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Abstract

Industrial activities and urbanization produce effluents that contain metals and anions such as
sulphate and have led to deteriorating water quality in many countries. With the growing
significance of a bio-based economy and increasing environmental challenges, there is a pressing
need to look for more sustainable, economic and effective water treatment solutions. Sorption for
pollutant removal has emerged as an alternative treatment method due to its many advantages.

This thesis work studied different modification methods for two Finnish lignocellulosic
biomasses: sawdust and peat, to produce biosorbents. Acid-modified sawdust (Citric acid-SD) and
peat (HCl-Peat) were used for metal and metalloid removal from metallurgical wastewater, urban
runoff and mine drainage, all of which had very low initial ion concentrations. The removal
efficiency of the biosorbents was compared to that of two commercial mineral sorbents, M10
(mainly magnesite and quartz) and T5M5 magnetite. A novel peat-based anion exchanger (PG-
Peat) was developed for sulphate removal from mine water and acid mine drainage (AMD) which
contained high sulphate concentrations.

The biosorbents, Citric acid-SD and HCl-Peat, effectively removed Ni (65%) and Cr (50%),
respectively from metallurgical wastewater. Excellent Zn removal (~100%) was achieved by M10
in both metallurgical wastewater and urban runoff. The biosorbents performed very well in Cr and
Cu removal (>70%) from urban runoff. Natural peat performed much better than HCl-Peat in Ni
and As removal (80–85%) from mine drainage, although the HCl modification improved the
wettability and settling properties. Sulphate removal by PG-Peat was pH-dependent (optimum pH:
2) and the biosorbent exhibited exceptional sorption capacity under acidic conditions (max.
capacity 189.5 mg/g) in synthetic sulphate solution due to the presence of protonated amine groups
at low pH in addition to quaternary ammonium groups. Treatment of real mine water also showed
the high sulphate removal capacity of PG-Peat at acidic pH. All the biosorbents demonstrated
rapid uptake kinetics (5–30 min). Temperature studies revealed that while the sorptive
performance of natural peat decreased at a lower temperature (5 ± 2 °C), HCl-Peat and PG-Peat
showed rapid sorption even under cold conditions. Column studies conducted to evaluate the
ability of PG-Peat to treat AMD indicated the regenerative capability of the bio-based anion
exchanger. Additionally, the calculated values obtained for sorption capacity and adsorbate
breakthrough time from the Thomas and Yoon-Nelson models agreed well with the experimental
data. 

The overall sorption performance of the modified biosorbents used in this study indicate their
potential for future applications in the treatment of industrial effluents and urban runoff.

Keywords: biosorption, ion exchange, metal, metalloid, sulphate
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Tiivistelmä

Teollinen toiminta ja kaupungistuminen tuottavat jätevesiä, jotka sisältävät metalleja ja anioneja
kuten sulfaattia, ja ovat johtaneet veden laadun heikkenemiseen monissa maissa. Biopohjaisen
talouden merkityksen kasvun ja lisääntyvien ympäristöhaasteiden myötä on tarve etsiä kestä-
vämpiä, taloudellisempia ja tehokkaampia vedenkäsittelyratkaisuja. Sorptiosta on tullut varteen-
otettava käsittelymenetelmä saasteiden poistoon sen monien etujen vuoksi.

Tässä väitöstyössä tutkittiin erilaisia modifiointimenetelmiä biosorbenttien tuottamiseen kah-
desta suomalaisesta lignoselluloosa biomassasta, sahanpurusta ja turpeesta. Happomodifioitua
sahanpurua (sitruunahappo-sahanpuru) ja turvetta (HCl-turve) käytettiin metallien ja metalloidi-
en poistoon metallurgisen teollisuuden jätevedestä, kaupunkien hulevesistä ja kaivoksen kuiva-
tusvesistä, joissa kaikissa oli alhaiset ionipitoisuudet. Biosorbenttien poistotehokkuutta verrat-
tiin kahden kaupallisen mineraalisorbentin, M10:n (pääasiassa magnesiittia ja kvartsia) ja
T5M5-magnetiitin, poistotehokkuuteen. Uusi turvepohjainen anioninvaihtaja (PG-turve) kehitet-
tiin sulfaatin poistoon kaivosvesistä ja happamista valumavesistä, jotka sisälsivät korkeita sul-
faattipitoisuuksia.

Kehitetyt biosorbentit (sitruunahappo-sahanpuru ja HCl-turve), poistivat tehokkaasti nikke-
liä (65%) ja kromia (50%) metallurgisen teollisuuden jätevedestä. Erinomainen sinkinpoisto (~
100%) saavutettiin M10:llä, sekä metallurgisen teollisuuden jätevedestä, että hulevedestä. Bio-
sorbentit toimivat erittäin hyvin kromin ja kuparin poistossa (>70%) hulevesistä. Modifioima-
ton turve suoriutui paljon paremmin kuin HCl-turve nikkelin ja arseenin (80–85%) poistossa
kaivoksen kuivatusvesistä, vaikka happokäsittely paransi turpeen kostumis- ja laskeutumisomi-
naisuuksia. PG-turpeen sulfaatin poistokyky riippui pH-arvosta (optimi-pH: 2), ja biosorbentilla
oli erinomainen sorptiokyky happamissa olosuhteissa synteettiselle sulfaattiliuokselle (maksimi-
kapasiteetti 189.5 mg/g). Tämä johtui alhaisessa pH:ssa kvaternääristen ammoniumryhmien
lisäksi esiintyvistä protonoituneista amiiniryhmistä. Oikean kaivosveden käsittely PG-turpeella
osoitti myös sen suuren sulfaatinpoistotehokkuuden happamassa pH:ssa. Kaikilla biosorbenteil-
la oli nopea sorptiokinetiikka (5–30 min). Lämpötilatutkimukset osoittivat, että vaikka modifioi-
mattoman turpeen sorptiokyky hidastui alhaisemmassa lämpötilassa (5 ± 2° C), HCl-turve ja
PG-turve toimivat nopeasti myös kylmissä olosuhteissa. Kolonnitutkimuksissa tutkittiin PG-tur-
peen tehokkuutta happaman valumaveden käsittelyssä, ja kokeet osoittivat, että biopohjainen
anioninvaihtaja voidaan regeneroida. Lisäksi Thomasin ja Yoon-Nelsonin mallien avulla lasketut
sorptiokapasiteetit ja läpimenoajat vastasivat hyvin kokeellisia arvoja.

Tässä tutkimuksessa käytettyjen modifioitujen biosorbenttien sorptiotehokkuudet osoittavat
niiden olevan mahdollisia tulevaisuuden ratkaisuja teollisuuden jätevesien ja kaupunkien huleve-
sien käsittelyyn.

Asiasanat: biosorptio, ioninvaihto, metalli, metalloidi, sulfaatti
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XPS X-ray photoelectron spectroscopy 
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R2 coefficient of determination 
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t                     time 
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1 Introduction  

Water is one of the fundamental sources for the survival of any form of life on Earth. 

Unfortunately, the incessant increase in population, rapid urbanization and 

industrialization as well as related anthropogenic activities have deteriorated the 

quality of natural water bodies such as lakes, rivers and oceans to an alarming level. 

