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Abstract 

The development of the mining industry has led to an increase in the environmental impacts generated by the industry. 

Mining influenced waters have a severe impact over the surrounding aquatic environment as the waters may contain 

pollutants in dissolved and particulate form, such as heavy metals and metalloids. The severity of these impacts is 

dependent on, among other factors, the hydrological characteristics of the receiving water bodies as well as the mine 

water composition. Among the numerous methods that have been developed for mining water purification, adsorption 

via biosorbents has proven to be an effective and sustainable option. A number of biosorbent materials have been 

extensively studied for their metal adsorption capacity such as bark, seaweed, modified cotton, lignin, and peat, 

among others. In Finland, peat is of interest because it is widely available. Although natural peat has been found to 

possess high sorption capacity for metal and metalloids, a variety of treatments (physical, chemical, etc.) have also 

been investigated aiming to increase sorption capacity or to modify chemical and/or physical properties that can 

improve its application as a sorbent. It is important to note that although several studies have reported on the sorption 

capacity of natural and modified peat, these studies have been mostly conducted in a laboratory scale and used 

synthetic water samples. Only a small number of purification systems using peat as a biosorbent have been reported 

in pilot-scale or full -scale scenarios. There is therefore a lack of knowledge regarding the suitability of peat as a 

biosorbent for metal removal from real water samples containing a mix of contaminants. Furthermore, there is a need 

for reports describing the performance of peat in pilot systems simulating real applications. 

The main objective of this thesis was thus to evaluate the suitability of using peat as a sorbent for the purification of 

mine process and drainage waters in two pilot-scale purification systems. Another objective was to evaluate the effect 

of the systems design parameters over metal removal and use the obtained results to conclude on the viability for 

full -scale applications. For this purpose, a mix-and-settling system and a horizontal filter system were tested using 

natural and chemically modified peat as sorbents and real drainage water was collected from a mining site in Northern 

Finland. 

A factorial design was used in the planning of experiments to evaluate the effect of operational factors (sorbent type, 

dose, mixing intensity and mixing time) in a mix-and-settling system. The purification efficiencies achieved in the 

system showed removal efficiencies as high as 80% for Ni and 68% for As, when a high dosage of natural peat was 

combined with high levels of mixing time and mixing intensity. Further statistical analysis showed that sorbent dose 

was the most influential factor affecting purification efficiency. Two small-scale horizontal filters were built (three 

compartments, sand-peat-sand) to evaluate the suitability of natural and modified peat as sorbent agents in such 

systems. High removal rates of selected metals was achieved, e.g., Ni with 98% and 96% of removal in the modified 

and natural peat filters respectively and As 87% removal by the natural peat filter. Removal efficiency at the end of 

test period was still satisfactory although it decrease treated water volume in both pilots (20-30%). Low hydraulic 

conductivity of peat makes the scaling-up of the filter system to a full- scale application non-viable, as the required 

retention times would be excessively high for this purpose. 

Overall peat proved to maintain its adsorption properties when applied to pilot-scale systems, with the mix-and-

settling system showing to be a promising technology for the purification of mine influenced waters. Nevertheless, 

concerns such as the improper mixing of peat in the system and poor settling of particles need to be solved before 

full -scale application can become a reality.  
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1 INTRODUCTION  

Regardless of the on-going economic crisis, the mining industry continues to grow to 

supply the increasing global demand for minerals. In Finland, the mining industry has 

been on the rise in the last decades with over 2 million metric tons of minerals being 

extracted in 2014, which represented a value of 5.339 million USD to the Finnish 

economy (World Mining Data, 2016). However, although mining activities play an 

important role in economic and social aspects, it is well known that as the mining industry 

grows the environmental impacts related to extraction activities also increase.  

Despite mining techniques and processes having improved throughout the years, mining 

still imposes severe impact to the environment. Environmental impacts related to mining 

activities occur during the set-up of the mine, its operation and after its closure. It may 

affect: the atmosphere by the release of fine particles, gas emissions and noise pollution; 

the soil through the change of physical and chemical properties; the water by the 

disturbance of the fluvial dynamics and hydrologic regime, and the contamination of 

receiving water bodies by mine water that carries dissolved and particulate pollutants. 

(Lottermoser, 2010 pp. 3-7) These environmental impacts may have a significant 

detrimental effect on the surrounding ecosystems.  

Of interest here, are the impacts to water resources. Water is employed in mining for the 

extraction and on-site processing of minerals, dust suppression and coal washing. Once 

the water has been utilized during these processes or has been in contact with the mine 

area, its composition changes as it will now contain dissolved and particulate pollutants. 

Some of the most severe environmental impacts associated with mining derived 

wastewater, come from the generation of acid mine drainage (AMD). AMD is caused by 

the exposure of certain minerals to oxygen and water, which translates into the oxidation 

of sulfide minerals. (Lottermoser, 2010 pp.122-126). Even though AMD generation 

occurs naturally, mining activities promote its production by increasing the exposure of 

sulfide minerals.  
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The quality of wastewater flows from mining activities can vary significantly depending 

on local conditions (soil, climate, hydrology, etc.), mine type, extraction process used, 

etc. These wastewater flows, especially AMD, can be very acidic and contain high 

concentrations of dissolved metals and other hazardous pollutants therefore they required 

adequate purification processes (Balasubramaniam and Panda, 2014). Some of the 

commonly apply water purification processes in mining are: chemical precipitation, ion 

exchange, membrane filtration, coagulation and flocculation, adsorption, etc.  

The purification process that is the focus of this work is adsorption, which has been 

proved an efficient method for metal removal. Activated carbon (AC) based adsorbents 

are widely used due to their high efficiency for metal uptake because of their high surface 

area. However, the continuous increase in the cost of activated carbon sorbents and the 

impacts related to the energy intensive production and recovery processes has driven 

research to focus on the quest for low cost and more sustainable sorbents. (Marsh & 

Rodriguez, 2006 pp. 467) A large number of studies have been conducted focusing on 

low cost adsorbents such as agricultural and industrial wastes, industrial byproducts and 

natural substances.  Among these, biosorbents have proved to be a low cost and highly 

effective material, making biosorption a main research focus in the recent years. (Fu & 

Wang, 2010)  

Biosorption is a physicochemical process where certain biomass properties allow the 

concentration and bounding of contaminants to its cellular surface, the process is much 

similar to conventional adsorption and simple in its operation (Chojnacka, 2010). 

Biosorbents may be any type of biological material that possess biosorptive properties, to 

this day a vast variety of biomass has been studied in search for low cost biosorbents that 

possess high biosorptive properties. Bailey et al. (1999) reported on the adsorption 

capacities of a number of low-cost biosorbents abundant in nature, such as bark, seaweed, 

modified cotton, lignin, and peat, among others. Of interest to our research is peat, which 

is abundant in Finland with peatlands covering a total area of 9.3 million hectares 

(Geological Survey of Finland, 2011) of the Finnish surface area.  Peat has been shown 

to possess a high sorption capacity for metals, such as cadmium (Cd), copper (Cu), iron 

(Fe), manganese (Mn), nickel (Ni) and zinc (Zn), from solution (Champagne et al. 2005). 

Chemical modification via acid and other treatments can also be used to improve natural 

peat sorption capacity or its physical properties to improve its usability as a sorbent 
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material (Kuupusamy et al. 2009). However, most studies report findings obtained in 

laboratory studies (e.g., Kalmykova et al. 2008; Kuupusamy et al. 2009).  Thus, there is 

a clear need for pilot to full-scale investigations, which can truly evaluate the potential of 

peat as a sorbent for metal removal from wastewater streams.  

The objective of this thesis was thus to evaluate the effectivity of peat as sorbent material 

in two different purification systems in pilot scale. Natural peat and chemically treated 

peat were used in a mix-and-settling and on a horizontal filter systems treating real 

drainage water collected from a mining site in Northern Finland. The goal was to 

investigate the suitability of the tested systems for the purification of drainage water when 

peat was the sorbent of choice. The aim was also to evaluate the effect of the systems 

design parameters on metal removal and use the obtained results to conclude on the 

viability of the tested systems and applied sorbents for full -scale applications.  
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2 MINING WATER QUALITY , IMPACTS AND 

PURIFICATION  

As the mine industry continues to expand so does its water consumption and the waste it 

generates. Total global production reached 17 269 688 784 tonnes of minerals in 2015 

(World Mining Data, 2017) with a waste production estimated at 20 000 - 25 000 tonnes 

each year (Lottermoster, 2010) and a water usage estimated to be between seven and nine 

billion cubic meters each year (Gasson, 2011).  The mining industry is the second largest 

consumer of water after the power generation industry (Gasson, 2011). Mining industry 

consumes water through multiple processes such as mineral processing, 

hydrometallurgical processes, for cooling in pyrometallurigical processes, transport of 

ore and wastes, dust suppression, dewatering of mines and other less water consuming 

activities such as domestic use in administration buildings (Prosser et al, 2011).  

Over the last decades, a number of actions have been applied in the effort to reduce, reuse 

and recycle the water use in the mining activities, but there is still a significant volume of 

water that ends up being discharge in water bodies. The discharged mining wastewater 

(process or drainage related) contains dissolved and particulate matter that can result in 

an increase in sedimentation and the change in temperature, turbidity and composition of 

receiving water bodies which can have a harmful impact on the aquatic ecosystem 

(Younger & Wolkersdorfer, 2004). Knowledge about the mining wastewater composition 

is essential when determining the best purification method to apply, before the discharge 

into a water body occurs (Lottermoster, 2010).  

