacyanoferrate/graphene oxide-

carbon nanotubes. Journal of Electroanalytical Chemistry, 755, (2015), pp. 197-202. 

https://doi.org/10.1016/j.jelechem.2015.08.003 

N. Dwivedi, C. Balomajumder, P. Mondal Comparative investigation on the removal of cyanide 

from aqueous solution using two different bioadsorbents. Water resources and industry, 15, 

(2016) pp. 28-40. https://doi.org/10.1016/j.wri.2016.06.002 

C.H. Frijters, P. Poodt, A. Illiberi Atmospheric spatial atomic layer deposition of Zn(O,S) buffer 

layer for Cu(In,Ga)Se2 solar cells. Solar Energy Materials and Solar Cells, 155, (2016), pp. 

356–361. http://doi.org/10.1016/j.solmat.2016.06.016 

S.M. George Atomic layer deposition: An overview. Chemical Reviews, 110, (2010), pp. 111–

131. http://doi.org/10.1021/cr900056b 

L. Giraldo, J.C. Moreno-Pirajan Adsorption studies of cyanide onto activated carbon and -

alumina impregnated with cooper ions, (2010). http://dx.doi.org/10.4236/ns.2010.210132 



S. Golbaz, A.J. Jafari, M.  Rafiee, R.R.  Kalantary Separate and simultaneous removal of phenol, 

chromium, and cyanide from aqueous solution by coagulation/precipitation: Mechanisms 

and theory. Chemical Engineering Journal, 253, (2014), pp. 251–257.  

 http://doi.org/10.1016/j.cej.2014.05.074 

S. Hanela, J. Durán, S. Jacobo Removal of iron–cyanide complexes from wastewaters by 

combined UV–ozone and modified zeolite treatment. Journal of Environmental Chemical 

Engineering, 3 (3), (2015), pp. 1794–1801. http://doi.org/10.1016/j.jece.2015.06.023 

Y.S. Ho, G. McKay Pseudo-second order model for sorption processes. Process Biochemistry, 

34 (5), (1999), pp. 451-465. 

http://doi.org/10.1016/j.apsusc.2015.10.144 

E. Iakovleva, M. Sillanpää The use of low-cost adsorbents for wastewater purification in mining 

industries. Environmental Science and Pollution Research, 20 (11), (2013), pp. 7878–7899. 

http://doi.org/10.1007/s11356-013-1546-8 

E. Iakovleva, P. Maydannik, T.V. Ivanova, M. Sillanpää, W.Z. Tang, E. Mäkilä, S. Wang 

Modified and unmodified low-cost iron-containing solid wastes as adsorbents for efficient 

removal of As(III) and As(V) from mine water. Journal of Cleaner Production, 133, (2016), 

1095–1104. http://doi.org/10.1016/j.jclepro.2016.05.147 

E. Iakovleva, M. Louhi-Kultanen, M. Sillanpää Low-cost adsorbents for arsenic separation from 

wastewaters. In J. Bryjak, Marek; Kabay, Nalan; Rivas, Bernabe L.; Bundschuh (Ed.), 

Innovative Materials and Methods for Water Treatment, 438, (2013) CRC Press. 

C.A. Johanson The fate of cyanide in leach wastes at gold mines: An environmental perspective. 



Applied Geochemistry, 57, (2015), pp. 194-205.  

https://doi.org/10.1016/j.apgeochem.2014.05.023 

T. Jõgiaas, R. Zabels, A. Tamm, M. Merisalu, I. Hussainova, M. Heikkilä, M. Leskelä  

Mechanical properties of aluminum, zirconium, hafnium and tantalum oxides and their 

nanolaminates grown by atomic layer deposition. Surface and Coatings Technology, 282, 

(2015), pp. 36–42. http://doi.org/10.1016/j.surfcoat.2015.10.008 

O.J. Kilbury, K.S. Barrett, X. Fu, J. Yin, D.S. Dinair, C.J. Gump, D.M. King Atomic layer 

deposition of solid lubricating coatings on particles. Powder Technology, 221, (2012), pp. 

26–35. http://doi.org/10.1016/j.powtec.2011.12.021 

P. Knight Challenges in granulation technology. Powder Technology, 140 (3), (2014), pp. 156-

162. https://doi.org/10.1016/j.powtec.2004.01.008 

V. Kou ím, J. Rais, B. Million Exchange properties of complex cyanides. Journal of Inorganic 

and Nuclear Chemistry, 26 (6), (1996), pp. 1111-1115.  

http://doi.org/10.1016/0022-1902(64)80271-2 

K. Kukli, E. Salmi, T. Jõgiaas, R. Zabels, M. Schuisky, J. Westlinder, M. Leskelä Atomic layer 

deposition of aluminum oxide on modified steel substrates. Surface and Coatings 

Technology, 304, (2016), pp. 1–8. http://doi.org/10.1016/j.surfcoat.2016.06.064 

N. Kuyucak, A. Akcil Cyanide and removal options from effluents in gold mining and 

metallurgical processes. Minerals Engineering, 50-51, (2013), pp. 13–29.  

M. Leskelä, W.M. Li, M., Ritala Chapter 3 Materials in thin film electroluminescent devices. 

Semiconductors and Semimetals, 65, (1999), pp. 107-182.  



https://doi.org/10.1016/S0080-8784(08)62606-X 

T. Liu, H. Wang, Z. Zhang, D. Zhao. Application of synthetic iron-oxide coated zeolite for the 

pollution control of river sediments. Chemosphere, 180, (2017), pp. 160-168. 

 https://doi.org/10.1016/j.chemosphere.2017.04.023 

C.  Mangwandi,  M.J.  Adams,  M.J.  Hounslow,  A.D.  Salman  Effect  of  impeller  speed  on  

mechanical and dissolution properties of high-shear granules. Chemical Engineering 

Journal, 164 (2-3), (2010), pp. 305–315. http://doi.org/10.1016/j.cej.2010.05.039 

C. Mangwandi, M.J. Adams, M. J. Hounslow, A.D. Salman Effect of batch size on mechanical 

properties of granules in high shear granulation. Powder Technology, 206 (1-2), (2011), pp.  