Pollution of these water bodies has not only affected human beings but has put the 

entire aquatic ecosystem of this planet at risk. Effluents released from industrial 

activities contain numerous organic compounds like phenols, detergents, dyes as 

well as inorganic pollutants such as metals, chemicals and anionic substances 

(Abdolali et al., 2014; Xu et al., 2016). Due to their toxicity and multiple harmful 

impacts, the presence of these substances has raised environmental and health 

concerns around the world. According to a report by the World Health Organization 

(WHO), 2.2 billion people around the world do not have access to safely managed 

drinking water services, with 144 million people drinking untreated water from 

surface water bodies collected from lakes, rivers and streams (WHO, 2019). In an 

effort to combat global water issues, the WHO has set concentration limits for 

various harmful pollutants to guide policy makers and regulators in the 

development of drinking water quality standards. For example, the WHO guideline 

values for inorganic pollutants such as metals vary in the range of 0.003 mg/L 

(cadmium) to 3 mg/L (copper), depending on their toxicity (WHO, 2018).  

The main anthropogenic sources of water pollution are industrial wastewaters, 

mining influenced waters and urban runoff (Fig. 1). Various industries, such as the 

metal processing, wood, chemical, petroleum and electroplating industries, 

generate large quantities of effluents containing metals such as nickel, copper, 

chromium, zinc, lead and cadmium, to name just a few (Barakat, 2011). For 

example, a case study conducted in an industrial estate in Mumbai (India) reported 

that the effluents generated from pharmaceutical industries in the region contained 

up to 35.8 mg/L and 33.6 mg/L of cadmium and nickel, respectively (Lokhande, 

Singare & Pimple, 2011). This study also showed that paint and dye manufacturing 

units discharged effluents containing high concentrations of chromium (35.1 mg/L), 

zinc (33.1 mg/L), lead (31.4 mg/L) and copper (33.3 mg/L) (Lokhande et al., 2011). 

Mining activities also lead to the production of harmful acid mine drainage, which 

contain elevated concentrations of metals and sulphates and are highly acidic in 

nature (McCarthy, 2011). For example, mine drainage (pH 2.0–2.8) samples 

collected from a pyrite mine site in Finland contained 5243–8427 mg/L sulphate, 

4.79–9.96 mg/L zinc, 1.70–3.10 mg/L copper, 0.83–1.55 mg/L nickel and 124–307 
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mg/L aluminium (Kauppila, Räisänen & Myllyoja, 2013). Additionally, 

urbanization has also significantly contributed to a wide range of pollutants, for 

example oil, grease, pesticides, chemicals from construction and motor vehicles, 

etc., which are fed into streams, lakes and rivers as they make their way through 

impervious surfaces in the form of urban runoffs (United States Environmental 

Protection Agency [USEPA], 2003). Like other anthropogenic sources of water 

pollution, urban runoffs also contain harmful metal contaminants. For example, a 

study by Wang, He, Ai, Wang and Zhang (2013) reported the presence of zinc (0.69 

mg/L), iron (11.8 mg/L) and cadmium (0.58 mg/L), among other pollutants.  

 

 Main anthropogenic sources of water pollution (Modified from Vecteesy.com).  

There are several treatment methods currently in use for the removal of pollutants 

from industrial wastewaters and mining influenced waters. However, many 

conventional methods have disadvantages such as the production of secondary 

sludge, operational costs, high chemical demand and low efficiency (Barakat, 2011; 

Xu et al., 2016). As such, it is crucial to overcome these drawbacks with alternative 

treatment methods, which are sustainable, environmentally friendly, economical 

and have high pollutant removal efficiency. Sorption, using raw materials such as 

biomass, is a viable replacement for the conventional wastewater treatment 

methods because of their pollutant sorption capability, sustainability, low cost and 

abundance (Fomina & Gadd, 2014). 
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Biosorption is a physico-chemical process through which pollutant ions or 

molecules from the solution in contact with them are bonded onto the surface of 

the biomass material which acts as a biosorbent (Fomina & Gadd, 2014). Biomass 

materials are mostly composed of cellulose and hemicellulose, which contain 

reactive functional groups capable of sorbing ions through exchange or 

complexation (Xu et al., 2016). These functional groups have an affinity for 

specific pollutants depending on the sorbent’s surface charge, the charge of the 

target pollutant and the characteristics of the solution being treated (mostly the pH). 

Hence, in order to enhance their sorption efficiency and/or to be able to bind 

different pollutants, the biomass materials have to undergo chemical modification 

reactions such as crosslinking and functionalization (Fomina & Gadd, 2014; Xu et 

al., 2016). 
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2 Literature review  

2.1 Industrial effluents produced by anthropogenic activities 

Industrialization, urbanization, agricultural activities, population increase and 

related human activities have led to a series of global environmental crises, with 

water pollution being one of the most prominent and alarming. There has been an 

ever-increasing scarcity of clean drinkable water. According to an article by the 

United Nations (2017), the world population is expected to reach up to 9.8 billion 

by 2050, thus posing tremendous stress on the availability of freshwater resources. 

The major contributors of contamination to water bodies are industrial effluents, as 

they are packed with a variety of toxic and harmful organic and inorganic pollutants. 

Industries such as pulp and paper, chemicals, pharmaceuticals, slaughterhouses, 

textiles, petroleum, food and beverages, leather, metallurgical and mining are the 

key sources of the industrial effluents generated (Elsheikh, 2013; Emongor et al., 

2005). These industries produce pollutants that include micro-organisms, dyes, 

carcinogenic compounds, organic pollutants such as oils, detergents, greases, 

fertilizers, pesticides and phenols (Ali et al., 2012; Emongor et al., 2005).   

The characteristics and compounds present in industrial effluents vary 

extensively in the type and specific industry generating them. For example, the pulp 

and paper industry generates wastewaters containing numerous harmful 

compounds like unsaturated fatty acids, chlorinated resin acids, inorganic chlorine 

compounds and inorganic dyes, etc. (Pokhrel & Viraraghavan, 2004). The 

pollutants released from the pulp and paper industry cause coloration, formation of 

scum and slime growth in water bodies and have affected the aquatic flora and 

fauna to an alarming level (Elsheikh, 2013). Aquatic species exposed to such 

pollutants have suffered from respiratory stress, liver damage, toxicity, 

mutagenicity as well as lethal effects (Pokhrel & Viraraghavan, 2004). The food 

processing industry generates large volumes of effluents containing organic 

compounds like lipids, proteins and carbohydrates. These wastewaters are 

characterized by high biochemical oxygen demand (BOD) and chemical oxygen 

demand (COD), high concentrations of suspended solids and nitrogen content, oil 

and grease. There are several branches of the food industry, one of them being the 

agricultural industry which produces pollutants having adverse environmental 

effects such as the contamination of surface and ground waters through fertilizers, 

pesticides, impacts of ammonia emission and also metal accumulation (Kroyer, 
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1995). Wastewaters from the meat industry contain blood, faeces, grease, urine and 

residues from washing carcasses, etc. These wastewaters require treatment before 

being released into water bodies, as they can otherwise cause the depletion of 

dissolved oxygen concentration and produce odour, floating scum and deposit 

sludge (Kroyer, 1995). The chemical industry includes quite a wide array of 

industries, manufacturing products such as pharmaceuticals, petrochemicals, 

polymers, fertilizers and organic/inorganic chemicals. These industries emit 

wastewater streams containing compounds which are toxic, mutagenic, 

carcinogenic and bio-accumulating (Osman, 2014). For example, effluents from 

the pharmaceutical industry contain active pharmaceutical ingredients and drugs 

like antibiotics, anti-inflammatory and anti-cancer drugs, lipid regulators, non-

steroids and beta blockers. Their presence in the environment has caused harmful 

and mutagenic changes in aquatic and wild life (Pavithra, Senthil Kumar, Sundar 

Rajan, Saravanan & Naushad, 2017). Tanning is the main process in the leather 

industry and emits large amounts of organic compounds, salinity, chloride, 

chromium and sulphide-based pollutants (Cooman, Gajardo, Nieto, Bornhardt & 

Vidal, 2003; Song, Williams & Edyvean, 2000).  