2.1 Mining water quality  

The quantity and quality of water discharging from mining sites has developed into a 

major hydrological and geochemical issue as mining industry continues to grow. Mining 

water is a complex problem to tackle, as there is not a typical mining water composition. 

This is because there are several different factors that affect the water composition such 

as: the type of ore being mined, the hydrometallurgical process used, the type of additives 

applied in the process, etc. (Lottermoster, 2010).  According to McLemore (2009), the 

most common characteristics of mining wastewaters are high acidity; high concentrations 

of sulfate, iron, manganese and aluminum; presence of zinc, arsenic, cadmium, copper, 
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lead and mercury; and in a less frequent occurrence nickel, antimony, cobalt and 

selenium. An important issue related to water discharging from mining areas is the 

formation of AMD which generates when sulfide bearing materials are exposed to oxygen 

and/or water, and although this process occurs naturally, mining can increase the amount 

of sulfides exposed hence promoting the formation of AMD. 

2.2 Impacts of mining water in receiving water systems  

There are multiple potential environmental impacts of mining, which can be divided in 

land surface, biological, hydrological, air quality, and societal impacts (McLemore, 

2009).  Of interest to us are the possible impacts to the aquatic environment from mining, 

which in some cases are not immediate but gradual and possibly acute. In general, the 

severity of the impacts generated by the pollutants released from mining waters will be 

dependent on different factors: the persistence of the pollutant in the water, the degree of 

toxicity to the organisms living in the surrounding ecosystems, bioaccumulation and 

biomagnification by the same organisms, and other indirect effects (Younger & 

Wolkersdorfer, 2004).  

Persistence of the pollutants refers to their continuous bioavailability, thus persistence 

gives a good valuation of how toxic pollutants can be (Skeaff et al, 2002). Since metals 

tend to associate in the sediment and in the suspended material, the degree to which the 

settling of particles occurs can also have an effect on their impact.  Pollutants that have 

been generated from mining can have a negative effect not only in the immediate 

receiving area but also in a wide radius, if the flow velocity of the water bodies are high 

enough to prevent particles from settling.  

Toxic effects vary vastly among the organisms living in the surrounding ecosystems 

affected by mine waters. While primary producers and decomposers usually have a high 

tolerance for high concentrations of metals and do not show adverse effects, organisms 

higher in the food chain starting from herbivores and detrivores have a lower tolerance 

for metals ingested and can show adverse effects as well as organisms that feed on them 

such as a variety of fish. Bioaccumulation is the process of accumulation of substances 

by an organism in a way that it can reach higher concentrations than the ones in its 

surroundings or in the organisms that were ingested. Bioaccumulation varies greatly 
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between species as organisms use different mechanisms to deal with the hazardous effects 

of different pollutants and different organisms excrete or store pollutants in its tissues in 

different ways. As bioaccumulation, biomagnification refers to the increase of a pollutant 

concentration, but in this case the increase of the pollutant level occurs through the trophic 

food chain. (Younger & Wolkersdorfer, 2004)  

Mine influenced waters contain heavy metals which are likely to accumulate in organisms 

and as concentrations become higher the possibility of becoming toxic and/or 

carcinogenic increases (Fu & Wang, 2011). This toxicity of heavy metals tend to increase 

with higher temperatures and lowering of oxygen content (Younger & Wolkersdorfer, 

2004). Metalloids, also present in mine-influenced waters, may accumulate in plant and 

animal tissues. Metalloids such as Arsenic are considered carcinogens and exposure to 

high concentrations of its different compounds can also lead to acute or chronic 

arsenicosis (Saha et al., 1999). 

This multiple environmental effects have raise awareness on the importance of removing 

contaminants from mine waters before discharging them into water bodies. Several 

guidelines have been redacted to prevent contamination of water bodies,  

Impacts of acid mine drainage  

Impacts caused by AMD are among the most significant impacts caused by the mining 

industry. Gray (1997) encompassed the most common environmental effects caused by 

AMD derived from the mining of different minerals and categorized them into four 

different groups: chemical, physical, biological and ecological. Shown in Figure 1 (Gray, 

1997).  
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Figure 1. AMD environmental effects (Gray, 1997, p. 63) 

2.3  Common purification methods applied in mining water purification 

Multiple methods exist for the purification of mine waters, the application of a particular 

method depends on multiple variables such as the volume of effluent, composition of the 

mining water, operational costs, regulations, among others. Some of the most commonly 

used methods are chemical precipitation, ion exchange, coagulation and flocculation, 

membrane treatment and adsorption.  

Chemical precipitation 

Chemical precipitation is a simple and effective technique were a reagent is added to the 

polluted waters and reacts with positive ions, such as heavy metals, to form an insoluble 

precipitate. The precipitated is later removed by other processes such as sedimentation 

and/or filtration. Chemical precipitation is one of the most popular methods used in 

wastewater and mine water treatment due to its effectivity in removing Zn, Cu, Cr, Pb, 
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Hg, Cd, Mn and Mg with removal efficiencies above 99% in synthetic wastewaters (Fu 

& Wang, 2010). Among the disadvantages of using chemical precipitation are the large 

quantities of chemicals used and the large quantities of sludge generated. 

Ion exchange   

Ion exchange is a process used extensively in water purification to remove heavy metals, 

soften water and remove other charged pollutants such as nitrates, sulfates, fluorides, 

among others. The process of ion exchange consists in passing the water through an ion 

exchange resin, which has the ability to exchange its ions with the pollutants dissolved in 

the water, by interacting its positive or negatively charge functional groups with the 

anions or cations from the pollutants. (Keller, 2005). 

Ion exchange continues to be one of the most used processes in water treatment due to its 

high removal efficiency, fast kinetics and high treatment capacity (Fu & Wang, 2010). 

Some of the disadvantages of using this technology are the high operational costs and the 

poor selectivity of the resins, which makes the removal of some pollutants, such as 

arsenic, hard to achieve (Kurniawan et al, 2006).  

Coagulation and flocculation 

Coagulation is the process of chemical destabilization of colloidal particles in suspension; 

the process is widely used in treatment of different types of wastewater. Removal of 

contaminants is achieved by the addition of coagulant chemicals into the polluted water. 

The coagulant is added under turbulent mixing to facilitate its spread within the water 

mass. Coagulants have opposite charges to the colloidal suspensions, which due to its 

electrical charge repel each other, once the charges are neutralized the particles are 

capable of agglomerating and of forming microflocs. (MRWA, 2003) 

Chemical and physical characteristics of water have a central impact on the coagulation 

process and the type and amount of coagulant required for the process to work efficiently 

(Bratby, 2006). Some of these characteristics are concentration and nature of colloids, 

pH, alkalinity and temperature (Bratby, 2006). The type and dosage of coagulant needed 

are dependent on the water characteristics and on the desired removal efficiencies. Metal 

salts of iron and aluminum are the most commonly used coagulant agents around the 
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world.  Other used coagulants are natural and synthetic organic polymers, lime, activated 

silica, etc. (Bratby, 2006). 

After the addition of coagulants primary particles are formed. For an effective solid/liquid 

separation, these primary particles need to agglomerate and form larger particles called 

flocs. This is achieved in the subsequent process called flocculation. It consists in the 

introduction of slow mixing, allowing the primary particles to collide and agglomerate. 

This agglomeration increases the size of the flocs, which later can be removed using a 

solid/liquid separation process such as flotation, sedimentation or filtration (Tripathy and 

Rajan, 2006).  

Membrane treatment 

Membrane systems have proven to be efficient processes in wastewater treatment, 

especially in waters contaminated by heavy metals such as mining waters. It consists in 

flowing water through membranes that only allow certain ions to pass through its pores. 

The different membrane systems used for wastewater treatment are microfiltration, 

ultrafiltration, nanofiltration, reverse osmosis and electrodyalisis. (Fu & Wang, 2010) 

Adsorption 

Adsorption is an effective method for water treatment. In the adsorption process particles 

and dissolved molecules in solution attach to the surface of the sorbent in its adsorption 

sites. Depending on the type of adsorbent used and the compounds being adsorbed, 

different adsorption mechanisms may take place during this process. Some of the most 

common types of adsorbents used for water treatment are activated carbon adsorbents, 

zeolites, carbon nanotubes, biosorbents and some other low cost adsorbents, such as 

industrial and agricultural waste adsorbents. (Fu & Wang, 2010) 

2.4 Biosorption  

Biosorption has become a promising process as a water treatment technology, proving 

effective in the removal of heavy metals (Fu & Wang, 2010). Biosorption is a complex 

process, due to the variety of chemical compounds that are present in the biosorbents used 

and the multiple sorption mechanisms involved. Examples of sorption mechanisms are 
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physisorption, chemisorption, microprecipitation and ion exchange, being this last one the 

most essential for metal binding. (Chen, 2016).   These mechanisms and their effectiveness 

are strongly affected by different factors such as pH, temperature, composition and 

concentration of the sorbate in the water, and type and concentration of the bioadsorbents 

used (Chen, 2016).    

2.4.1 Biosorbents 

There is a wide range of organic material that has been studied for its potential as 

biosorbents and their capacity for removing pollutants from wastewaters (Table 1). 