44–52. http://doi.org/10.1016/j.powtec.2010.05.025 

C. Mangwandi, A.B. Albadarin, A.H. Al-Muhtaseb, S.J. Allen, G.M. Walker Optimisation of 

high shear granulation of multicomponent fertiliser using response surface methodology. 

Powder Technology, 238, (2013), pp. 142–150.  

C. Mangwandi, A.B. Albadarin, L. JiangTao, S. Allen, G.M. Walker Development of a value-

added soil conditioner from high shear co-granulation of organic waste and limestone 

powder. Powder Technology, 252, (2014), pp. 33–41.  

H. Marsh & F. Rodriguez-REinoso. Activated carbon. Elsevier (2006). 

G. Moussavi, S. Talebi Comparing the efficacy of a novel waste-based adsorbent with PAC for 

the simultaneous removal of chromium (VI) and cyanide from electroplating wastewater. 

Chemical Engineering Research and Design, 90 (7), (2013), pp. 960-966.  

P. Ning, J. Qiu, X. Wzng, W. Liu, W. Chen Metal loaded zeolite adsorbents for hydrogen 



cyanide removal. Journal of Environmental Sciences, 25 (4), (2013), pp. 808-814.  

I. Orak The performances photodiode and diode of ZnO thin film by atomic layer deposition 

technique. Solid State Communications, 247 (2013). 

S. Sampath, P. Maydannik, T. Ivanova, M. Shestakova, T. Homola, A. Bryukvin, V. Alagan 

Efficient solar photocatalytic activity of TiO2 coated nano-porous silicon by atomic layer 

deposition. Superlattices and Microstructures, 97, (2016), pp. 155–166.  

T. Scarazzato, D.C. Buzzi, A.M. Bernardes, D.C.R. Espinosa Treatment of wastewaters from 

cyanide-free plating process by electrodialysis. Journal of Cleaner Production, 91, (2014), 

pp. 241–250. http://doi.org/10.1016/j.jclepro.2014.12.046 

I.A. Semiokhin, B.V. Strakhov, A.I. Osipov Kinetic of chemical reactions, Book, MGU, 

Moscow, 351 (1995). ISBN 5-211-02051-6, in Russian. 

L. Seung-Mok, T. Diwakar Application of ferrate(VI) in the treatment of industrial wastes 

containing metal-complexed cyanides: A green treatment. Journal of Environmental 

Sciences, 21 (10), (2009), pp. 1347–1352. http://doi.org/10.1016/S1001-0742(08)62425-0 

R.R. Sheda Synthesis and characterization of magnetic hexacyanoferrate (II) polymeric 

nanocomposite for separation of cesium from radioactive waste solution. Journal of Colloid 

and Interface Science, 388 (1), (2012), pp. 21-30. https://doi.org/10.1016/j.jcis.2012.08.042 

J.  Shen,  H.  Zhao,  H.  Cao,  Y.  Zhang,  Y.  Chen Removal  of  total  cyanide in  coking wastewater  

during a coagulation process: Significance of organic polymers. Journal of Environmental 

Sciences, 26 (2), (2014), pp. 231–239. http://doi.org/10.1016/S1001-0742(13)60512-4 

A.M. Silva, R.M.F. Lima, V.a. Leão Mine water treatment with limestone for sulfate removal. 



Journal of Hazardous Materials, 221-222, (2012), pp. 45–55.  

N. Singh, C. Balomajumder Simultaneous removal of phenol and cyanide from aqueous solution 

by adsorption onto surface modified activated carbon prepared from coconut shell. Journal 

of Water Process Engineering, 9, (2016), pp. 233-245.  

S. Tiwari, A. Hasan, L.M. Pandey. A novel bio-sorbent comprising encapsulated Agrobacterium 

fabrum (SLAJ731) and iron oxide nanoparticles for removal of crude oil co-contaminant, 

lead Pb(II). Journal of Environmental Chemical Engineering, 5(1), (2017), pp. 442-452. 

 https://doi.org/10.1016/j.jece.2016.12.017 

H. Tiznado, D. Domínguez, F. Muñoz-Muñoz, J. Romo-Herrera, R. Machorro, O.E. Contreras, 

G. Soto Pulsed-bed atomic layer deposition setup for powder coating. Powder Technology, 

267, (2014), pp. 201–207. http://doi.org/10.1016/j.powtec.2014.07.034 

H. Uppal, S.S. Tripathy, S. Chawla, B. Sharma, M.K. Dalai, S.P. Singh, S. Singh, N. Singh 

Study of cyanide removal from contaminated water using zinc peroxide nanomaterial. 

Journal of Environmental Sciences, 55, (2017), pp. 76-85.  

B.A. Wills, J.A. Finch Wills’ Mineral Processing Technology. Wills’ Mineral Processing 

Technology. Elsevier (2016). http://doi.org/10.1016/B978-0-08-097053-0.00016-9 

Y. Xu, J. Zhang, Y. Liang, J. Zhou, J. Zhao, X. Ruan, Z.P. Xu, G. Qian, Synchronous cyanide 

purification with metals removal in the co-treatment of Zn–CN and Ni electroplating 

wastewaters via the Ni2+-assisted precipitation of LDH. Separation and Purification 

Technology, 145, (2015), pp. 92–97. http://doi.org/10.1016/j.seppur.2015.02.040 

C. Yang Statistical Mechanical Study on the Freundlich Isotherm Equation. Journal of Colloid 



and Interface Science, 208 (2), (1998), pp. 379–387. http://doi.org/10.1006/jcis.1998.5843 

X. Yu, R. Xu, C. Wei, H. Wu Removal of cyanide compounds from coking wastewater by 

ferrous sulfate: Improvement of biodegradability. Journal of Hazardous Materials, 302, 

(2016), pp. 468–74. http://doi.org/10.1016/j.jhazmat.2015.10.013 

X. Zhao, J. Zhang, J. Qu Photoelectrocatalytic Oxidation of Cu-cyanides and Cu-EDTA at TiO2 

nanotube electrode. Electrochimica Acta, 180, (2015), pp. 129–137.  