This study focused on the treatment of three main problematic anthropogenic 

sources of water pollution (metallurgical wastewater, urban runoff and mining 

influenced water) using different modified biosorbents. Hence, the characteristics 

and impacts of these effluents on the environment and human health will be 

discussed in detail in the following sections of this literature review.  

2.1.1 Metallurgical wastewater 

The metal processing industry deals with the extraction and purification of metals 

and produces high amounts of metal and metalloid wastes, which may have severe 

impacts on the environment and human health. Some of the common metallurgical 

industries are steel, metal plating and non-ferrous mining (Rao, 2006) and they 

require significant volumes of water for the different operations involved. For 

example, the iron and steel industry produces process wastewater from different 

processes like the extraction of minerals, coking, sintering and pelletizing, smelting 

of iron, making and casting of steel, and cold/hot rolling process (Wu, Jiang, He & 

Song, 2017). The effluents from coke ovens contain cyanides, phenols, ammonia, 

tar and tar oil, while blast furnaces produce flue dust and the rolling process leads 

to the production of sludge, oil and mill scale (Stander, Henzen & Funke, 1970). 

Additionally, a variety of toxic metals (for example, iron, chromium, zinc, nickel 
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and copper) are present in the process waters generated during the steel making 

process (Beh, Chuah, Nourouzi & Choong, 2012; Das et al., 2018).  Wastewaters 

originating from the non-ferrous metallurgical industry can be acidic or alkaline, 

and contain toxic metals, cyanides, fluorides, oils and radioactive elements. The 

cleaning operation from metal finishing processes produces high volumes of spent 

pickle liquor (containing H2SO4 and Fe2SO4), which is highly acidic and contains 

dissolved metals in high concentrations (Stander et al., 1970). Among these, metals, 

cyanide, acid and organic compounds are the most critical pollutants which cause 

health problems such as cancer, chronic/and acute poisoning and dysmorphia, etc. 

(Wu et al., 2017). The impacts of metals and metalloids are discussed in more detail 

in section 2.2.  

2.1.2 Urban runoffs 

Urban runoff is another example of wastewater generated from urban land use and 

human activities. There are several sources of urban runoff such as the washing of 

motor vehicles, parking places, construction materials, roads, air pollutants and 

lawn chemicals (Vijayaraghavan et al., 2010). Runoff water makes its way over 

impervious surfaces and flows into the receiving water systems. Several toxic 

metals such as copper, zinc, chromium, lead and nickel, etc. are present in runoffs 

from urbanized lands (Genç-Fuhrman, Mikkelsen & Ledin, 2007; Huber, Welker 

& Helmreich, 2016). Runoffs also contain harmful organic compounds such as 

polychlorinated biphenyls, halogenated aliphatics, polycyclic aromatic 

hydrocarbons, monocyclic aromatics, nitrosamines, halogenated ethers, pesticides, 

cresols and phenols, among many others (Baun et al., 2006; Eriksson et al., 2005; 

Huber et al., 2016; Makepeace, et al., 1995) and microbial pollutants such as 

pathogenic bacteria and protozoa (Ahmed, Hamilton, Toze, Cook & Page, 2019). 

Although numerous methods are available for the treatment of industrial effluents 

at their point of origin, urban runoffs are difficult to treat due to their complex 

composition and problematic management. The collection, treatment, re-use and 

discharge of urban runoff water has been a concern for countries all over the world, 

and hence requires the development of site-specific and effective treatment policies 

to mitigate their environmental impact.  
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2.1.3 Mine water and acid mine drainage 

Mining is an important industry as it generates valuable minerals and metals. 

However, this economically important industry generates tremendous volumes of 

solid and liquid wastes. There are several processes involved in mining operations, 

of which the major sources of mine drainage are open pit runoffs, ore stockpiles, 

tailings, waste rock dumps, underground operations and waste from heap leaching 

processes (Iakovleva & Sillanpää, 2013). The ore extraction and enrichment 

methods and the solids composition affect the type of pollutants present in the 

wastewaters generated from mining operations (Iakovleva & Sillanpää, 2013). 

Mine drainage contains elevated concentrations of metals such as copper, nickel, 

zinc, lead, mercury and cadmium, metalloids like arsenic and antinomy, other ions 

like sulphate, phosphate and nitrate, and also other contaminants such as 

ammonium, oil, salts and xanthates (Bissen, Frimmel & Ag, 2003; Kauppila, 

Räisänen & Myllyoja, 2013; Nordstrom, 2011; van Berkel, 2007). Additionally, 

mining operations generate process water effluents containing elevated 

concentrations of metals and metalloids and other ionic pollutants. For example, 

the process waters from Agnico Eagle Finland’s mine in Kittilä contain high 

concentrations of As, Sb, Zn, Ni, Fe, Al, Mn and Cu along with high loadings of 

nitrogen, sulphate and phosphorus (Lahtinen et al., 2018).  

One of the most critical environmental impacts from mining activities is the 

generation of acid mine drainage (AMD). This is acidic in nature and contains high 

concentrations of toxic metals, and ferrous and non-ferrous metal sulphate 

(McCarthy, 2011). Metals are mostly found as metal sulphides and hence, metal 

sulphide oxidation is the main cause of elevated sulphate concentrations in AMD 

(Fernando, Ilankoon, Syed & Yellishetty, 2018). AMD generation is mainly caused 

by the reactions involving iron sulphide minerals, and the dissolution of soluble 

iron sulphate minerals and less soluble sulphate minerals from the jarosite and 

alunite series (Williams & Diehl, 2014). Most of the acid production in mine 

drainage is caused by the oxidation of sulphide minerals such as pyrite and 

marcasite (FeS2), as well as pyrrhotite (Fe1-xS, 0.7 < x < 1.0). The oxidation 

reactions of these sulphidic minerals are presented by reactions (Williams & Diehl, 

2014) 

FeS2 s O2 aq H2O ↔                                    

                                      Fe OH 3 s 2SO4
2 aq 4H+(aq)                                 (1) 

and 
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                                      Fe S s O2 aq H2O ↔                 

                                   1 𝑥 Fe OH 3 s SO4
2 aq 2H+(aq).                            (2) 

It can been seen that sulphate (SO4
2-) along with acid (H+) is released into the 

solutions and is the main indicator of the generation of acid mine drainage 

(Williams & Diehl, 2014). 

Ferric hydroxide, along with ferric hydroxyl species in aqueous form, is 

responsible for the acidification of mine water. Additionally, oxidation of iron 

sulphide minerals is also caused by ferric iron (Fe3+). Ferric hydroxide resulting 

from the precipitation of aqueous ferric iron leads to AMD generation 

        FeS s 14Fe aq H O O aq ↔  

                                 15Fe OH s 2SO aq 46H aq                              (3) 

 and  

                              Fe aq 3H O Fe OH s 3H aq ,                         (4) 

which are pH-dependent reaction due to the absence of oxygen. At pH>3, ferric 

hydroxide formation and acid production occur by the reaction between ferric iron 

and water (Equation 4). Sulphidic minerals also contain trace metals which are 

released into the AMD along with sulphate when oxidation of sulphidic minerals 

takes place (Williams & Diehl, 2014). As such, an elevated metals and sulphate 

concentration is a characteristic of AMD 

2.2 Impacts of metal and metalloid pollutants 

Both natural and human activities are responsible for the presence of metals and 

metalloids in the environment, with the latter having much more aggressive impacts. 