Typical biosorbents can be classified as following: bacteria, fungi, algae, industrial 

wastes, agricultural wastes and other polysaccharide materials (Vijayaraghavan and Yun, 

2008). From this different types of biosorbents the usage of non-living biomass, such as 

peat, has shown some advantages over living organisms (bacteria, fungi, algae) especially 

because of the lower costs, as the toxicity of the pollutants removed do not affect its 

performance as well as not needing a continuous feed of nutrients (Bailey, 1999; Fomina 

& Gadd, 2014).  

Table 1. Removal efficiencies of different biosorbents, tested with different pollutant 

concentrations  

Biosorbent Pollutant 

Pollutant 

concentrations 

(mg/l) 

Removal efficiency 

(%) 
Reference 

Bacteria 

(Escherichia 

coli)  

Cr 13   57  85 å 61  55  35 

 Quintelas et al., 

2009 

Cd 8   54   81 å 90  79  80 

Fe 6   43   77  100   100   100 

Ni 11  63   88  å85   84   83 

Yeast 

(Saccharomyce

s cerevisiae) 

Cd 562 65.3 

Mapolelo and 

Torto (2004) 

Cu 317.73 50.7 

Pb 1036 50.2 

Zn 326 47.6 

Algae 

(Caulerpa 

lentillifera) 

Cd 11,24 å62 
Pavasant et al., 

2006), 
Cu 6,35 å70 

Pb 20.70 å96 

Eggshell 

(natural) 

Cd 17 24 

Jai et al., 2007 Cr 451 30 

Pb 16.5 - 20.6 86-100 

Peat (natural) 
Cu 20   50   200 97.4   56.5   20.9 

Ho et al., 1995 
Ni 20   50   200 61.6   40.9   15.2 
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2.4.2 Peat as a sorbent for metal removal 

Peat has been widely studied for its capacity to adsorb a variety of dissolved substances 

such as metals and polar organic molecules, making it a valuable resource for wastewater 

treatment. It presents a variety of advantages over other biosorbents due to its low cost 

and ready availability, especially in regions on the northern hemisphere where the largest 

peat deposits are to be found. (Brown et al, 2000)  

Sometimes referred as a precursor of coal, peat is a complex material that forms in poorly 

oxygenated wetlands (Clymo, 1987). Its main constituents are lignin, cellulose and 

different humic substances. The functional groups of lignin are: alcohols, aldehydes, 

carboxylic acids, ketones, phenolic hydroxides and ethers that together with the 

functional groups of the humic substances which are: carboxyl, hydroxyl and carbonyl, 

are responsible for the sorption properties of peat (Couillard, 1994). This is because of 

the interactions that occur between these functional groups with metals ions and other 

polar molecules, which happen through different processes such as ion exchange, 

chemisorption, surface adsorption, complex formation (Brown et al, 2000).  

Peat sorption capacity is dependent of multiple factors, being pH the most important of 

them as lower pH values can cause the protonation of its sorption sites, thus reducing its 

capacity to retain metal ions (Bartczak et al., in press; Couillard, 1994). Other important 

factors that have proven to affect peatôs sorption capacity are: the composition of the peat, 

properties of the pollutants in the water to be treated, contact time and surface area of 

contact (Brown et al, 2000).  

Peat modification 

The capacity of peat functional groups to bind with different ions will determine, in great 

scale, the efficiency of its sorption capacity. This is also true for other types of 

biosorbents. Multiple studies have been done regarding the modification of some of the 

physicochemical properties of biosorbents, aiming at increasing their natural sorption 

capacity (Gautam et al., 2014). Modifications on the following properties: pore size and 

distribution, pore volume and functional groups on the sorbents surface area; have shown 

positive results enhancing the biosorbents sorption capacity (Ruthven, 1984, pp. 5-6; 

Gautam et al., 2014). Biosorbent modification can include chemical, physical and 
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biological modifications, with chemical modification being the most popular (Gautam et 

al., 2014).  

Chemical modification or pre-treatment of peat has shown positive results regarding the 

increase in the metal removal, for treatments using alkaline solutions (Bulgariu et al., 

2011) and acidic solutions (Leiviskä et al, in press). Bulgariu et al (2011) reported 

removal efficiency values of 87-99.8% for Pb, 76-99% for Co and 64-98% for Ni in 

solutions with metal concentrations of 0.41 to 4.05 mmol/l, using a chemically NaOH 

modified peat dosage of 5 g/l.  Leiviskä et al (in press) obtain similar removal efficiencies 

for Ni, with >98% and 79-93% of removal, at doses of 2 g/l and 0.5 g/l respectively, using 

HCl modified peat in a 10 mg/l of synthetic Ni solution. Both experiments used a batch 

technique with constant mixing and retention time of 24h.  

2.5 Purification systems using sorbents 

Multiple purification systems involving sorbents have been studied in the treatment of 

mine waters, industrial waters, landfill leachate, etc... (Fu & Wang, 2010; Acheampong 

and Lens, 2014; Kängsepp et al, 2008). Sorbents such as activated carbon had been widely 

use in systems involving different purification techniques such as filter beds, mixing 

reactors, etc. (Modin et al. 2011; Margot et al., 2013). Low cost sorbents such as zeolites, 

sugar beet pulp, algae, yeast, peat, among others (De Gisi et al., 2016), have shown 

promising results in water treatment using purification techniques such as channels 

(MatŊjkov§ et al., 2015) mixing reactors treatment (Reddad et al., 2003), continuous 

packed bed reactors (Kumar et al., 2016) and filters (Kängsepp et al, 2008). Techniques 

such as mixing reactors rely on the efficient dispersion of the sorbent particles into the 

solution to be treated (Guibal et al., 2005), whereas techniques such as filters and channels 

rely on the proper fixation or attachment of the sorbents to the system or its walls, through 

which the solution to be treated flows (MatŊjkov§ et al., 2015). A recurrent issue that has 

stopped the proliferation of sorption technologies is the difficulty to separate the sorbate, 

such as heavy metals, from the sorbent so it can be reused multiple times. Another issue 

is the recovery of the sorbent, when not in a fixed bed, to prevent it from escaping the 

solution in combination with the effluent. (Tsezos, 2001). 
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Treatments involving biosorbents, have received special attention as they are considered 

low cost solutions, especially in combination with passive treatments methods, which 

depend on naturally occurring processes and do not require the input of energy and 

chemicals, thus lowering its operation and maintenance costs (Younger & Wolkersdorfer, 

2004). 

A comparison between the efficiency of purification systems using different biosorbents 

in pilot-scale or real-scale scenarios is difficult to conduct, as there are only few studies 

that report experiments in such a scale. Also, due to the significant number of factors 

(water properties, contact time, etc.) which have to be taken into account as they have a 

big effect on the sorbents performance (Westholm et al., 2014; De Gisi et al., 2016), a 

straight comparison between reported studies is mostly not possible.   

Peat in purification systems 

Even though multiple studies have shown the potential of peat as an efficient biosorbent 

in the removal of pollutants from wastewater, there is very little information available on 

purification systems using peat as a sorbent in pilot-scale or real-scale scenarios (Keränen 

et al. 2016). To aid in a better understanding of the performance of peat in different 

purification systems, Table 2 shows some of the purification efficiencies achieved by 

different real-scale and pilot-scale studies. Some laboratory scale studies have also been 

included for a better comparison. 
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Table 2. Removal efficiencies and/or adsorption capacity achieved by different 

purification methods using peat as a biosorbent. 

Purification 

method 

Sorbent Type of 

solution 

Pollutant 

removed 

Removal 

efficiency (%) 

and/or 

adsorption 

capacity (mg/g) 

Reference 

Pilot-scale 

Vertical 

filter tanks   

Modified 

peat granules 

(APTsorbTM) 

 

Stormwater  Cr 

Cd 

Zn 

99% 1.35 mg/g  

93% 0.57 mg/g 

85% 1.34 mg/g 

Eger et al., 

2012  

Pilot-scale 

Peat 

biofilter 

Peat AMD As 

Cu 

Fe 

Mn 

Ni 

Zn 

20 ï 28 % 

31 ï 40 % 

-668 ï 59% 

-715 ï 40% 

13 ï 34%  

10 ï 17%  

Clyde et al., 

2016  
 

 

Bench-scale 

Column 

filter test 

Peat Synthetic 

AMD 

solution  

Fe 

Al  

Cu 

Ni 

Mn 

Cd 

Zn 

96% 

88% 

99% 

40 - 100% 

18 - 100% 

26 - 100% 

37 - 100% 

Champagne 

et al., 2005 

Bench-scale 

Fixed bed 

columns 

Peat Landfill 

leachate 

Cd 

Ni 

50.5 ï 78.6 % 

64.9 -83.8 % 

Champagne 

& Li, 2009 

Column 

filter test 

Peat Synthetic 

sulfide mine 

leachate 

Cu 

Cd 

Fe 

Ni 

Zn 

80% 

75% 

51% 

70% 

77% 

Ringqvist et 

al., 2002 

Batch tests Iron modified 

peat 

Arsenic 

solution 

As 98% 15.1 mg/g Ansone et 

al., 2013 
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Table  2. (continuation)    
 

Purification 

method 

Sorbent Type of 

solution 

Pollutant 

removed 

Removal 

efficiency (%) 

and/or 

adsorption 

capacity (mg/g) 

Reference 

Batch tests Natural peat 

Iron modified 

peat  

Arsenic 

solution 

As 0.1 - 0.4 mg/g 

0.6 ï 5.3 mg/g 

Ansone et 

al., 2012 

Lab-scale, 

mixing in 

beaker 

Peat humic 

agent 

Acid mine 

drainage 

Fe 

Al  

Zn 

Cu 

Cd 

Pb 

Ni 

Co 

21 - 95 % 

17 ï 99.9 %  

11 ï 99.9 % 

8 ï 99.9 % 

8 ï 99.9 % 

98 % 

3 ï 95 %  

5 ï 94 %  

Bogush & 

Voronin, 

2011 

 

As previously mentioned peat presents various advantages over other biosorbents as it is 

cheap and abundant particularly in the northern hemisphere. In addition to this, it tackles 

one of the aforementioned issues recurrent in biosorbents, the difficulty of separation 

between sorbate and sorbent, as it is considered an energy source and after its usage in a 

purification system it could possibly be burned to produce heat and electricity. It is worth 

to mention that studies have shown that some metals, such as Fe, Cr, Mn and Ni, among 

others, have a catalytic effect in the combustion of peat (Aho et al., 1991). 
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3 MATERIALS AND METHODS  

During the study, the suitability of the peat as sorbent material (natural peat and 

chemically modified peat) for the purification of mining wastewater was evaluated in two 

different, pilot scale, treatment systems: (1) a mixing and settling system; (2) a horizontal 

flow filter.  