W. Zheng, Y. Wang, L. Yang, X. Li, L. Zhou, Y. Li Novel adsorbent of polymeric complex 

derived from chaleting resin with Cu(II) and its removal properties for cyanide in aqueous 

solution. Colloids and Surfaces A: Physicochemical and Engineering Aspects, 455, (2014), 

pp. 136–146. http://doi.org/10.1016/j.colsurfa.2014.04.027 

  



Publication VI 

Iakovleva, E., Sillanpää, M., Maydannik, P., Khan, S.,  Doshi, B., Kamwilaisak, K., Wang, S. 

Novel sorbents from low-cost materials modified with atomic layer deposition for acid mine 
drainage treatment. 

Submitted to  Applied Surface Science Journal 
© 2016, Elsevier 





Novel sorbents from low-cost materials modified with atomic layer deposition for acid mine 

drainage treatment 

 

Evgenia Iakovleva1, Mika Sillanpää1,2, Philipp Maydannik1, Shoaib Khan1, Bhairavi Doshi1,  

Khanita Kamwilaisak3, Shaobin Wang4. 

1Laboratory of Green Chemistry, School of Engineering Science, Lappeenranta University of Technology, 

Sammonkatu 12, FI-50130, Mikkeli, Finland 

2Department of Civil and Environmental Engineering, Florida International University, 10555, West Flagler Street, 

Miami, Florida 33174, USA 

3Department of Chemical Engineering, Khon Kaen University, 40002 Khon Kaen, Thailand 

4Department of Chemical Engineering, Curtin University, GPO Box U1987, Perth, WA 6845, Australia 

 

Corresponding author at: Laboratory of Green Chemistry, School of Engineering Science, Lappeenranta University 

of Technology, Sammonkatu 12, FI-50130 Mikkeli, Tel.: +358-50-576-1177. E-mail address: 

evgenia.iakovleva@lut.fi; evgenia.iakovleva@gmail.com (E. Iakovleva) 

  



 

ABSTRACT 

Modified and unmodified iron-based industrial by-product was applied for synthetic and real mine 

water treatment from metal (Ni (II), Cu (II), Fe (III), Zn (II)) and sulphate ions. Atomic layer 

deposition of titanium dioxide, alumina and zinc oxides with low temperature was used as an 

innovative modification method for improving physical and chemical capacities of granulated raw 

material. The structural and surface properties of unmodified and modified materials were 

analysed by scanning electron microscopy, nitrogen adsorption-desorption, energy dispersive X-

ray, and Fourier transform infrared spectroscopy. It was found that modified sorbents have better 

characteristics for removal of pollutant ions to compare with raw one. The maximum adsorption 

capacities were obtained as 645, 222, 210 and 135 mmol g-1, for modified sorbent with ZnO and 

amounted, sulphate ions and copper ions, respectively. For zinc and nickel ions it was reached 

better for RH_Al2O3 at 150 and 98 mmol g-1, respectively. The order of sorption capacity for both 

sorbent was Fe>Cu>SO4>Zn>Ni.  

Keywords 

ALD for powder modification; metal ions removal; sulphate ions removal; solid wastes reusing. 

  



 

  



1. Introduction 

Reusing of industrial wastes is the main challenge for the current industry, environment, and 

science [1-6]. Universal and selective sorbents manufactured from industrial solid wastes is one of 

the field for the utilising of wastes that has been researched intensively in recent years [7-16]. 

Reducing of water consumption by its reusing and water treatment with new methods is also an 

important task that is solved by a collaboration of research institutes and industry. Mine industry 

is one of the largest consumers of water [13-14]. Acid mine drainage (AMD) is one type of mine 

water and formed from underground waters that flow to the dump after exploration of ore, and this 

is one of the most serious threats to the environment. The chemical composition of AMD depends 

on the composition of the ores. Most of the contaminants of AMD are sulfates and pollutants ions, 

such as iron, copper, zinc, manganese, arsenic, and nickel [15-16]. Compared with existing 

methods of AMD treatment, such as wetland and reactive barriers [17-19], coagulation [20-21] 

and separation processes [22-23], sorption is one of the low-cost and efficient method for many 

contaminants removal from water [24-26].  

Selection of sorbents for AMD treatment is a relevant objective. Acidic neutralization of mine 

water with the subsequent removal of polluting ions is a basic ideology for many water treatment 

methods. However, neutralization of AMD can lead to the precipitation of metals in the form of 

insoluble salts, which increase the solid wastes. A good solution to this problem can be a sorbent, 

which can treated mine water by complexation excluding precipitation. Iron-based sorbents 

fabricated from solid industrial wastes have a perfect ability to remove arsenic, metal ions and 

certain cations from acid liquids without precipitation [27-32]. Synthesis of sorbents from 

industrial solid wastes for removal of various pollutants from wastewater is research interest in 

recent years for recycling of solid wastes [7-16]. Solid waste from Ekokem Ltd Finland consisting 



of iron compounds was chosen as a potential sorbent for AMD treatment from Fe (III), Ni (II), Cu 

(II), Zn (II), and sulphate ions. The raw material was granulated before testing for the further 

possibility of using this sorbent for industrial purposes. Famously, the problem of granulation is 

to obtained granules with high strength and resistance to water, while preserving the properties of 

the raw materials, such as porosity and high sorption capacities. According to the previous results, 

the granulation of powder form of sorbents carried out with a mixture of polyvinyl acetate (PVAc) 

and acetone [33]. This adhesive allows obtaining granules with good strength while maintaining 

the porosity of the material.  