The main anthropogenic sources of metal pollutants in effluents are illustrated in 

Fig. 2. These harmful pollutants can lead to cancer, organ damage, reduction in 

growth and development, damage to the nervous system and even death (Barakat, 

2011). For example, although zinc is essential for the proper functioning of the liver 

and biochemical processes in the human body, an excess of the metal in the body 

can cause anaemia, irritation, vomiting, nausea and stomach cramps (Oyaro, Juddy, 

Murago & Gitonga, 2007). Nickel is a human carcinogen and can also cause lung 

and kidney problems, as well as skin dermatitis and pulmonary fibrosis (Borba, 

Guirardello, Silva, Veit & Tavares, 2006). High levels of copper in the human body 

can cause vomiting, convulsions, cramps and also death (Paulino et al., 2006). 
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Chronic exposure to cadmium can cause kidney disfunction, whereas high 

exposure levels can even lead to death (Fu & Wang, 2011). Lead is responsible for 

damage to the kidney, the nervous and reproductive system, and may also cause 

disruption in brain and cellular level functions (Naseem & Tahir, 2001). Exposure 

to chromium(VI) can be responsible for diseases ranging from skin irritation to 

lung carcinoma (Naseem & Tahir, 2001). Inorganic As(III) and As(V) species are 

the predominant forms of arsenic found in the environment and are more toxic and 

harmful than organic As compounds (Ratnaike, 2003; Ungureanu, Santos, 

Boaventura & Botelho, 2015). Arsenic is found both in ground and surface waters 

as a result of both natural and human activities and can cause both acute and chronic 

poisoning in human beings. Chronic arsenic toxicity can lead to be weight and hair 

loss, gastritis, anorexia, cardiovascular diseases, loss of reflexes, nervous system 

disturbance and gastritis, among many others (Bissen et al., 2003). Acute arsenic 

poisoning includes muscle cramps, vomiting, throat and mouth drying, abdominal 

pain, diarrhoea, hallucinations and disorders related to the circulatory system 

(Bissen et al., 2003). Although there is not much information available about the 

harmful impacts of antimony (Sb), the metalloid is a genotoxic element to the 

extent that the maximum contaminant level of Sb in water permitted by USEPA is 

6 µg/L and only 5 µg/L is the maximum level in drinking water permitted by the 

EU (Ungureanu et al., 2015). Like arsenic, antimony is mainly present in two 

inorganic anion forms, Sb(III) and Sb(IV), of which Sb(III) is more toxic, since it 

is able to impact biological targets more easily and also tends to accumulate in the 

body for longer periods (Ceriotti & Amarasiriwardena, 2009).  
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 Types of anthropogenic sources producing effluents that contain metal 

pollutants. 

2.3 Impacts of sulphate 

Sulphate originates from natural as well as anthropogenic sources. While natural 

activities such as chemical weathering, oxidation of sulphides and elemental 

sulphur, and decomposition of animal and plant residues are responsible for the 

former source; industrial activities such as mining are responsible for the release of 

significant sulphate concentrations into the environment (De La Torre, Grande, 

Graiño, Gómez & Cerón, 2011). Sulphate is not directly harmful as it is a non-toxic, 

inert and non-volatile ion; however, high concentrations of sulphate can disrupt the 

natural sulphur cycle balance (Lens, Visser, Janssen, Hulshoff Pol & Lettinga, 

1998). Although a certain amount of sulphur is required by living organisms, 

sulphate concentrations higher than 600 mg/L can have laxative effects in addition 

to altering the taste of water (International Network for Acid Prevention [INAP], 

2003). Its negative impacts in humans and animals include dehydration, diarrhoea, 

imbalance in sulfhemoglobin and methaemoglobin levels, and catharsis (Cocchetto 

& Levyx, 1981; Digesti & Weeth, 1976; Gomez, Sandler & Seal Jr., 1995; Paterson, 

Wahlstrom, Libal & Olson, 1979). Excess of sulphate in freshwater bodies leads to 

salinization and it also has lethal impacts on aquatic flora and fauna (Cañedo-

Argüelles et al., 2013; Soucek & Kennedy, 2005).  
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Sulphate discharge guidelines around the world vary considerably. Countries like 

Finland have set sulphate discharge limits for mine effluents between 1000–4000 

mg/L (Aluehallintovirasto [AVI], 2013, 2015, 2016, 2017), whereas concentration 

limits between 250–1000 mg/L have been set by other environmental agencies 

(Liang, 2014; Runtti, Tolonen, Tuomikoski, Luukkonen & Lassi, 2018; Silva, Lima 

& Leão, 2012). In the case of sulphate limits in drinking water, Finland has more 

strict regulations and has set the maximum permissible limit at 150 mg/L, whereas 

the WHO guidelines recommend up to 250 mg/L sulphate concentrations in 

drinking water (Decree of the Ministry of Social Affairs and Health, 2017; WHO, 

2011). As mentioned in section 2.1.3, AMD contains elevated sulphate 

concentrations, and is generated from rocks undergoing geochemical weathering 

and in some cases, from chemical processes in the mine. Since sulphate does not 

degrade easily and has a long residence time, it is crucial that stringent treatment 

methods are adopted to reduce sulphate concentrations in mine drainage to as low 

levels as possible before release into natural water systems.  

2.4 Conventional industrial effluent treatment methods 

There are several treatment methods currently in use for metals, metalloids and 

sulphate removal from industrial wastewaters. Chemical precipitation, membrane 

technology, ion exchange, sorption, coagulation-flocculation and biological 

treatment are common methods used for the treatment of industrial effluents 

(Barakat, 2011; Fu & Wang, 2011; Runtti et al., 2018). Table 1 lists some of the 

conventional methods mentioned along with their advantages and disadvantages. 

The aim of this doctoral thesis study was to overcome the bottlenecks related to 

these treatment techniques by exploring the development of alternative, economical 

and effective bio-based water treatment products, a detailed discussion of which 

can be found in the later part of the literature review (sections 2.5.1–2.5.2). 
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Table 1. Advantages and disadvantages of some conventional water treatment methods. 