3.1  Water quality  

The water samples to be treated were collected from a mine site in Northern Finland. The 

mining water collected consisted of a mixture of drainage water from open pits and 

underground mining. Water was collected in two occasions, first in April  2016 and it was 

used in preliminary laboratory batch experiments where the sorption capacity of used 

sorbents was evaluated. Procedure followed is described in Gogoi et al. 2017. This first 

sample was also used during the evaluation of the mix and settling system. A second 

sample was collected in October 2016, where approximately 900 liters of water were 

collected. In both occasions, the water was pump from the ditch network (prior to wetland 

treatment) into 35 l plastic gallons, which were acid wash beforehand to prevent any 

contamination.  

The mining water utilized during the mixing and settling system evaluation was stored in 

a cold room at 5-10 °C. While the mining water utilized for the evaluation of the 

horizontal filter was first stored outdoors (average temperature 4 °C ) in individual gallons 

(until 26.10.2016) and then transferred to a 1m³ container at room temperature (15-20 °C) 

until the end of the pilot operational period (23.12.2016). A pump was introduced into 

the 1m³ container to provide constant mixing preventing the sedimentation of particulate 

matter.  

Prior to the start of both experiments, water quality analyses of the untreated mining 

drainage water were conducted. In the case of the evaluation of the horizontal filter 

system, two analyses of the raw water were made, one at the beginning of the pilot filter 

operational period (1st sample) and another after three weeks of operations (2nd sample). 

This was done to monitor changes in water quality and to reduce the possibility of errors 

when evaluating purification efficiency. Analyses conducted at the in-house laboratory 
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were: suspended solids (SS): (1.2 µm filtration); SFS-EN 872:2005; turbidity: EN 

27027:1994 (Hatch Ratio/XR Turbidity meter); electric conductivity and pH (EC) SFS-

EN 27888:1993 (WTW Universal meter Multiline P4 with sensor WTW TetraCon 325) 

and temperature: SFS-EN 13037:1994 (WTW Universal meter); dissolved organic carbon 

(DOC) analyses were performed using the Sievers 900 Portable TOC Analyzer, samples 

were filtered (0.45 µm) prior to analyses and the manufacturerôs instructions were 

followed. While analyses of Ni, As, Sb, Fe, Al and Mn were performed by a certified 

laboratory according to the standard method (SFS-EN ISO 17294-2:2005). Water quality 

characteristics of used samples are shown in Table 3. 

Table 3. Mix-Settling system (filtered sample) and horizontal filter system (unfiltered 

sample), mining water characteristics. 

Parameter 

Mix -Settling 

system Mining 

water (filtered)  

Horizontal Filter 

system Mining 

water  (1st sample, 

unfiltered) 

Horizontal Filter 

system Mining 

water  (2nd  sample, 

unfiltered) 

pH 7.92 - - 

Turbidity (NTU) 6.58 - - 

Electric Cond.  

(mS/cm) 
2.31 - - 

Temp. (°C) 16.2 16.8 18.1 

SS (mg/l) - 35.20 0.0 

DOC (mg/l) - 0.642 - 

Ni (µg/l) 127 101 90 

As (µg/l) 15.9 31.9 26.7 

Sb (µg/l) 163 232 231 

Fe (µg/l) 6.2 13.8 6.1 

Al (µg/l) <5.0 7.2 8.4 

Mn (µg/l) 1470 14.9 1.1 
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3.2 Sorbent characteristics 

The peat utilized as biosorbent was obtained from Stora Enso Veitsiluoto in Kemi, 

Finland. Peat was manually grinded into powder, using a mortar and pestle, and then 

sieved to achieve a particle size of 90-250 ɛm. This was the treatment that the ñnatural peatò 

utilized in the experiment received. Modification of the grinded and sieved natural peat was 

subsequently accomplished via chemical treatment using hydrochloric acid (HCl) via a 

procedure fully described in Gogoi, 2016. It involved the exposure of the peat to the acid at 

controlled temperature and the subsequent washing of the material with deionized water and 

drying (oven dried at 60 °C). Sorbent characterization analyses carried out by Gogoi et al 

(2017) in a collaborating project, showed that no identifiable changes to the sorbent surface 

could be seen via Fourier transform infrared spectroscopy (FTIR). It also reported, as 

expected, the presence of hydroxyl and carboxylic groups and hydrogen bonds in the sorbents 

surface. X-ray photoelectron spectroscopy (XPS) also carried out by Gogoi et al (2017) 

showed that natural peat and HCl treated peat, from now on refer to as ñmodified peatò, 

contained mainly carbon and oxygen with small amounts of nitrogen, sulfur and iron. 

3.3 Mixing and settling pilot system 

The main objective of this experiment was to investigate the suitability of peat as 

biosorbent for metal removal applied in a mixing and settling system. Furthermore, the 

goal was to identify the effect of a number of process parameters or factors on purification 

efficiency. A full 2k factorial experimental design was employed to investigate the 

influence of multiple factors that could affect the system efficiency and, through this, 

select the optimum parameters which provide the highest removal of metals contained in 

the sampled waters (Table 3). 

The experiments were performed using a jar test equipment (Figure 2). The experiment 

consisted on the mixing of a pre-selected sorbent type and dosage to 1l of mining drainage 

water for a controlled (intensity and time) mixing period followed by a pre-determined 

sedimentation period. Samples of supernatant water were then extracted and analyzed.  

Removal of concerning substances achieved in all experimental runs were evaluated and 

the complete data set submitted to statistical analysis using the SPSS statistical software. 

In addition, the settling characteristics of the added particulate sorbents was also 

evaluated.   
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3.3.1 Design of experiments  

Design of experiments (DOE) is a statistical tool that helps to identify and quantify the 

causes of an effect in an experimental study. In a DOE one or multiple factors are 

manipulated to measure their effect upon a response variable. One of the most popular 

experimental strategies used in DOE is the factorial design, a design that allows the 

examination of the effects of multiple factors and their interactions. (Montgomery, 2009) 

The effect of a factor is defined as a change in the response variable produced by the 

variation in the level of that factor, averaged over the levels of all other factors. When the 

observed effect is only due to changes in the level of one of the factors, it is called main 

effect. On the contrary when the observed effect from variations in the level of one factor 

is dependent on the level of one or more other factors it is defined as an interaction effect. 

(Montgomery, 2009) 

For the experiment, a 2k full factorial design (FFD) was used in the planning of the 

experimental procedure where four k factors (factors A, B, C and D) were varied at two 

levels (low and high). These resulted in 16 treatment combinations, which were 

conducted in two replicates totalizing 32 experimental runs. This design evaluates the 

effect of four main factors A, B, C and D and their 11 interactions AB, AC, AD, BC, 

ABCé ABCD. 

The 16 treatment combinations are presented in standard order or Yateôs order 

(Montgomery, 2009): (1), a, b, ab, c, ac, bc, abc, d, ad, bd, abd, cd, acd, bcd, abcd. The 

design matrix for the 24 design, following Yateôs order, is shown in Table 4 where the ñ-

ò and ñ+ò notations are used to represent the low and high levels of the factors. In this 

representation, the appearance of the low sentence case letter (a, b, c or d) signifies the 

application of the high level of that factor, while the absence of the letter signifies the 

application of the lower level. For example, the treatment combination identified as ñabò 

corresponds to a treatment where factors A and B are at their high levels. The notation 

(1) is used to describe a treatment where all factors are applied at a low level. 

(Montgomery, 2009) 
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Table 4. 24 factorial design matrix 

 Factor 

Treatment 

combination 
A B C D 

(1) - - - - 

A + - - - 

B - + - - 

Ab + + - - 

C - - + - 

Ac + - + - 

Bc - + + - 

Abc + + + - 

D - - - + 

Ad + - - + 

Bd - + - + 

Abd + + - + 

Cd - - + + 

Acd + - + + 

Bcd - + + + 

Abcd + + + + 

 

Determination of factors and factors levels 

Based on the main characteristics of previously studied systems and on results from the 

preliminary laboratory study (Gogoi et al., 2017), four factors were selected to be 

evaluated as well as the low and high levels of these factors to be applied. Factors to be 

evaluated were: sorbent type (A), sorbent dose (B), mixing time (C) and mixing intensity 

(D). The selected low and high levels of each factors are presented in Table 5.  