Granulated sorbents should be modified according to the compliance with requirements for the 

sorbents, such as stability to the treatment liquids, efficient capacity to remove necessary 

pollutants, preservation of granules strength after wettability, a large number of cycles.  Deposition 

of metal oxides could allow to increase the strength of granules, but also should improve sorption 

capacities of adsorbent due to additional functional groups on the surface. Chemical deposition of 

metal oxides is divided to different categories according to the liquid [33-37] and vapor precursors 

[38]. For modification of granulated sorbent, we can use only vapor precursors, because the 

granulated material does not have sufficient strength after wettability tests, as previously shown 

results [33]. There is two methods, chemical vapor deposition (CVD) and atomic layer deposition 

(ALD). Although CVD is considered cheaper and easier compared to ALD, it has certain 

restrictions on temperature limitation and control of the layer thickness, unlike ALD. The film 

thickness and quality are controlled more accurately by ALD [38]. According to our previous 

results [32], modified RHs with deposition of Al2O3 and TiO2 have a good affinity towards removal 

of both forms of arsenic from mine water.  



In this study, deposition of Al2O3, TiO2, and ZnO on the surface of the granulated sorbent was 

applied. The temperature for the deposition of aluminum oxide and titanium dioxide was decreased 

compared to previous research [32]. Low temperature (LT) (100 oC) was applied for the deposition 

of ZnO. Development of more pure films with less thickness is occurred by high process 

temperature and quite a few papers reported about ALD with LT for different metal oxides 

deposition [38-39]. In this case, a costly methodology is more important than physical properties 

of deposited films. Therefore, less temperature for the deposition of chosen oxides was applied in 

this research work. To our knowledge there is not any study focused to metal oxides ALD with 

low temperature to surface of powder or/and granules, that can be applied as multifunctional 

sorbents for mine water treatment. 

In this study, physical and chemical properties of modified granules were researched and compared 

with each other and with the initial material. Raw and modified sorbents were studied for the 

treatment of synthetic and real AMDs from nickel, copper, zinc, iron and sulphates ions. Ions 

competitions during synthetic and real mine water treatment were also researched. 

2. Materials and methods 

Chemical composition of solid industrial waste (RH) is shown in Table 1. This material was 

essentially based on sulphur, calcium and iron compounds. RH was milled to form uniform size 

of 0.2 mm powder before granulation. The obtained powder was washed with distilled water and 

dried at 80 oC for 12 h. 

The  synthetic  AMD  was  prepared  from  ZnSO4 7H2O, NiSO4 6H2O, CuSO4 5H2O and 

Fe2(SO4)3 5H2O (Merck,  99%) with Milli-Q ultrapure water. The real AMD was obtained from 

a sulphide Finnish mine from depths of 270, 500 and 720 m. The chemical composition of real 



AMD and the final concentration of ions were determined by inductively coupled plasma atomic 

emission spectroscopy (ICP-OES) and high-performance liquid chromatography (HPLC) for 

metal and sulphate ions, respectively (Table 2). ICP-OES spectrometer iCAP 6000 Series, Thermo 

(UK) was used for determination of Zn (II), Ni (II), Cu (II) and Fe (III) with the detection limits 

and spectral absorption lines at 0.2 ppm and 202.5 nm; 0.5 ppm and 231.6 nm; 0.4 ppm and 324.7 

nm; 0.1 ppm and 259.9 nm; 2ppm and 188.9 nm, respectively. The concentration of sulphate ions 

was tested by high-performance liquid chromatography (HPLC), Shimadzu (Japan). Shodex IC 

column SI-50 4E (4.0 mm ID x 250 mmL), conductivity detector, solution of 3.2 mM Na2CO3 and 

1 mM NaHCO3 as mobile phase, with flow rate 0.7 ml min-1. 

Table 1. Chemical composition of raw RH (XRF results). 

Element wt % 

Si 0.2 

S 17.6 

K 0.3 

Ca 14.4 

Mn 0.27 

Fe 7.2 

 

 

 

 

 

 



Table 2. Chemical composition of real AMD. 

Level Cu Zn Fe Ni Sulfate Redox pH 

m mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 E  

270 110 2000 905 8.9 20120 444 2.6 

500 76 5900 3400 2.8 61600 440 2.3 

720 14 242 53 1.3 3470 422 3.2 

 

3. Production of sorbents 

The granulation of raw material was carried out using polyvinyl acetate (PVAc) and acetone 

(Merck UK) as a binder. The recipe for the binder preparation was used from the previous study 

[33].   ALD  of  TiO2, Al2O3 and ZnO thin films to granulated sorbent was carried out using a 

TFS500 ALD reactor (Beneq Oy, Finland). The precursors, such as trimethyl aluminium Al(CH3)3 

(TMA), titanium tetrachloride (TiCl4) and diethyl zinc (C2H5)2Zn for modification of material 

surface with ALD, were obtained from a Finnish company, Volatec Ltd. Table 3 shows the optimal 

conditions of the deposition process. The number of cycles was increased from 300 to 500 for both 

deposition processes (TiO2 and Al2O3), compared with the previous study [32] (Iakovleva et al., 

2016). The pulse time was doubled for each cycle, which allowed to significantly reduce the 

temperature of the process from 350 to 220 oC and from 200 to 150 oC  for  TiO2 and Al2O3 

deposition, respectively. Deposition of ZnO was carried out with 100 oC. Monocrystalline silicon 

<100> substrate (Si-Mat, Germany) was placed into the reactor together with the powder sample 

in order to extract information regarding film thickness deposited onto the substrate surface. Once 



the process was finished, the film thickness was measured using spectroscopic ellipsometry (M-

2000, J.A. Woollam Co.).  

Table 3. The basic conditions of ALD of TiO2, Al2O3 and ZnO on the surface of RH powder. 

 TiO2 deposition 
 

Al2O3 deposition ZnO deposition 

Precursors TiCl4 H2O 
 

TMA H2O (C2H5)2Zn     H2O 

Pulse time, 
sec 

 

1.2 0.5 2 4       1.8               2   

t oC 
 

220 150 100 

Pressure, 
mbar 

 

6.5 6.5 6.5 6.5         6.5              6.5 

Cycles 
amount 

500 500 500 

    
 

4. Characterization of materials 

4.1. Spectral and physical characterisations 

Crystalline structure characterization of RHs was provide with XRD (PANalytical Empyrean 

powder diffractometer). The measurements were performed between  scanning range of 10-120  

with a 0.007  step size and 69 s of measurement time for each step under ambient temperature and 

pressure. 