Treatment method Advantage Disadvantage References 

Chemical precipitation Process simplicity 

Ease of operations 

Low cost equipment 

requirements 

 

Requires additional treatment 

to reduce the residual 

concentration to acceptable 

discharge limits 

Excessive sludge produced 

Associated sludge disposal 

problems 

(Barakat, 2011; 

Fu & Wang, 

2011) 

Membrane filtration High efficiency 

Meets effluent discharge 

limits 

Pre-treatment required 

Membrane fouling issues 

Additional operational costs 

(Runtti et al., 

2018) 

Biological treatment Effectively reduces 

sulphate to hydrogen 

sulphide 

 

Requires external carbon 

source 

Additional operational costs 

(Rezadehbashi & 

Baldwin, 2018) 

Coagulation and 

flocculation 

Very efficient in removal of 

hydrophobic colloids and 

suspended particles 

Practical for industrial-

scale water treatment 

Not very efficient for metal 

removal as a primary treatment 

method 

Requires additional treatment 

Excessive sludge produced 

(Chang & Wang, 

2007; Fu & Wang, 

2011; Kurniawan, 

Chan, Lo & 

Babel, 2006) 

Ion exchange No sludge generated 

Less consumption of time 

High affinity for targeted 

ions 

High capital and operational 

cost 

 

(Rengaraj, Yeon 

& Moon, 2001; 

Zhao, Xu, Zhang, 

Rong & Zeng, 

2016) 

Chemical precipitation is widely used in industrial effluent treatment, wherein the 

chemical used reacts with the pollutant to form precipitates that can be separated 

from the water stream by filtration or sedimentation. For metal removal, 

conventionally hydroxide precipitation and sulphide precipitation are used. The 

metals form insoluble metal hydroxides or sulphides which can then be separated 

from water (Fu & Wang, 2011). High sulphate concentrations can be reduced down 

to 1500–2000 mg/L using gypsum precipitation with limestone or lime (Kinnunen 

et al., 2018; Liang, 2014; INAP, 2003). Ion exchange is another method that has 

been used commercially for pollutant removal. An ion exchanger is a solid matrix 

capable of exchanging cations or anions from the surrounding medium depending 

on the charge present on the exchanging resin. For example, cation exchangers, 

which are either strongly acidic with the sulphonic acid group (-SO3H) or weakly 

acidic containing carboxylic acid groups (-COOH), are used for metal removal (Fu 
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& Wang, 2011). Anion exchange resins, which are prepared by introducing 

positively charged functional groups, are used for the removal of anionic pollutants 

(Awual & Hossain, 2013; Gao, Xu, Wang, Yue & Xu, 2009; Runtti et al., 2018). 

Bio-based anion exchangers have been developed in recent times in an attempt to 

improve the economic feasibility and sustainability of ion exchange as a water 

purification technique (Cao et al., 2011; Gao et al., 2009; Keränen et al., 2016). 

Membrane filtration is an effective wastewater treatment method. It uses a 

semi-permeable membrane that acts as a barrier to retain pollutant 

molecule/particle sizes bigger than the pore size of the membrane as the effluent 

stream passes through it (Mukherjee, 2019). Based on the size of the pollutants to 

be removed, membrane filtration technologies such as ultrafiltration, nanofiltration 

(NF) and reverse osmosis (RO) are efficient in sulphate and metal removal from 

wastewater (Barakat, 2011; Fu & Wang, 2011; Runtti et al., 2018). Among these, 

NF and RO are highly acclaimed methods as they are capable of separating 

monovalent and divalent ions and can thus achieve even the strictest sulphate 

discharge limits. Biological treatment can also be used for the sulphate treatment 

of industrial and mine effluents (Kinnunen et al., 2018; Parravicini, Svardal & 

Kroiss, 2007). Sulphate-reducing bacteria are used to reduce sulphate to sulphite, 

followed by the formation of hydrogen sulphide gas and metal precipitates (Barton 

& Hamilton, 2007; Virpiranta, Taskila, Leiviskä, Rämö & Tanskanen, 2019).  

The following sub-sections present a detailed description of the current 

treatment methods used in practice in specific industries (metallurgical and mining) 

and in the treatment of urban runoffs.  

2.4.2 Treatment of metallurgical wastewater  

The metal processing industry uses a wide range of methods such as chemical, 

physical, physiochemical and biological techniques. Sorption, coagulation-

flocculation and advanced oxidation processes are used to remove oil and grease, 

metals, acids, alkalis and organic pollutants from the effluent (Das et al., 2018). 

Similarly, chemical treatment is performed for the oxidation of organics, removal 

of metals, separation and removal of dissolved matter and colloids, and also to 

control the acidity or alkalinity of the wastewater before its release to the receiving 

water bodies (Wu et al., 2017). Biological treatment methods such as the suspended 

growth process are used to reduce COD and BOD loading (Das et al., 2018). 

Physical treatment techniques are based on removal of pollutants through 
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gravitational settling, centrifugation, mechanical force, evaporation and 

crystallization (Wu et al., 2017).  

Some metallurgical industries employ a combination of different effluent 

treatment principles, depending on the process from which the wastewater is 

generated. For example, the Outokumpu stainless steel plant located in Tornio, 

Finland consists of ferrochrome and steel mills and uses water from the Baltic Sea 

for cooling operations and other production processes (Mehtälä, 2020) (the 

metallurgical wastewater used in Paper I was obtained from the same plant). 

Different techniques are used to treat the process waters depending on the purpose 

they were used for. For example, most of the process waters from the ferrochrome 

plant such as those from the sintering plants and furnaces are recycled using sand 

filters while the rest of the effluents are passed through multiple settling ponds. 

After this, they are pumped into a sedimentation pond for a prolonged period to 

facilitate the settling of solid pollutants before releasing the effluents (for example, 

zinc - one of the main pollutants in the metallurgical wastewater obtained from 

Outokumpu, Paper I) back to the sea.  The process waters generated by the steel 

melting shop are passed through sand filters, from where the filtered water is 

divided into three sections: some of the process water is recycled back to the 

cooling towers while another part is diverted to a flocculation tank; an additional 

part of process water from the melting shop is treated with ferrous sulphate salts in 

order to reduce Cr(VI) to a less harmful form before being directed to the 

sedimentation ponds. Similarly, sand filters and oil skimmers are used to treat the 

process waters from the hot rolling mill before moving them to a cooling pool and 

then on to the sedimentation ponds. The oily water from the cold rolling and rinsing 

processes is destabilized using sulphuric acid, followed by coagulation (using 

polyaluminium chloride) and neutralization using sodium hydroxide. After this, 

flocs of oily particles are formed in the flotation tank and skimmed off from the 

surface. Finally, the clarified water is passed through sand filters and directed to 

sedimentation ponds, followed by discharge into the sea. Additionally, treatment of 

the Cr(VI) present in the process waters from the cold rolling mill is performed 

using sulphuric acid, which reduces the Cr(VI) to Cr(III) form. This is followed by 

a neutralization process using milk of lime and sulphur dioxide, which prevents the 

oxidation of Cr(III) back to Cr(VI) (Mehtälä, 2020). 
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2.4.3 Treatment of mine water 

The entire mining process creates numerous waste effluents in large volumes. It is 

crucial that the effluents from mine sites containing these harmful substances are 

treated thoroughly before being discharged into the surrounding water bodies. In 

Finland, depending on the mine site, there are different mine water management 

methods in practice. For example, Terrafame Oy nickel mine uses a two-stage 

neutralization procedure to separate unwanted metals and recycle process water. 

Some of the clarified solution obtained from the final neutralization stage is 

recycled back to the pond containing the process water, whereas reverse osmosis is 

used for the treatment of the other half of the solution. The treated water is then 

used for important mine processes and the sulphate-containing  reject is directed to 

bioleaching heaps (Terrafame, 2020). 

Agnico Eagle Finland’s Kittilä mine, located in Northern Finland, is the largest 

operating gold mine in the European Union and uses a slightly different mine water 

treatment approach. The final tailings and water from the mill processes are 

neutralized using carbonate-containing tailings and lime. The final tailings are 

thickened and the underflow is discharged into tailing ponds, while the overflow 

water is directed to a process water storage pond. After this, some of the process 

water is recycled back to the mill and the rest is pumped to a gypsum precipitation 

plant, which decreases the residual sulphate concentration to 1500–2000 mg/L (L. 