Table 5. Factors and their selected low and high levels in the 24 factorial design 

  Levels 

Parameter Factor Low High 

Sorbent type A Natural Modified 

Biosorbent dosage (g/l) B 0.250 2.0 

Retention time (min) C 10 60 

Mixing intensity (rpm) D 40 300 
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Table 6 presents the treatment combinations of the 16 experimental runs conducted in 

two replicates. To prevent the influence of experimental procedure on the obtained 

results, the two replicates of the 16 experimental runs were conducted in a randomized 

order.  

Table 6. Experimental runs and treatment combinations 

Treatment 

combination 
Run 

Biosorbent 

type 

Biosorbent 

dosage (g/l) 

Retention time 

(min) 

Mixing intensity 

(rpm) 

(1) 1 Natural  0.25 10 40 

A 2 Modified 0.25 10 40 

B 3 Natural  2.00 10 40 

Ab 4 Modified 2.00 10 40 

C 5 Natural  0.25 60 40 

Ac 6 Modified 0.25 60 40 

Bc 7 Natural  2.00 60 40 

Abc 8 Modified 2.00 60 40 

D 9 Natural  0.250 10 300 

Ad 10 Modified 0.250 10 300 

Bd 11 Natural  2.0 10 300 

Abd 12 Modified 2.0 10 300 

Cd 13 Natural 0.250 60 300 

Acd 14 Modified 0.250 60 300 

Bcd 15 Natural 2.0 60 300 

abcd 16 Modified 2.0 60 300 

 

3.3.2 Jar test  

The mixing and settling experiments were performed utilizing the jar test procedure and 

using a Flocculator 2000 equipment, a six-jar programmable paddle stirrer from Kemira 

Kemwater (Figure 2).  The jars used in the test were 1 l beakers with a dimension of 18 x 

9 cm (height x diameter).  
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Figure 2. Jar test equipment 

The 32 experimental runs were carried out according to the following jar test procedure: 

1. The jars were filled with 1 liter of untreated mining water at a temperature of 20 

± 2 ǓC. 

2. A 25 ml suspension was prepared by adding 25 ml of deionized water to a 

centrifuge tube with the corresponding biosorbent type and dose for each 

treatment combination. The suspension was mixed manually.  

3. The mixing intensity and retention time of the treatment combination to be run 

were programmed in the equipment. 

4. The suspension containing the biosorbent was added to the water samples in the 

jar. 5-10 ml of deionized water were used to wash the centrifuge tube to ensure 

all the biosorbent was added to the jar. Once the entire biosorbent dose was added, 

the mixing was started.  

5. After the mixing period concluded, the stirrers were removed and a 30 minute 

sedimentation time was given before supernatant water samples were collected 

from 1-2 cm below the water surface. 
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Sampling 

1. After the sedimentation time concluded, 200 ml of supernatant water were 

transferred to a plastic bottle. 

2. From the 200 ml samples, 50 ml were filtered using a 0.45 µm syringe filter into 

a different sample bottle. In addition, 0.25 ml of nitric acid (HNO3, 65%, Merck) 

were added to preserve the water samples for the metal analysis.  

3. The remaining 150 ml were used to measure pH, temperature, EC and turbidity of 

each sample. 

3.3.3 Statistical analysis 

The statistical analysis of the factorial design consisted in evaluating the effect of the 

factors on the response variables selected over the 16 experimental runs. The selected 

response variables were the residual concentration of As and Ni. The magnitude and 

direction of the factor effects and their interactions was calculated using an orthogonal 

contrast (OC) approach and the significance of the observed effects was evaluated via 

analysis of variance (ANOVA). 

Selection of response variables 

The selection of the response variables for the statistical analysis was made taking under 

consideration the residual metal concentration (µg/l) found in the samples of all 

experimental runs. For this, a preliminary comparison of the metal removal efficiency 

(MRE - Equation 1) achieved was performed and the compounds which presented the 

highest removal efficiencies during the 16 experimental runs were selected. These 

compounds were As and Ni. 

MRE = 
╒ ╒►

╒►
ᶻ           (1) 

where: C0 is the initial metal concentration (µg/l) in filtered mining water sample and Cr 

is the residual metal concentration (µg/l) in filtered treated samples.  
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Analysis of factors effect  

To estimate the effect of a factor, the contrast associated with that effect must be 

determined first. The method described by Montgomery (2009) was use to apply the 

algebraic signs (Table 4) in the determination of contrasts (Equation 2). 

ContrastA,BéK ὥ ρ ὦ ρȣ Ὧ ρ         (2) 

where: A,B,éK is the factor effect. 

When expanding Equation 2, ordinary algebra is used with ñ1ò being replaced by (1) in 

the final expression. The signs inside the parenthesis are negative or positive depending 

if the factor is included in the effect (negative) or not included in the effect (positive). To 

exemplify this the contrast of AB in a 23 factorial design is considered (Equations 3 and 

4): 

ContrastAB  ὥ ρ ὦ ρ ὧ ρ    (3) 

ContrastAB  ὥὦὧὥὦ ὧ ρ ὥὧὦὧ ὥ ὦ   (4) 

where: (1), a, b, c, abé represent the total of the response observation at all n replicates 

taken at the treatment combinations. 

Once the contrasts of the effects were determined, the magnitude and the direction of the 

effects were calculated using Equation 5. 

ὃὄȣὑ #ÏÎÔÒÁÓÔȣ     (5) 

where: n is the number of replicates and k the number of factors. 

3.3.4 Settling test 

The settling test followed procedures 1 to 4 describe in section 3.3.2, with the difference 

that during the settling test consecutive samples were extracted from the 1l jar during the 

sedimentation process. The samples collected from the settling test were analyzed for 

turbidity, pH and electric conductivity (EC). The sampling procedure was performed 
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following the method described by Bratby (2006). Succeeding the coagulation and 

flocculation mixing period a total of (11) eleven samples, of 30 ml, were collected by 

inserting a volumetric pipette in the corresponding jar at a distance of 8 cm from the 

bottom of the jar. The samples were collected in sequence at the following times: 0 min 

(collected 1 minute before mixing period was completed), 1, 2, 3, 4, 6, 8, 11, 13, 17 and 

25 min. Turbidity (NTU) was used to evaluate the settling characteristics of the 

particulates in the water. 

3.4 Horizontal filter system 

The objective of this experiment was to test the suitability of a peat filtration system in 

pilot scale therefore a horizontal flow filter was selected for the experiment. A horizontal 

system could make use of the already existing ditch network area for its construction and 

therefore could be an appropriate design to be used in a full -scale application. The design 

followed the guidelines for a horizontal-flow roughing filter (HRF), since data available 

about horizontal flow peat systems is scarce, as most of the peat filters are typically 

designed as vertical flow systems (Kõiv et al., 2009).  

3.4.1 Pilots design and construction 

During the design of the HRF pilot (following guidelines from Wegelin, 1996 pp. X7-

X10) a number of modifications to the filter dimensions and flow rate were made to 

achieve optimal conditions. These modifications were made to account especially for the 

hydraulic conductivity of the small particle size peat used, which was substantially lower 

than the standard hydraulic conductivity of media normally utilized in a HRF. 

The construction of the pilots was accomplished via the use of two plastic containers 

(Figure 3), the pilot set to contain natural peat as the filter media was named ñPilot 1ò and 

the pilot set to contain modified peat was named ñPilot  2ò. The containers were elevated 

2.5 cm on its inflow side to generate a 15% slope to aid the water flow. A 1 m3 pallet tank 

was used to store the mine water during the course of the experiment with a centrifugal 

pump placed inside to provide mixing and prevent sedimentation from happening. To 

regulate the inflow of the mine water into the pilots, two peristaltic pumps (Gilson, 

Minipuls 3) were used. 
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Figure 3. Plastic containers for pilot 1 & 2. Pictures: Felipe Campos Lopez. 

The containers were divided into three compartments of different lengths and filled with 

three types of media described in Table 7. To separate the media, division walls were 

assembled using plastic squares with holes of 0.5 cm of diameter drilled throughout its 

surface, to allow the flow of water. Additionally a high flow-through non-woven 

geotextile mesh (LEKTEX, maanrakennuskangas N1) with a 90 µm (±27µm) pore 

opening size was attached to the walls to prevent loss or mixing of filter media within the 

compartments (Figure 4).   

 

Figure 4. Containers' plastic divisions and the adhered high flow-through non-woven 

geotextile mesh. Pictures: Felipe Campos Lopez. 
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Table 7. Dimensioning parameters of the pilot filters compartments and characteristics 

of filter media. 

Filter Section  
Filter 

Length 
Filter volume  Media Media size 

First 10.6 cm 513.3 cm³ Quartz sand 3-5 mm 

Second 9.85 cm 479.7 cm³ 
Natural peat / 
Modified peat 

90-250 µm 

Third 5.55 cm 268.6 cm³ Fine quartz sand 0.7-1.2 mm 

 

3.4.2 Pilot set up 

Prior to the pilot setup, the amount of media to be used had to be calculated as well as the 

optimal flow rate to which the pilots would be running.  For this, a number of column 

tests were performed to estimate the density (ɟ) and effective porosity (fe) of the natural 

and modified peat and both of the quartz sands used as filter material. The results of the 

tests are presented in Table 8. 