The particle size and their distribution of the material were obtained using a dispersion analyser 

LUMiSizer 610/611 (LUM GmbH). The unmodified and modified sorbents were also 

characterised by nitrogen adsorption-desorption at 77 K using a TriStar 3000 (Micromeritics Inc., 

USA). The specific surface area and pore size of the samples were calculated using the Brunauer-

Emmett-Teller (BET) theory. 



Morphology of unmodified and modified sorbents was studied with a scanning electron 

microscope (SEM, Nova Nano SEM 200, FEI Company). The experiment was carried out in low 

vacuum condition in a secondary electron mode.  

FTIR spectra of adsorbents were collected with a Bruker Vertex 70v spectrometer in the mid-

infrared region (4000–400 cm–1) at 124 scans with 4 cm–1 resolution.  

Granules strength was measured from diametric compression of the single granules with 

compressor Instron 4505 (Instron Industrial Products, UK). After measuring it was calculated 

using Eq. (1): 

= 2.8           (1) 

where Fi, Newton is a compressive force of granules strength by i times; D, mm is a diameter of 

granules. 

The film thickness of modified sorbents was controlled using the data from Spectroscopic 

Ellipsometry (J.A.Woollam Co, Inc, USA) from a silicon wafer. 

4.2. Batch adsorption experiments 

Synthetic and real AMDs were used for batch adsorption tests in triplicate with the mixing of 

unmodified and modified RHs by a mechanical shaker ST5 (CAT M.Zipper GmbH, Staufen, 

Germany) 0.5 to 72 h. The initial concentration of pollutant ions varied from 5 to 3470 mg L-1, 

according to experiments. The sampling of 10 mL solution carried out according to experiments 

for control of ions concentrations by ICP-OES and HPLS for metal and sulphate ions, respectively. 

All samples were filtered with 0.20 µm polypropylene filters. The systematic error of results did 

not exceed 3%.  



The percentage adsorption (%) was calculated as 

%Adsorption = (Ci – Ct) * 100/ Ci,         (2) 

where, Ci is an initial concentration of pollutant ions and Ct is a final concentration of the ions 

treatment. 

5. Results and discussion 

5.1. Raw and modified sorbents characterization 

The crystalline structure of unmodified and modified sorbents was obtained with XRD analyser. 

The raw RH material contains around 14% of Ca, 7% of Fe and 17% of S. Sulphur may desorb to 

treated water and will cause the secondary pollution. Preliminary desorption study of modified 

materials has shown, that the sulfur availability was not observed on the solution after 720 h for 

RH_ZnO. However, a slight desorption of sulfur onto solution was observed for raw RH and 

modified RH_TiO2 and RH_Al2O3. The absence of sulfur was also confirmed with FTIR on the 

surface of modified sorbents RH_TiO2 and RH_Al2O3. Series of adsorption peaks from 1120 to 

1160 cm-1 corresponding to the sulfur compounds are detected on the surface area of modified 

sorbents (RH_Al2O3 and RH_TiO2), however, with a lower intensity compared to the raw material 

(Table 4). It can be assumed that sulfur trioxide is formed by heating of the sorbent during the 

modification by the following reaction: 

( ) + 3          (3) 

Solid sulfur trioxide is an unstable polymeric compound with a low melting point, which forms a 

sulfuric acid upon contact with water. According to obtained results, all modified sorbents were 

washed with water in order to avoid re-contamination of treated water with sulfuric acid.  



Table 4. Band assignment of the FTIR spectra of raw and modified materials. 

 

 

The successful modification of the granules surface is confirmed by the analysis of the chemical 

composition of the surface with FTIR. New peaks that are located between 980 – 1000 and 610 – 

611 cm-1; and between 450 – 800 cm-1, respectively, confirm the presence of aluminum and 

titanium oxides on the surface of modified sorbents. Peaks between 420 and 500 cm-1 are due to 

ZnO on the RH surface after modification with (C2H5)2Zn. The peaks observed between 2850 and 

3000 cm-1 on the initial material, can be corresponded to the stretching vibration of hydroxyl 

groups. Those peaks are disappearing on the modified sorbents, that indicating the possible 

Adsorbent Wave number, cm-1  

O-S-O Si-O-Si O-Si-O H-O-H O-Ti-O Al-O O-Al-O Zn=O 

1120-

1160 

600-

661 

466-

473 

1620-

1690 

450-

800 

980-

1000 

610-611 437-500 

RH + + + +     

RH_TiO2 + + + + +    

RH_Al2O3 + + + +  + +  

RH_ZnO  + + +    + 



chemical reaction between –OH groups of raw materials and precursors for deposition of metal 

oxides (TMA, TiCl4 and (C2H5)2Zn) by ALD. 

Doubling the number of ALD cycles compared to our previous experiments, resulted in an almost 

doubled decrease of surface area of all modified sorbents. However, the pore diameter of modified 

sorbents is increased significantly (Table 5). The decreasing of the specific surface area of 

modified sorbents simultaneously with increasing of pore diameter can be explained by the fact 

that micropores were blocked during the ALD process, resulting in a decrease of specific surface 

area and total pore volume. The same effect was described by Onn et al. (2017) [39]. In our 

previous study [32], the surface area of modified RH was increased. The opposite results may be 

due to the fact that in this research the number of cycles was increased and the temperature of the 

reaction was reduced.  

Table 5. The pore size and specific surface area of unmodified and modified sorbents. 

Sorbent RH RH_TiO2 RH_Al2O3 RH_ZnO 

Specific surface area, m2 g-1 54 23 31 11 

Total pores surface area, m2 g-1 51 20 29 10 

Total pores volume, cm2 g-1  0.14 0.12 0.11 0.05 

Pore diameter, nm 11.1 23.9 15.3 19.0 

 

It can be seen in SEM images (Fig.1), the metal oxide films on the surface of modified sorbents 

cannot be called a uniform, as it should be in case of deposition to a silicone plate. However, 



aluminum oxide is located most uniformly and presented as a dense film with a large number of 

pores with the diameter not more than 20 nm, which was confirmed by BET analysis (Fig 2 and 

Table 5). Some fields of modified RHs are highlighted with circles on Fig. 1b, 1c, and 1d, which 

are corresponded to metal oxide films.  