Nevatalo, personal communication, March 11, 2020). The gypsum precipitation 

plant was commissioned in Kittilä in 2016 as an additional treatment facility due to 

the implementation of more stringent environmental regulations in recent years 

(Agnico Eagle, 2017). The water treated in the sulphate removal plant is then routed 

to treatment peatlands, before discharge into a nearby river (L. Nevatalo, personal 

communication, March 11, 2020). Drainage waters from underground mines are 

pre-treated using coagulation and then discharged into a separate location in peat-

based wetlands. Part of the underground mine drainage is reused for underground 

drilling and milling processes and an open pit is used for the storage and 

distribution of recycled mine water (Lahtinen et al., 2018; L. Nevatalo, personal 

communication, March 11, 2020; Palmer, Ronkanen & Kløve, 2015). Similarly, the 

Boliden Kevitsa mine (Finland) uses the hydrated lime precipitation method for its 

mine water, after which the solids are settled in a pond through a clarification 

process (Teollisuustaito Oy, 2016). The effluents from there are further treated in 

constructed wetlands (Teollisuustaito Oy, 2016). Treatment wetlands have been 

increasingly adopted by Finnish mines for effluent treatment due to their ability to 
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accumulate and precipitate metals, metalloids and sulphates efficiently under 

anoxic conditions (Palmer et al., 2015). However, due to the long and cold winter 

climate in the northern regions (for example, Finland), wetland-based mine water 

treatment is critical. The biogeochemical purification processes that take place in 

treatment wetlands are highly temperature-dependent. Another challenge 

associated with wetland-based treatment systems is the clogging of the wetland 

media, in which the hydraulic loading rate and porosity of the substrate media play 

a crucial role (Almuktar, Abed & Scholz, 2018). Additionally, the mine sites are 

often located in remote areas surrounded by pristine nature, which need to be 

carefully protected.  

In recent times, commercial sorbents have been developed for the treatment of 

industrial effluents, including mining effluents. A mineral sorbent developed by 

Aquaminerals Finland Oy has been used in the treatment of mine effluents 

emanating from pits and tailings for arsenic, manganese and iron removal (T. 

Pikkarainen, personal communication, January 30, 2020). This sorption technique 

has been used either as the main treatment process or as a pre-treatment method. 

Additionally, pilot-scale studies have been carried out for mining water treatment 

using iron-based sorbents. For example, the Richmond Hill Mine (South Dakota) 

and Dry Valley Mine (Idaho) studied selenium and arsenic removal using 

zerovalent iron (ZVI) as a sorbent (USEPA, 2014). However, this method has 

certain shortcomings since ZVI sorbent is non-recyclable, sensitive to temperature 

and pH changes, requires additional treatments like aeration and clarification and 

produces toxic wastes (USEPA, 2014). Similarly, a pilot-scale study by the 

Environment Protection Agency investigated metal removal from mine waters at a 

mine site in Utah (United States) using ferrihydrite sorption. However, this 

treatment method entails high operational costs and potential selenium release from 

sorbent residue, and the need for additional treatment to separate sorbed metals and 

iron solids from the treated water (USEPA, 2014).  

2.4.4 Treatment of urban runoff 

The nature of pollutants and the degree of pollution contributed by urban runoff 

waters depend on the land use pattern, population density and rainfall variation 

(Peng, Zhang & Gui, 2019). To efficiently manage and treat effluents arising from 

urban runoffs, different cities have adopted urban runoff management strategies 

suitable for their area. For example, the Finnish capital, Helsinki, introduced the 

City of Helsinki’s Storm Water Strategy in 2008, which was updated in 2016 (City 
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of Helsinki, 2018). This priority order-based strategy was adopted by the city 

council for urban runoff treatment. According to the city regulations, property 

owners are responsible for managing the runoff water generated on their property. 

As a primary option, if feasible, the urban runoff should be treated at source through 

infiltration or retention, otherwise properties are required to be connected through 

pipes to nearby retention units where they are treated before being routed to the 

local urban runoff sewer network (City of Helsinki, 2018). If none of the options 

are feasible for a specific area, the runoff water is directed to the city’s main 

wastewater treatment plant in Viikinmäki (employing an activated sludge treatment 

method) through combined sewer systems (City of Helsinki, 2018; Helsingin 

seudun ympäristöpalvelut [HSY], 2016). Another city in southern Finland, Vantaa, 

has also developed several local urban runoff management systems. Bioretention 

basins have been constructed, for example in the Koivuhaka district (VTT 

Technical Research Centre of Finland, 2017). The runoff water is first pre-treated 

to separate solid wastes, collected in retention basins and then made to undergo 

physio-chemical and biological treatments in filtration basins containing vegetation.  

2.5 Sorption for wastewater treatment 

In recent decades, sorption has emerged as an efficient and economic method of 

wastewater treatment. Its main advantages are high affinity and selectivity, high 

sorption capacity, flexible operation and design, and the ability to regenerate 

sorbents in many cases. Activated carbon (AC) made from coal has been used as a 

commercial sorbent for many years due to its large surface area, mesopore and 

micropore volumes, but depleting coal sources has turned the focus on looking for 

other biomass-based sources that are abundantly available and economic to produce 

AC (Fu & Wang, 2011). Alternative sorbent materials which have been researched 

include zeolites, biopolymers, industrial by-products like fly ash, iron wastes and 

slags, and other mineral-based sorbents (Barakat, 2011; Fomina & Gadd, 2014; 

Hegazi, 2013; Matusik & Bajda, 2013). For example, a granulated iron hydroxide 

(GEH) sorbent was developed by GEH Wasserchemie for removing pollutants in 

industrial effluents and process waters. High selectivity has been shown by GEH 

for the removal of oxyanions like phosphate, arsenate and vanadate (C. Bahr, 

personal communication, March 3, 2020).  

Wastewater treatment using products of biological origin has gained considerable 

attention over the last few decades in the search for more sustainable and 

environment friendly water purification technologies. Within the scope of this 
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thesis, further focus has been placed on biosorption and the modification of biomass 

materials to produce sorbents with high effectivity.  

2.5.1 Biosorption and biosorbents as alternative treatment methods 

Biosorbents are biomass-based sorbents, which have proved to be capable of 

removing organic and inorganic pollutants. They are being studied extensively and 

attempts have been made to adapt them as potential commercial water treatment 

products. They also satisfy the main principles of shifting to a bio-based economy 

since they are abundantly available, cheap, sustainable and efficient in pollutant 

removal. The main advantages of using biosorbents to develop sustainable water 

treatment technologies are illustrated in Fig. 3. The sorption efficiency of biomass 

materials depends mainly on the sorption conditions, the pre-treatment and 

modification steps performed on the biosorbent, and the targeted pollutants to be 

removed (Fomina & Gadd, 2014). Biosorption is a complex process consisting of 

one or several mechanisms, depending on the biosorbent used and the sorbate 

studied. While physisorption occurs through Van der Waals’ forces and electrostatic 

attraction, chemisorption involves chemical bonding between the sorbent’s 

functional groups and the sorbate through mechanisms like ion exchange and 

complexation (Bhatnagar & Sillanpää, 2010). In order to identify the sorption 

mechanisms, it is essential to study the surface structure of the sorbent and the 

functional groups present on it.  

Lignocellulosic materials are often preferred as biosorbents over living 

biomass, since the former do not present limitations such as toxicity and the 

requirements for a growth media. Such types of biomass are composed of cellulose 

(30–50%), hemicellulose (20–40%) and lignin (15–25%) (Abdolali et al., 2014). 