Table 8. Properties of filter media material obtained from column tests 

Filter 

section 
Media 

Dry density 

(gr/cm³) 

Wet density 

(gr/cm³)  

Effective 

porosity 

(%) 

First Quartz sand  1.626  2.26 56.69 

Second 

Natural Peat 0.282 1.095 81.31 

Modified 

Peat 
0.274 1.104 83 

Third 
Fine quartz 

sand  
1.622 2.28 45.97 

 

Effective volume (Ve) from each of the three compartments in the two pilots was obtained 

using Equation 6: 

ὠὩ ὠ  zfe      (6) 

Where: V is the volume of the compartment (cm³) and fe effective porosity (%). 
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Based on the Ve values for each of the compartments (Table 9), the optimal flow rate for 

the system was calculated using Equation 7 aiming at attaining the desired retention time. 

The initial retention time, selected based on preliminary laboratory study was of 15 

minutes, which would result in a required flow rate of 26 ml/min for pilot 1 and 26.54 

ml/min for pilot 2. However, the preliminary study used a batch experiment where the 

sorbents were as a suspended media in water. Taking under consideration the differences 

applied, to the fixed media set-up in filter systems, it was decided to increase the retention 

time to 30 minutes and test the pilots with the new flow rates: 13 ml/min (pilot 1) and 

13.27 ml/min (Pilot 2). 

Q = Ve / RT      (7) 

Where Ve is the effective volume and RT is the retention time in the peat compartment. 

Filling of the pilot  

The first media to be introduced in the containers was the peat. Before doing so, the peat 

was saturated by submerging it in water and manually mixing it for approximately 15 

minutes and then letting it settle for 20 hours. This was done to ensure that the peat was 

fully saturated before running the experiment, which due to its low hydraulic conductivity 

does not become fully saturated by simply running water through it. This was attempt to 

prevent preferential flow from occurring. Before introducing the peat into the 

compartments, the supernatant that was formed during the 20 hours of settling was 

removed and the remaining saturated peat was then utilized to fill up the second 

compartment of the filters. Compartment 2 from Pilots 1 and 2 was filled up with 

saturated peat to an approximate volume of 479.7 cm³, which accounts to a total amount 

of 525.3 g of natural peat and 529.63 of modified peat respectively, according to the 

previous column tests results. With these values, the dry weight was calculated and it is 

shown in Table 9. To prevent that waste coming from the peat would interfere with the 

results, tap water was run through the second compartment until clear water started 

coming out at the outflow.   
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Table 9. Dry weight and effective volume calculated for filter compartments 

Filter 

section 
Media 

Dry weight 

(gr) 

Effective 

volume 

(cm³) 

First Quartz sand  834.89 290.98 

Second 

Natural Peat 135.23 390.07 

Modified 

Peat 
131.47 398.16 

Third 
Fine quartz 

sand  
435.72 123.49 

 

The remaining compartments were filled with quartz sand (compartment 1) and fine 

quartz sand (compartment 3). Both compartments were filled to a total volume of 513.29 

cm³ and 268.64 cm³ respectively. The amount of sand introduced to the compartments 

was calculated using the density values obtained in the column test (Table 8) and are 

presented in Table 9. During the test, part of the fine quartz sand had to be removed from 

the third compartment due to a clogging that started to form in the outflow pipe of the 

filter. All compartments filled and set up, as before running the test, are shown in Figure 

5. 

 

Figure 5. Containers with filter media.  Pictures: Felipe Campos Lopez. 
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Flow rate adjustment 

Once the pilots were set up, the pumps were set for the flows previously selected: 13 

ml/min (pilot 1) and 13.27 ml/min (Pilot 2). Running this flow through the pilots resulted 

in an overflow in the peat compartment for both pilots, possibly due to the low hydraulic 

conductivity of the peat and the fact that this is not a close system. As opposed to the 

column tests where the water could not leave the system adding pressure and improving 

flow conditions.  

It was decided to conduct an optimization of the flow rate of both pilots through a number 

of trial and error tests, which included testing different flows and different inclinations of 

the container to aid the flow through the peat. After a series of tests, it was concluded that 

the maximum flow that the pilots could support, without overflowing, was of 8.3 ml/min 

for pilot 1 and 7.7 ml/min for pilot 2, with a slope of 15% for both pilots. This was the 

setup selected to be used at the start of the test. 

3.4.3 Operation and monitoring of the pilot 

The pilots started to operate on November 23, 2016 with a flow of 8.3 ml/min for pilot 1 

and 7.7 ml/min for pilot 2. The operational period lasted until December 20, 2016 for a 

total of 27 days. During this time, the flow had to be adjusted in several occasions when 

overflow could be observed in the peat compartment or when the rpm in the pumps had 

to be adjusted due to clogging in the silicon pipes. The flow rates varied from 8.3 to 7.3 

ml/min in Pilot 1 and from 7.7 to 6.3 ml/min in Pilot 2. The exact flows for the different 

sampling dates can be seen in Appendix 1. 

Water sampling and flow rate measurement 

Monitoring the pilots included sampling the treated mine water coming out of the pilots 

at the first 24h and 48h (S1, S2) after starting the test and then every 3rd and 4th day 

alternately (S3, S4é, S9), for a total of 9 samples. The water samples were sent (no 

filtration) to a certified laboratory for metal analysis as described in section 3.1. During 

each of these samplings, the flow rate was also measured by collecting the effluent of the 

pilots for one minute in a graduated cylinder and measuring the total volume at the end 

of the minute. 
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Once per week two extra samples were taken to measure the DOC and SS. These two 

measurements were performed in the in-house laboratory following the procedures 

mentioned in section 3.1. An EC sensor was placed at the outflow of each of the pilots to 

measure the changes of the effluentôs EC throughout the experiment, performing a 

reading of the EC every 10 minutes. 

3.4.4 Purification efficiency and adsorption capacity 

An evaluation of the purification efficiency of both pilots was made with the analysis 

results of the residual metal concentration (µg/l) of the measured pollutants (Ni, As, Sb, 

Fe, Al and Mn). The purification efficiency was obtained using Equation 1 (section 3.3.3), 

with a modification in C0, as the untreated mining water was not filtered previous to be 

analyzed. For a more accurate calculation of the purification efficiency, two different  

initial concentration values were used, for the samples taken in the first two weeks of the 

experiment (S1 ï S5)  values from the mine water 1st sample (Table 3) were used and for 

the remaining samples (S6 ï S9) values from the mine water 2nd sample (Table 3)   were 

used. 

The pollutants with the best removal rates were further evaluated through an adsorption 

breakthrough curve to obtain the maximum adsorption capacity. 

Breakthrough curve and maximum adsorption capacity  

The breakthrough curve was made by plotting the cumulative sorption capacity (qcum) and 

the corresponding cumulative volume (Vcum). To obtain this, the load adsorbed (Lad) was 

calculated as shown in Equation 6, followed by determination of the sorption capacity (q) 

shown in Equation 7: 

ὒ ὠὅ ὼzӶ     (6) 

where, V is the treated volume at the time of sampling (l), C0 is initial metal concentration 

(µg/l) in unfiltered mining water sample and x← is the average residual metal concentration 

between the present sample and the previous one(µg/l). 
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 ή       (7) 

where, m is the mass of biosorbent (g) 

At last qcum was calculated using Equation 8: 

ή В ή      (8) 

where, n corresponds to the samples from 1 to 9. 

An extrapolation of the breakthrough curve was made to obtain the maximum adsorption 

capacity of the biosorbents and for a better evaluation of the efficiency of the pilots in the 

future, as the test might have finished before the saturation point in the biosorbents had 

been reached. To determine the extrapolated points and add them to the adsorption 

breakthrough curve, a trend line was generated by plotting the Vcum with its corresponding 

MRE values. The equation describing this trend line was used to predict the future 

removal efficiencies, at different future cumulative volumes, and until the efficiency 

value reached 0%. 

3.4.5 Retention time and tracer test 

The theoretical peat RT was calculated using Equation 8: 

RT = Ve / Q       (8) 

Where Ve (cm³) is the effective volume in the peat compartment and Q (ml/min) the 

discharge or outflow rate. 
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Tracer test 

To corroborate the theoretical RT, tracer tests using sodium chloride (NaCl) was 

performed in both pilots at the beginning and at the end of the experiment. The procedure 

followed for the four tracer tests performed was the following: 

1. A solution of 1 g/l of NaCl (table salt) was prepared using tap water. During the 

preparation, its EC was taken at different concentrations, with an EC sensor 

(Solinst, Levelogger), to create a calibration curve representing concentration of 

NaCl x EC. A linear regression line was fitted and a linear regression equation of 

the fitted data noted. 

2. The flow rate was measured and it was corroborated that the peat compartment 

was fully saturated. At this stage, the pilot was still being fed only with clean 

water. 

3. A two minute pulse of the NaCl solution was introduced to the pilots, followed by 

an inflow of clean water which was kept until the end of the tracer test. During 

the test, the EC of the outflow was recorded with the same EC logger used to 

create the calibration curve, with an interval of 30 seconds per reading. 

4. The readings were recorded for 6 hours after which the EC sensor was removed 

and the procedure was repeated in the second pilot. 