 

Figure 1. SEM images of a) unmodified RH, b) modified RH with TiO2, c) modified RH with 

Al2O3, d) modified with ZnO. 

Data of reference Si wafer is confirmed the growth of film thickness to 0.19, 0.4 and 0.3 nm per 

cycle for Al2O3, TiO2, and ZnO, respectively, and these results correlated with previous 

publications [10, 39, 41](Singh et al., 2016; Mura no et al., 2016; Cheng et al., 2017).  



 

Figure 2. BET analysis of unmodified and modified RHs. 

Figure 3 illustrated the X-ray diffraction patterns for the raw RH as matched with [ICSD 98-002-

7221] related to gypsum compared with modified RHs with [ICSD 98-003-0267], [ICSD 98-015-

4604] and [ICSD 98-008-4004] of Al2O3, TiO2, and ZnO, respectively. As can be seen from the 

Figure 3, the structure of initial material RH was changed after modification. All the peaks of 

modified RHs are assigned to Al2O3 (Fig. 3a), TiO2 (Fig. 3b), and ZnO (Fig. 3c), respectively. The 

intensity of the peaks that correspond to the crystalline structure of the raw RH is significantly 

increased or excused. The average crystallite sizes of indicated peaks of modified sorbents are 40.8 

nm, 36.4 nm and 145 nm for RH_ Al2O3, RH_ TiO2, and RH_ZnO, respectively. These values are 



correlated with the data obtained by measuring of the thickness of films and they amounted 95 nm, 

200 nm, and 150 nm, respectively for RH_Al2O3, RH_TiO2, and RH_ZnO. It was calculated by 

following Equation 4: 

=            (4) 

where, rG is a growth rate of film per cycle; NC is a number of ALD cycles. 

5.2. Possible reaction mechanisms of ALD process 

To understand ALD process, a knowledge of the surface chemistry involved is required. According 

to the chemical composition of this material, the mechanism of interaction between silica oxide 

and basic precursors, as TiCl4, TTC, and (C2H5)2Zn most likely have a place to be, as mentioned 

by other researchers [42-43] (Kubala et al., 2009; Ritala et al., 1993). The possible chemical 

reactions of the surface species at oxide bridge sites of silica are proceeded in three stages. The 

first one is a reaction between the hydrolytic group of surface and the functional groups of based 

precursor, such as Cl-, CH3
- and C2H5

- for TiCl4, TTC and (C2H5)2Zn, respectively (Fig. 4a,  4b 

and 4c stage 1). The second reaction corresponds to a purge by water molecules and the formation 

of new hydroxyl groups on the surface, which are involved in the layering of the second row of 

metal oxide by next cycles (Fig. 4a, 4b and 4c stages 2 and 3).  

 



 

Figure 3. XRD profiles of unmodified and modified RH sorbents. 



 

Figure 4. Reaction mechanisms of RH coating of Al2O3 (a), TiO2 (b) and ZnO (c) with ALD. 



 

Figure 5. Effect of dosage of RH, RH_TiO2 and RH_Al2O3 for removal of SO4
2- (a), Ni2+ (b), Zn2+ 

(c), Fe3+ (d) and Cu2+ (e) from synthetic solution with initial concentration of sulphate ions at 3.5 

g L- and metal ions at 100 mg L-1. 



5.3. Synthetic and natural AMD treatment 

The adsorption of unmodified and modified materials was examined with synthetic and natural 

AMD solutions for removal of SO4
2-, Fe3+, Cu2+, Ni2+, and Zn2+. 

5.3.1. Optimisation of adsorbent amount and contact time  

An equilibrium of the system for metal and sulphate ions was reached with the mass of modified 

adsorbent at 2 g L-1. At the same time, the optimal mass of unmodified sorbent was 40 g L-1, that 

20 times more than for modified RH (Fig. 5).  

The optimisation of contact time was researched with the initial concentration of SO4
2- was 3470 

mg L-1; Ni2+, Zn2+, and Cu2+ was 100 mg L-1 and 1000 mg L-1 for Fe3+. The initial amount of all 

adsorbents was 10 g L-1.  The equilibrium was reached after 48 h for RH_Al2O3 and RH_TiO2 

modified sorbents. The pollutants removal were similar for RH_Al2O3 and RH_TiO2 sorbents and 

amounted around 70% for sulphate ions and 99% for metal ions (Figures 6 (a & b)). The best 

results were found for RH_ZnO sorbents that treated synthetic AMD from metal and sulphate ions 

almost completely (Figure 6 (c)). The equilibrium for RH_ZnO was reached after 6h. The initial 

pH of was 2.5 and it was changed from 2.5 to 6 during 12h [32, 44-45].  

The most effective removal of metal ions has been observed with the similar pH by many 

researchers [12, 46-48]. Initial pH of sorbents is around 3 (Table 2), the pH of the treated solution 

should be higher than this value for the better removal of metal ions. The opposite is true for 

sulphate ions, which are present as anions in solution and remove better at less than 6 pH. However, 

better sorption capacity for sulphate ions was observed at 6 pH also. This could be the effect of 

competitions between sulphate and metal ions in complex solution.  

 



 

Figure 6. Removal of sulphate and metal ions with modified adsorbents (a) RH_TiO2, (b) 

RH_Al2O3 (c) and RH_ZnO. 



 

A dependence of zeta potential on pH is shown in Figure 7. Unmodified and modified sorbents 

have a positive value of zeta potential in the acid range. In this case, the isoelectric point for all 

sorbents lies at between pH 3-4. The highest adsorption capacity for all sorbents occurs at 6 pH, 

when zeta potential lies out of the isoelectric point and has value around -10 mV for RH_Al2O3 

and RH_TiO2 and -15 mV for RH_ZnO. The similar pattern for relationship of pH, zeta potential, 

and adsorption efficiency was observed by many other researchers [49-51]. 