These structural components of the biomass materials contain several functional 

groups like hydroxyl, carboxyl, amino, thiol and phosphate groups, etc., which 

provide active binding sites for pollutant uptake (Fomina & Gadd, 2014). Pre-

treatment or chemical modification is usually required to activate these functional 

groups. While acidic functional groups like carboxyls and hydroxyls play a major 

role in metal removal, certain cationic functional groups need to be introduced 

through chemical modification for the biomass to be able to sorb anionic pollutants. 
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 Advantages of biosorbents as renewable water treatment materials. 

The biomass materials used as sorbents in this study are sawdust and peat, as they 

are readily available, economic, sustainable and have reactive functional groups. 

Sawdust is a timber industry by-product composed of celluloses, lignin and 

phenolic compounds (Bulut & Tez, 2007; Šćiban, Radetić, Kevrešan & Klašnja, 

2007). It contains acidic functional groups like hydroxyls, phenols and carboxyls, 

which contribute to its sorption ability (Šćiban et al., 2007). These polymeric 

compounds contain N-, P-, or S- based functional groups which can bind positively 

charged contaminants like metal cations by forming metal complexes thanks to the 

electron accepting nature of the metal ions (Shukla, Zhang, Dubey, Margrave & 

Shukla, 2002). For example, divalent metal ions are able to attach themselves to 

the two adjacent hydroxyl and oxyl groups, which in turn donate two electron pairs 

to the metal ions (Bulut & Tez, 2007).  

Peat is a low-cost and readily available biomass which has been widely studied 

as a biosorbent (Bogush & Voronin, 2011; Bulgariu, Bulgariu & Macoveanu, 2011; 

Eglite, Sire & Klavins, 2009; Ho, John Wase & Forster, 1995; Kalmykova, 

Strömvall & Steenari, 2008). It is formed as a result of the degradation of plant and 

tree residues in water-logged marshy lands and is mainly composed of lignin, 

cellulose and humic acids. These compounds provide polar functional groups like 

phenolic hydroxides, carboxyls and sulphonics which are responsible for its cation 

exchanging properties (Brown, Gill & Allen, 2000;  Ho & McKay, 1998). The 

typical sorption mechanism is ion exchange as the cationic pollutants are able to 

replace the ions (e.g. protons) electrostatically bound to the functional groups of 
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peat  (Bartczak et al., 2018; Bulgariu et al., 2011). A simple biosorption process 

using ion exchange as the sorption mechanism for the removal of pollutant ions 

from aqueous solutions is illustrated in Fig. 4. 

 

 Illustrative scheme showcasing biosorbents using ion exchange as their 

sorption mechanism. 

Biomass materials can be considered as sustainable alternatives to replace some of 

the conventional effluent treatment methods described in section 2.4, and overcome 

the challenges presented by them. For example, biosorbents can be used in the 

retention basins used for the treatment of urban runoffs to retain the pollutants on 

their sorptive sites. Biosorption can be also used as the main or supplementary 

treatment method (instead of wetlands) in mines for the removal of metals, 

metalloids and anionic pollutants from process and drainage waters, to overcome 

the challenges related to treatment wetlands. Therefore, modification of biomass to 

produce biosorbents with high sorptive performance and exploring their potential 

for treatment of real effluents was chosen as the focus of this doctoral research 

study.  

2.5.2 Modification of biomass 

The metal binding capacity of biosorbents can be significantly increased by 

chemical modification to alter their hydrophilic and hydrophobic characteristics, 

increase their surface binding areas and activate the functional groups (O’Connell, 

Birkinshaw & O’Dwyer, 2008; Rajczykowski, Sałasińska & Loska, 2018; Yang, 

Park, Baek & Choi, 2010; Zhou, Zhang, Gu & Lu, 2015; Zhu, Fan & Zhang, 2008). 
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It should be noted that these raw biomasses possess an anionic surface charge in 

most pH ranges. Thus chemical modification is needed to cationize the biomass to 

enable them to act as anion exchangers and bind anionic pollutants - sulphate, 

nitrate and phosphate, etc. (Cao et al., 2011; Keränen, Leiviskä, Gao, Hormi & 

Tanskanen, 2013; Orlando, Baes, Nishijima & Okada, 2002; Zhang, Leiviskä, 

Taskila & Tanskanen, 2018). The functional groups of the biomass can be altered 

to possess a positive surface charge by introducing amine groups, for example, and 

by crosslinking to produce efficient bio-based anion exchangers (Elwakeel, 2010; 

Keränen et al., 2013). Since cellulose and hemicellulose are the main constituents 

of biomass, the reactive hydroxyl groups provided by anhydroglucose units can be 

chemically modified and functional polymers can be produced (Orlando et al., 

2002). Additionally, some biomass, like raw peat, is hydrophobic and has poor 

settling behaviour, but these properties can be improved with certain chemical 

modifications, as reported by Leiviskä, Khalid, Gogoi and Tanskanen (2018).   

A comparison of different sorbent modification methods and their metal and 

sulphate removal efficiencies as reported in previous studies can be found in Table 

2 and Table 3, respectively. A wide range of sorption capacities were obtained 

depending on the raw materials, the modification method and on the target 

pollutants. For example, tartaric acid-modified rice husk was much more efficient 

in lead removal (108 mg/g capacity) compared to copper (29 mg/g capacity) (Wong, 

Lee, Low & Haron, 2003). Similarly, sulphuric acid-modified cassava peel 

exhibited a sorption capacity of 7.06 mg/g for cadmium, whereas a much higher 

capacity (24 mg/g) was obtained for lead (Schwantes et al., 2016). In Table 3, it can 

be observed that many of the sorbents for sulphate removal were obtained by using 

cationizing chemicals. For example, a bio-based anion exchanger was developed 

by Cao et al. (2011) by cationizing rice straw using epichlorohydrin and 

trimethylamine, and a sulphate capacity of 74.8 mg/g was reported. Additionally, 

inorganic salts have been used for the modification of sorbents, for example BaCl2 

and blast furnace slag were used to obtain a geopolymer which exhibited a high 

sulphate sorption capacity of 91.1 mg/g (Runtti et al., 2016).  
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Table 2. Comparison of different modified biosorbents and their metal or metalloid 

removal capacity. 

Biomass Modification 

method 

Metal 

removed 

Sorption capacity 

(mg/g) 

Reference 

Sawdust Citric acid Cu2+ 16.2a (Zhou et al., 2015) 

Corncob Citric acid Cd2+ 49.2a (Leyva-Ramos, Landin-

Rodriguez, Leyva-Ramos & 

Medellin-Castillo, 2012) 

Rice husk Tartaric acid Cu2+ 

Pb2+ 

29.0b 

108.0b 

(Wong et al., 2003) 

Rice husk Alkali treated Cr3+ 

Pb2+ 

Zn2+ 

Ni2+ 

52.1a 

54.0a 

7.47a 

5.4a 

(Krishnani, Meng, 

Christodoulatos & Boddu, 2008) 

Sargassum sp.  HCl  Cd2+ 

Zn2+ 

6.4b 

1.9b 

(Mahmood, Zahra, Iqbal, Raza & 

Nasir, 2017) 

Sawdust HCl Cr(VI) 1.7b (Argun, Dursun, Ozdemir & 

Karatas, 2007) 

Sawdust  EDTAD Zn2+ 80.0b (Pereira, Gurgel & Gil, 2010) 