5. The EC readings were download into the Levelogger PC software to be analyzed. 

 

The tracer tests performed at the end of the experiment followed the same procedure, 

with exemption that the NaCl solution was prepared with untreated mine water, as the 

pilot was still in operation and treating the mining water. 
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The readings from step 4 were used to create a tracer breakthrough curve for each of the 

four tracer tests performed. The breakthrough curves were plotted by first using the linear 

equation from the calibration curve (step 1) to transform the recorded EC values to NaCl 

concentration values.  The mean residence time (ὸ) was estimated using Equation 9 and 

the total mass of the tracer recovered (ά  was estimated using Equation 10 (AWWA, 

1996) 

ὸ
В ᶻ Ўz

В Ўz
     (9) 

ά ὗ Вz ὧ Ўzὸ     (10) 
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4 RESULTS AND DISCUSSION  

4.1 Mix ing and settling system 

Four factors were evaluated sorbent type (A - natural peat and modified peat), sorbent 

dose (B - 0.25 g and 2 g), mixing time (C - 10 min and 60 min) and mixing intensity (D - 

30 rpm and 300 rpm) to determine the suitability of a mixing and settling system for metal 

removal using peat as a biosorbent.  A ς factorial design was used in the design of the 

test, resulting in 16 different treatment combinations with two replicates.  

4.1.1 Overall purification efficiency  

Table 10 presents the residual concentrations of the analyzed water quality parameters in 

the treated samples. Focus is place on the selected response variables, residual nickel and 

Arsenic concentrations. Overall, it can be seen that the variations applied to the factors 

had a measurable influence on purification results. Removal of the response variables 

varied significantly between the experimental runs, with leaching of iron and aluminum 

observed especially in the treatments were modified peat was applied (ab, abc, abd and 

abcd). Treatments with high peat dosage (independent of sorbent type; b, ab, bc, abc, bd, 

abd bcd and abcd) were the ones that in average had the highest removal efficiencies, for 

both response variables. The highest removal efficiency rates were achieved in the 

treatment combination bcd (with 79.9% and 60.7%, removal of Ni and As respectively. 

Itôs interesting to see that the treatments where low dosages (0.250g) of modified peat 

were applied (a, ac, ad, acd) generally, higher purification efficiencies were observed in 

comparison to those treatments were low dosage of natural peat were applied ((1), c, d, 

cd).   



 

 

 

 

Table 10. Residual concentrations and removable efficiency of response variables and residual concentrations of other analyzed metals (average of 2 

replicates, with max and min values)  

 
Response variable  Other measured parameters 

 Nickel (Ni) Arsenic (As)  Antimony (Sb) Iron (Fe) Aluminum (Al)  Manganese (Mn) 

Treatment 

combination 

Residual  (µg/l) Removal eff.  

(%) 

Residual  (µg/l) Removal eff. 

(%) 

 Residual  (µg/l) Residual  (µg/l) Residual  (µg/l) Residual  (µg/l) 

(1) 109.5 ±3.5 13.8 % 14.6 ±0.2 8.2 %  162.5 ±1.5 10.05 ±0.35 13 ±1.4 1435 ±5 

a 115 ±6 9.4 % 14.4 ±0.4 9.4 %  155.5 ±1.5 53.35 ±6.95 16.25 ±5.45 1415 ±5 

b 76.85 ±6.85 39.5 % 12.4 ±0.6 22.0 %  156 ±3 46.4 ±0.5 17.55 ±1.45 1425 ±25 

ab 72.65 ±3.95 42.8 % 13.3 ±0.1 16.4 %  153.5 ±2.5 372.5 ±4.5 26.25 ±1.25 1325 ±5 

c 90.75 ±1.75 28.5 % 13.05 ±0.35 17.9 %  160 ±1 8.65 ±0.15 22.25 ±2.45 1410 ±10 

ac 84.5 ±5.8 33.5 % 12.65 ±0.35 20.4 %  159 ±1 28.95 ±1.75 10.85 ±2.15 1385 ±5 

bc 51.1 ±3.2 59.8 % 9.75 ±0.35 38.7 %  157.5 ±0.5 34.8 ±0.3 16.35 ±1.15 1395 ±5 

abc 57.85 ±0.75 54.4 % 12.85 ±0.05 19.2 %  154 ±0 318.5 ±5.5 25.5 ±0.4 1315 ±5 

d 97.3 ±2.7 23.4 % 13.95 ±0.25 12.3 %  158.5 ±2.5 10.5 ±1 18.4 ±1.1 1415 ±25 

ad 95.05 ±3.65 25.2 % 13.65 ±0.15 14.2 %  159 ±0 51 ±2.1 7.7 ±0 1405 ±5 

bd 48.1 ±6.3 62.1 % 9.7 ±0.6 39.0 %  158 ±0 37.55 ±0.35 13.9 ±0.2 1400 ±20 

abd 74.85 ±19.45 41.1 % 12.8 ±0 19.5 %  161.5 ±3.5 384 ±6 27.55 ±1.15 1300 ±30 

cd 68.4 ±2.5 46.1 % 12.8 ±0.1 19.5 %  157.5 ±2.5 17.85 ±8.55 53.1 ±8.2 1405 ±5 

acd 63 ±3.3 50.4 % 12.75 ±0.45 19.8 %  158.5 ±2.5 19.15 ±2.55 16.7 ±0.8 1385 ±5 

bcd 25.55 ±0.25 79.9 % 6.25 ±0.05 60.7 %  156.5 ±3.5 28.65 ±1.65 15.8 ±0.1 1325 ±5 

abcd 36.17 ±0.13 71.5 % 11.85 ±0.05 25.5 %  156 ±2 222.5 ±7.5 16.7 ±0.3 1250 ±0 
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4.1.2 Analysis of factor effects 

The effect of factors variation on the residual concentration of selected response variables 

was evaluated via ANOVA using SPSS statistical software. The two-way ANOVA was 

carried out using an alpha level of 0.05 to evaluate the factor and factor interaction effects 

on the selected response variables which were the residual concentration of As and Ni 

(Table 11). The effect of a factor corresponds to a change observed in the response 

variable due to a change in the level of that factor, whereas an interaction effect occurs 

when the factor effect depends on the applied level of one or more other factors (Hicks, 

1973). 

Table 11. Magnitude of factor effects and significance of factor effect (confidence 

interval 95%) on the response variables residual concentration of arsenic and nickel 

 Nickel Arsenic 

Factor 

Factor 

effect P-value 

Percent 

Contribution 

Factor 

Effect P-value 

Percent 

Contribution 

A 4.0 0.219 0.6 % 1.5 0.000 12.9 % 

B -35.0 0.000 50.7 % -2.4 0.000 33.5 % 

C -26.5 0.000 29.0 % -1.6 0.000 15.4 % 

D -18.7 0.000 14.4 % -1.2 0.000 8.0 % 

AB 6.1 0.068 1.5 % 1.7 0.000 17.4 % 

AC -2.5 0.434 0.3 % 0.6 0.002 2.1 % 

AD 3.5 0.274 0.5 % 0.6 0.001 2.3 % 

BC 1.1 0.733 0.0 % -0.3 0.109 0.4 % 

BD 0.3 0.924 0.0 % -0.8 0.000 3.5 % 

CD -4.0 0.212 0.7 % 0.0 0.969 0.0 % 

ABC 1.2 0.695 0.1 % 0.6 0.002 2.0 % 

ABD 5.2 0.110 1.1 % 0.6 0.003 1.8 % 

ACD -2.3 0.471 0.2 % 0.1 0.562 0.1 % 

BCD -1.1 0.727 0.0 % -0.3 0.061 0.6 % 

ABCD -4.4 0.171 0.8 % 0.0 0.907 0.0 % 

 

4.1.3 Evaluation of factor effects on nickel residual concentration 

The results from the ANOVA revealed that, at a 95% confidence interval, there were no 

significant factor interaction effects on the residual nickel concentration (Table 11). 

Meaning that the effect of individual factors on the residual Ni concentration did not 

depend on the levels applied in other factors. Furthermore, factor A (peat type) did not 
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present a statistically significant effect on Ni removal. Regarding the magnitude of factor 

effect, factor B (peat dosage) presented the highest influence (-35.0) on residual nickel 

concentration in a negative direction, meaning that when the level of factor B went from 

low to high lower nickel concentrations were achieved. As in factor B, the effects of factor 

C (retention time) (-26.5) and factor D (mixing intensity) (-18.7) were significant and in 

a negative direction, meaning that at their high levels (60 min and 300 rpm respectively) 

lower residual nickel concentrations were achieved. Graphical representations of the 

magnitude of factor effects are presented in Figure 6. The significant effect of factors B, 

C and D on Ni residual concentration can be seen on the steep slope presented by the 

obtained lines (Figure 6).   

 

Figure 6. Significant main effects on the response variable residual Nickel: a) Dosage, 

b) Retention time, c) Mixing intensity 

4.1.4 Evaluation of factor effects on arsenic residual concentration 

The results from the ANOVA revealed that, at a 95% confidence interval, all main factors 

exerted a significant effect on the residual arsenic concentrations (Table 11). And in 

contrast to the effects observed in nickel residual concentrations, a couple of interaction 

effects were also statistically significant.  