 

Figure 7. Dependence of zeta potential on pH during of unmodified and modified RHs. 

Rates of chemical processes for removal of iron, copper, zinc, nickel and sulphate ions with both 

modified sorbents were studied by pseudo-first-order (PFO) (Eq. 5) and pseudo-second-order 

(PSO) (Eq.6) models. 



= ( )  (5) 

= ( )   (6) 

where dq is the average concentration of adsorbed phase (mmol g-1), qe is the concentration of 

adsorbed phase at equilibrium (mmol g-1), t is the experimental time, k is the kinetic constant. 

The sorption process of sulphate and metal ions for modified sorbents was described better with 

the pseudo-second-order than with pseudo-first-order model, excepting removal of zinc, copper 

and iron ions by RH_Al2O3 (Table 6). Removal of these metal ions was fitted better with pseudo-

fist-order model. It can point to the fact, that adsorption of mentioned ions was performed by 

physisorption, through their entering into the pores of the sorbent or by complex formation with 

sorbent functional groups [31, 52]. Pseudo-second-order model indicates the more complex 

process between sulphate and nickel ions with RH_Al2O3 and all ions with RH_TiO2 and RH_ZnO. 

The possible reaction mechanism of pollutant ions with sorbents will be described below. 

5.3.2. Adsorption isotherms and reaction mechanisms of pollutants removal 

The Langmuir adsorption isotherm (Eq. 7) was used for describing the equilibrium between the 

adsorption of pollutants on the sorbent surface. 

=     (7) 

where, qe  and qm are sorption capacities (mmol g-1) at equilibrium and maximum, respectively; Ce 

is the concentration of pollutant ions in the solution (mmol L-1) at equilibrium; KL is Langmuir 

constant related to the sorption energy.   

 



Table 6. Pseudo-first- (PFO) and pseudo-second-order (PSO) parameters for metal ions adsorption 

on modified sorbents RH_Al2O3, RH_TiO2 and RH_ZnO. 

 Ci 

mmol 

L-1 

qe exp 

mmol 

g-1 

qe mmol g-1 K2 g mmol h-1 R2 

  PFO PSO PFO PSO PFO PSO 

RH_Al2O3 SO4
2- 36.2 2.24 2.34 2.90 0.08 0.03 0.96 0.97 

 Ni2+ 1.69 0.17 0.18 0.23 0.06 0.21 0.94 0.94 

 Zn2+ 1.54 0.15 0.16 0.20 0.07 0.35 0.96 0.93 

 Cu2+ 1.56 0.16 0.16 0.19 0.09 0.46 0.97 0.94 

 Fe3+ 17.86 1.79 1.83 2.16 0.11 0.05 0.98 0.94 

RH_TiO2 SO4
2- 36.2 2.24 2.77 3.39 0.09 0.03 0.97 0.98 

 Ni2+ 1.69 0.17 0.18 0.23 0.06 0.24 0.95 0.95 

 Zn2+ 1.54 0.15 0.16 0.19 0.08 0.04 0.96 0.97 

 Cu2+ 1.56 0.16 0.16 0.19 0.11 0.60 0.97 0.99 

 Fe3+ 17.86 1.79 1.83 2.15 0.12 0.06 0.96 0.99 

RH_ZnO SO4
2- 36.2 2.24 2.81 3.20 0.10 0.09 0.94 0.99 



 Ni2+ 1.69 0.17 0.18 0.19 0.06 0.21 0.93 0.98 

 Zn2+ 1.54 0.15 0.16 0.17 0.07 0.35 0.87 0.98 

 Cu2+ 1.56 0.16 0.16 0.17 0.09 0.46 0.90 0.99 

 Fe3+ 17.86 1.79 1.83 1.92 0.09 0.05 0.92 0.99 

 

The parameters were calculated with minimisation of the error distribution between experimental 

and predicted data by Marquardt’s percent standard deviation (MPSD): 

, ,

,
   (8) 

Langmuir isotherm parameter qm shows the number of adsorbent site that actively interacts with 

the pollutant ions [53]. This parameter increases for all pollutants after modification of raw RH 

with both methods. The number of sites which participate in the adsorption of ions is much higher 

for SO4
2- (645 mmol g-1). It is about 200 mmol g-1 for copper and iron ions, except for nickel and 

zinc ions (about 100 mmol g-1) (Table 7). 

The K coefficient is the affinity between sorbate and adsorbent. The following affinity was 

obtained between the adsorbents and adsorbates according to Langmuir theory:  

Fe2+ > Cu2+ > SO4
2- > Zn2+ > Ni2+  

This order is confirmed by many researchers [46, 55-56], and the similar correlation was observed 

in our previous work [9].  

 



Table 7. Isotherm parameters for unmodified and modified RHs during AMD treatment process. 

  Ce 

(mmol L-1) 

qe exp  

(mmol g-1) 

qe model  

(mmol g-1) 

KL 

(L mmol-1) 

R2 

Langmuir       

RH SO4
2- 47.4 11.72 11.24 18.68 0.74 

 Ni2+ 1.69 0.11 0.10 9.01 0.70 

 Zn2+ 1.54 0.20 0.19 12.03 0.75 

 Cu2+ 1.56 0.39 0.40 21.09 0.82 

 Fe3+ 1.78 0.75 0.72 25.12 0.87 

RH_Al2O3 SO4
2- 47.4 650 622 20.15 0.82 

 Ni2+ 1.69 98 100 10.17 0.85 

 Zn2+ 1.54 150 145 12.05 0.84 

 Cu2+ 1.56 201 204 20.22 0.87 

 Fe3+ 1.78 225 215 26.30 0.90 

RH_TiO2 SO4
2- 47.4 623 620 21.30 0.95 

 Ni2+ 1.69 85 83 9.6 0.85 

 Zn2+ 1.54 137 136 12.5 0.85 



 Cu2+ 1.56 190 185 20.3 0.90 

 Fe3+ 1.78 215 210 25.7 0.93 

RH_ZnO SO4
2- 47.4 645 632 20 0.97 

 Ni2+ 1.69 87 85 10 0.90 

 Zn2+ 1.54 135 137 12 0.91 

 Cu2+ 1.56 210 225 22 0.95 

 Fe3+ 1.78 222 234 28 0.98 

 