Regarding the magnitude of factors effect, factors A (peat type), B (dosage), C (retention 

time) and the interaction effect (factor AB) had the most significant influence over As 

residual concentration. The effect of factor B (-2.4) was the highest followed by the AB 

interaction effect (1.7). It was observed (Table 11) that five out of the six significant 

Average residual Ni (ɛg/l) 

b) c) a) 
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interactions included factor A and that all interactions were in a positive direction. 

Meaning that when changing from natural to modified peat, higher residual concentration 

of As occurred. This pointed to a strong effect of the individual factor A (peat type). 

These effects are easier to analyze by evaluating the graphical representations of the 

factor effects (Figure 7). 

Figure 7a-c contain all two-factor interactions, which include peat type (Factor A) as a 

common variable, AB (1.7), AC (0.6) and AD (0.6). The positive direction of the factor 

effects is easy to observe as the lines go from a low point to a high point when moving 

from ñnaturalò to ñmodifiedò peat type (Figure 7a-c) showing an increase in residual 

arsenic concentrations. A negative effect was observed for the interaction effect AB, 

where at a low dosage the utilization of modified peat resulted in lower residual As 

concentration. This phenomenon is easier to observe in the three-way factor interaction 

graphical representations (Figure 7e-h). The biggest contrast between the effects is shown 

when factor B (dosage) in combination with either factor C (retention time) or D (mixing 

intensity), were in their high levels and went from natural to modified peat (factor A). 

Even when comparing the low levels of C or D of natural peat against the high levels of 

the same factors in modified peat, the results showed to be more favorable in the 

treatments with the natural peat. Thus confirming that in the factor interactions A was the 

most influential factor (Figure 7e-h). Another phenomenon found in the graphical 

representation is that the level of factor B (dosage) greatly affects arsenic removal, but 

this mainly happened in samples treated also with natural peat. Thus, it can be concluded 

that the effect of factor B (dosage) was clearly dependent on the level of the factor A 

(peat type). 
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Figure 7. Significant interaction effects on the response variable residual Arsenic: two-

factor interaction effects (a-d) and three-factor interaction effects (e-h). 

h) Modified Peat 

f) Modified Peat e) Natural Peat 

g) Natural Peat 

d) 

b) a) 

c) 

Average residual Arsenic (ɛg/L) 
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Even though the applied dosage had the highest individual factor effect, by analyzing the 

obtained figures it can be concluded that peat type produced significant effect over the 

arsenic residual concentration. Factor interactions containing factor A exerted significant 

influence and it is easy to observe the negative effect that the use of modified peat had on 

the arsenic residual concentration.  

4.1.5 Settling characteristics of tested sorbents 

Settling characteristics of the sorbent particles was evaluated by checking the decrease in 

turbidity with time during the sedimentation stage of the process. The goal was to evaluate 

which factors had the biggest effect on the settling of the added sorbent particles and 

could contribute to achieve shorter sedimentation times. Sorbent dose (B) proved to be 

the factor with the biggest effect over turbidity, with an average difference of 515 NTU 

between its low and high level. Due to this, the effect of treatment combinations that 

included high and low levels of sorbent type, mixing intensity and contact time on settling 

of sorbent particles are presented in two graphs where Fig. 8a present treatments with 

high level of sorbent dose (factor B) and Fig. 8b presents treatments with low level of 

sorbent dosage.  

Among the different treatment combinations, ñacò (modified peat, lower dosage, longer 

retention time and low mix intensity) was the treatment combination that showed the 

biggest decrease in turbidity, with a final turbidity (25 min) of 5.6 NTU. This was the 

only treatment combination that reached turbidity values below those of the raw water 

(6.58 NTU) after 25 min of sedimentation. Appendix 2 contains the complete dataset 

regarding the settling characteristics of added sorbent particles for all experimental runs. 
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Figure 8. Removal of turbidity with time for the applied treatment combinations, 

arranged according to the level of factor B (sorbent dose), low level (a) and high level 

(b). (High level of factors A (peat type), B (dose), C (retention time) and D (mixing 

intensity) are represented by the low sentence case letter referent to the factor. Absence 

of the letter implies that the factor was applied in its low level.) 

 

b) Sorbent dose = 2 g/l 

a) Sorbent dose = 0.25 g/l 

g/L 
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4.1.6 Overall aspects regarding the influence of evaluated factors and purification 

efficiency achieved in the mixing and settling system 

Regarding purification efficiency achieved (removal of metals), it can be seen that in 

average higher purification levels were reached when high sorbent dosage was applied 

compared to the treatments with low dosage (Table 10). This was confirmed by the 

statistical analysis performed during the evaluation of factors effect, showing that dosage 

(factor B) was the most influential factor in the removal of Ni and As (Table 11). This 

can be attributed to the increase in the number of adsorption sites as the surface area of 

contact between water and sorbent increases with increasing dosage (Amarasinghe and 

Williams, 2007; Bartczak, in press).  Overall, higher levels of factors dosage, retention 

time and mixing intensity (2 g/l, 60 min, 300 rpm) had a positive effect on removal 

efficiency for both Ni and As. Higher levels of these factors increased the availability of 

the peat functional groups to interact with pollutant ions in solution, each in a specific 

manner, this increased availability is the determinant factor to obtain high sorption 

capacity in peat as stated by Couillard (1994). 

Although retention time (factor C) and mixing intensity (factor D) influenced the 

purification efficiency achieved, they did it so to a lower extend than sorbent dosage. 

Generally, retention time had a slightly higher effect on the removal of Ni and As than 

applied mixing (Table 11).  The results obtained are in line with findings of batch 

experiments conducted in an earlier study as part of the project (Gogoi et al., 2017) where 

increased removal efficiency was achieved with increasing retention time.  

Peat type (factor A) did not prove to be a major contributor in Ni removal as neither the 

main factor or its interaction effects were statistically significant at a 95% confidence 

interval (Table 11), although the highest removal efficiency (79.9%) was achieved when 

natural peat was applied. On the other hand, As removal was affected in a negative way 

by peat type with substantially higher removals achieved in treatment combinations 

where natural peat was applied (Table 11). This differs from what was found in previous 

studies using HCl treated peat (Leiviskä et al, in press) where modified peat showed better 

purification efficiencies on Ni than natural peat, in synthetic nickel solutions. However, 

our results are in line with reports in which real wastewater was used where higher 

removal of Ni and in particular As were achieved by natural peat during batch 

experiments (Gogoi et al., 2017). It is important to note that, in the specific cases where 
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a low dosage (0.25 g/l) was applied, modified peat performed slightly better than natural 

peat during our experiments (Figure 7a) for the removal of As. This phenomenon cannot 

be clearly seen in the overall factor effects data (Table 10) but treatments applying natural 

peat had an average of 9.2% higher removal efficiency of As than the treatments applying 

modified peat.   

After this remarks it is comprehensible why the highest removal efficiency rates were 

achieved in the treatment combination ñbcdò (natural peat, high dosage, high retention 

time, high mixing intensity) for both Ni and As, with 79.9% and 60.7% of removal 

respectively. Meanwhile in treatments where modified peat was applied (treatment 

combination ñabcdò), the highest removal efficiency achieved was moderately lower for 

Ni with at 71.5% of removal and significantly lower for As with 25.5% of removal. 

Regarding the settling of sorbent particles, sorbent dosage presented the strongest 

influence on turbidity values. The difference in measured turbidity values between 

treatments applying high and low sorbent dosage was significant, with an average 

difference of 800 NTU at time 0. For this reason, it came to no surprise that the highest 

final turbidities (25 min) were present in the treatment combinations ñbcdò and ñabdò 

(modified peat, high dosage, high mixing intensity) (Figure 9), while the lowest final 

turbidities were present in the treatment combinations ñ1ò (natural peat, low dosage, low 

retention time and low mixing intensity) and ñacò (modified peat, low dose, low mixing 

intensity, high retention time) (Figure 10). Therefore, because of the great difference in 

the amount of particles added in these two different dosages, it is not really possible to 

compare the settling characteristics between treatments where different dosages were 

applied.  

When not considering sorbent dosage, it can be said that generally the best settling curves 

were achieved for runs were longer retention time was applied (Figure 8-a and Figure 8-

b). In addition, the highest final turbidity values were found in samples where high mixing 

intensity had being applied. Thus, longer retention time seems to be beneficial for the 

settling of added sorbent particles, while high mixing intensity not. Nevertheless, through 

visual observations made during the tests, it was possible to see that with low mixing 

intensity more particles were prone to float and to get stuck to the walls of the glass beaker 

(Table 9 and 10), phenomenon also observed by Leiviskä et al (2017). Therefore, lower 

turbidity values at low mixing intensity were most probably a result of the loss of particles 
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to floating and attachment to the beakers walls other than to sedimentation. If applied in 

real-scale scenario this floating particles represent a problem, as most probably they 

would be discharged with the outflowing water after the sedimentation stage.  Therefore, 

any adsorbed pollutants would be discharged with the particles into the environment. 

In the case of peat type, no significant difference was shown in the settling curves in 

treatments were natural peat or modified peat was applied, showing that HCl modification 

of peat does not improve its settling characteristics in this type of system.  

 

Figure 9. Samples with the highest final turbidities, treatment combinations ñbcdò (a) 

and ñabdò (b). (High level of factors A (peat type), B (dose), C (retention time) and D 

(mixing intensity) are represented by the low sentence case letter referent to the factor. 

Absence of the letter implies that the factor was applied in its low level.) Pictures: Felipe 

Campos Lopez. 

 

a)  b)  