The complexation and ion-exchange mechanisms take place during the metal and sulphate ions 

removal in this experiments. The unmodified and modified RH contain silicate compounds, which 

can react with ions by following reactions: 

+ +     (9a) 

+ + +   (9b) 

The addition of aluminium, titanium and zinc oxides onto the surface of sorbent allows a 

significant increase of ions removal (Fig. 5). It can be due to the appearance of additional 

functional groups, which also participate in the removal of ions from solution. As it is known that 

activated alumina (Al2O3) is a highly porous commercial sorbent with a surface area more than 

200 m2 g-1 used for the removal of various pollutants [2, 57-58]. Titanium dioxide has a lower 

chemical reactivity than activated alumina, however, its porosity and big surface area also 



contribute to the application for the removal of various pollutants from water [59]. Zinc oxide has 

unique physical and chemical properties, such as high electrochemical coupling coefficient and 

chemical stability that have to indicate it as a potential effective material for the sorbent. Therefore, 

the increase of pollutant ion removal depends on the increase of the sorbent surface area and the 

presence of additional functional groups.  

5.3.3. Real AMDs treatment with modified RHs 

Removal of ions from real AMDs was conducted by the batch method at ambient temperature for 

720 h with 2 g L-1 of modified sorbents. Removal of ions from real AMD was conducted by the 

batch method at ambient temperature for 720 h with 2 g L-1 of modified sorbents. AMD from depth 

720 m was treated more efficiency than other ones (Fig 8). It can be explained by competitive ions 

removal from AMD with a higher concentration of all remove pollutants. Increasing adsorbents 

concentration and sorption time did not increase removal efficiency. Equilibrium occurred at the 

optimal sorption time (48 h) and sorbents concentrations of 2 g L-1 for RH_Al2O3 and RH_TiO2. 

The lower sorption capacity of both sorbents for real AMD compared to synthetic solutions could 

be due to complex composition of real AMD. Other ions can act as competitors during the 

adsorption process, such as chloride, ammonium and some trace amount of metal ions. However, 

it was found, that RH_ZnO has equilibrium for removal of all pollutants even after 10 h. RH_ZnO 

more efficiently also for removal all pollutants to compare with other modified RHs. 

5.4. Economic feasibility analysis of novel sorbents. 

Cost estimating of sorbents is a main the operational cost of water purification with adsorption. 

The total cost of the preparation of 1 kg of novel sorbents was calculated according to the 

pretreatment and modification stages of raw materials. Since these sorbents are aimed to be applied 



and produced by local mine industries, the electricity consumption was calculated based on the 

Finnish price (0.18 € kWh). However, it should be mentioned, that the electricity cost in developed 

countries is much lower, therefore, the final price can be decreased. The prices of novel sorbents 

were compare with the previously manufactured by ALD sorbents [32] and with the most common 

sorbents [60], such as iron oxide (more than 1000 € per kg), activated carbon (500-1000 € per kg), 

and alumina (300-500 € per kg), and iron oxide (Table 8). It can be seen, the changes of the 

parameters of ALD modification, that were implemented in previous paper [32], allowed the 

reduction of the cost of the sorbents by several times, compared to the data obtained in this work. 

A comparative analysis of prices of adsorbents shows that the developed adsorbents are ten times 

cheaper than commercial ones. The modification with ALD increased the price of 1 kg modified 

sorbents from 0.5 to 20 times, however the price remains less than that of the commercial sorbents. 

Table 8. Comparative price analysis of novel sorbents.  
 

 Prewashing 
and drying, 

€ per kg 

Granulation 
and drying, 

€ per kg 

Modification 
with ALD, 
previous 
research 

(Iakovleva et 
al., 2016), € 

per kg 

Modification 
with ALD 

(this 
research), € 

per kg 

Total 
price, 

previous 
research, 

(Iakovleva 
et al., 

2016) € 
per kg 

 

Total 
price 
(this 

research), 
€ per kg 

RH_Al2O3 1.50 1.00 9.50 1.60 12.00 4.10 
 

RH_TiO2 1.50 1.00 53.20 8.80 64.70 11.30 
 

RH_ZnO 1.50 1.00 - 1.50 - 4.10 
 

  



 

6. Conclusions 

Novel iron-containing sorbents from an industrial solid waste were produced with ALD 

technology for TiO2, Al2O3, and ZnO coating. The optimal sorption parameters were estimated 

with synthetic AMD. The optimal time (48 h for TiO2 and Al2O3, and 10h for RH_ZnO) and 

sorbent concentration (2 g L-1) were determined with a batch method. The maximum sorption 

capacities of RH_Al2O3, RH_TiO2, and RH_ZnO were around 650, 200, 200, 150 and 100 mmol 

g-1 for removal of SO4
2-, Fe2+, Cu2+, Zn2+, and Ni2+, respectively. The sorption process was carried 

out using complexation and ion-exchange mechanism. The deposition of TiO2, Al2O3, and ZnO on 

the surface of granulated sorbents sufficiently increased the sorption capacities of raw material for 

real AMD treatment. The modified sorbents could be used for real AMD treatment with a high 

capacity for some pollutants. RH_ZnO shown higher adsorption capacities for real AMD treatment 

and equilibrium was observed even after 10 h, that about five times faster to compare with other 

modified sorbents. 

Considering that the lower temperatures were used for deposition of metal oxides in this work and 

modified with ZnO and Al2O3 sorbents showed perfect capacities for removal of ions from real 

mine water, the ALD modification cost was lower in comparison with previously published results. 

According to the comparative analysis of prices for commercial sorbents and the ones developed 

during this work, it can be confirmed that the novel new sorbents are more cost effective than the 

commercial ones. Novel sorbents can be recommended for the further experiments for real AMD 

treatment by columns.  
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