Bagasse EDTAD Zn2+ 105b (Pereira et al., 2010) 

Yeast Ethylenediamine Pb2+ 134.9b (Li et al., 2013) 

P. americana HNO3 Pb2+ 12.66a (Wang et al., 2018) 

Cassava peel H2SO4 Cd2+ 

Pb2+ 

Cr3+ 

7.06b 

24.0b 

10.07b 

(Schwantes et al., 2016) 

B. cereus Immobilization with 

sodium alginated 

and activated 

carbon 

Pb2+ 

Cd2+ 

Hg2+ 

82.17b 

66.32b 

51.49b 

(Todorova et al., 2019) 

Aloe vera leaf 

powder 

Na2CO3 Ni2+ 28.98b (Gupta, Sharma & Kumar, 2019) 

Fruit waste FeCl3.6H2O As(III) 

As(V) 

0.72b 

2.0b 

(Verma, Siddique, Singh & 

Bharagava, 2019) 

Fish scale Hydrothermal + HCl  Cd2+ 

Pb2+ 

89.30b 

92.65b 

(Pal & Maiti, 2020) 

Orange peel Methyl acrylate 

polymerization  

Pb2+ 

Cd2+ 

Ni2+ 

476.1b 

293.3b 

162.6b 

(Feng, Guo, Liang, Zhu & Liu, 

2011) 

Marine algae CaCl2 Cu2+ 

Co2+ 

13.73b 

13.97b 

(Foroutan, Esmaeili, Abbasi, 

Rezakazemi & Mesbah, 2018) 

a Experimental maximum sorption capacity 
b Langmuir maximum sorption capacity  
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Table 3. Comparison of the sulphate sorption capacity of different sorbents. 

Anion exchanger Modification method Sulphate sorption 

capacity (mg/g) 

Reference 

Organo-nanoclay CTAB 20.0a (Chen & Liu, 2014) 

Activated carbon Polypyrrole-grafted 48.0a (Hong, Cannon, Hou, 

Byrne & Nieto-Delgado, 

2014) 

Rice straw NaOH + epichlorohydrin +  

trimethylamine 

74.8a (Cao et al., 2011) 

Chitin-based shrimp 

shells 

NaOH 156.0b (Moret & Rubio, 2003) 

Coconut coir pith ZnCl2 4.9b (Namasivayam & 

Sangeetha, 2008) 

Blast furnace slag 

geopolymer 

BaCl2 91.1a (Runtti et al., 2016) 

Paper waste - 2.8a  (Iakovleva, Mäkilä, 

Salonen, Sitarz & 

Sillanpää, 2015) 

Interlayered 

quaternized kaolin 

group minerals 

Triethanolamine + 

iodomethane 

5.03b (Matusik, 2014) 

Surfactant-modified 

palygorskite 

Octodecyltrimethylammonium 

chloride 

3.2b (Dong, Liu, Wang & 

Huang, 2011) 

Chitosan-grafted 

polyacrylamide 

copolymer 

Polyacrylamide 277.8b (Fosso-kankeu, 

Waanders & Steyn, 

2015) 

Limestone - 23.7b (Silva et al., 2012) 

Desilicated fly ash KOH 147.06a (Ntuli, Falayi & 

Thwanane, 2016) 

Sugarcane baggase 

cellulose 

Zirconium oxychloride 0.04a (Mulinari & da Silva, 

2008) 

Barium-modified acid  

washed analcime 

BaCl2 13.7a (Ntuli et al., 2016) 

Iron sand  - 1.12a (Iakovleva et al., 2015) 

a Experimental maximum sorption capacity 
b Langmuir maximum sorption capacity  
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3 Aim and hypotheses of the study 

Based on the literature review, it is evident that there are numerous anthropogenic 

sources of water pollution that release harmful effluents which have critical 

environmental and health impacts. While there are several conventional water 

purification techniques in practice, they suffer from multiple drawbacks in terms of 

environment-friendliness, economics as well as treatment efficiency. Additionally, 

with the emerging importance of the circular economy, it is crucial that we look for 

alternative water treatment methods that are low-cost, environment-friendly and 

effective. In order to address these concerns, the main aim of this doctoral degree 

study was to develop novel bio-based sorbents for the treatment of metallurgical 

wastewater, urban runoff and mining influenced water. Different chemical 

modification methods were studied and developed to enhance the pollutant removal 

efficiency of the biosorbents produced. Although a lot of research has been reported 

on water treatment using biomass materials, very few studies have tested their 

performance with real wastewaters, and this was another important aim of the study.  

Two abundantly and readily available biomass materials, sawdust and peat, 

were used to produce the modified biosorbents. Although these lignocellulosic 

biomasses contain some inherent metal removal capability, their efficiency and 

physical properties can be improved significantly through chemical modification. 

Additionally, for the biomass to be able to sorb anionic pollutants, cationic 

functional groups need to be introduced through modification of the sorbent surface. 

Therefore, different modification methods were studied in this research to produce 

biosorbents for the removal of metals, metalloids and sulphate from real 

wastewaters.  

While it is necessary to test the sorption phenomenon using synthetic solution 

to study the optimal operational parameters required by a sorbent to achieve its 

maximal efficiency, it is equally important to test these sorbents on real wastewaters 

to demonstrate their practical application. Effluents such as metallurgical 

wastewaters and mining influenced waters vary significantly from synthetic 

solutions in their characteristics as they contain a wide range of both cationic and 

anionic pollutants. This doctoral research work will provide an insight into the 

industrial applicability of the biosorbents using real metallurgical wastewater, 

mining influenced water and also urban runoff.  

In summary, the main objectives of this thesis can be listed as follows: 
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1. Development of different types of modified biosorbents using low-cost, 

sustainable and abundantly available biomass materials from Finland. 

2. Evaluation of the sorption efficiency and potential applicability of the 

developed biosorbents for: 

a) Metal removal from metallurgical wastewater and urban runoff 

b) Metal and metalloid removal from mine drainage 

c) Sulphate removal from mine water and acid mine drainage 

3. Study of the sorption mechanisms and characteristics of the biosorbents. 

The following hypotheses (H) have been formulated based on the background and 

aim of this doctoral thesis: 

H1. Chemical modification can significantly enhance the properties of biosorbents 

that are produced from locally sourced biomass.  

– Low-cost and simple acid modification was used to produce modified 

biosorbents with high efficiency for metal and metalloid removal.  

– A separate novel modification technique was developed to produce a high- 

capacity, bio-based anion exchanger for sulphate removal. 

H2. The modified biosorbents can effectively remove pollutants from real 

industrial effluents and urban runoff waters.  

– The suitability of the biosorbents developed for the treatment of metallurgical 

wastewaters and urban runoff water was established by comparing their metal 

removal performance with two mineral-based commercial sorbents.  

– Natural and acid-modified peat-based biosorbents were compared for their 

metal and metalloid removal from mining influenced water. 

– The novel bio-based anion exchanger was tested under several experimental 

conditions to identify the optimal conditions for sulphate removal from acid 

mine drainage.  

H3. Ion exchange is the principle sorption mechanism of the developed   

biosorbents. 

– Different characterization techniques were used to obtain information on the 

effects of the chemical modification performed. 

– Batch sorption studies were used to study different experimental parameters. 
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– Isotherm and kinetic modelling was used to further explain the sorption 

phenomena associated with the individual biosorbents.  

H4. The bio-based anion exchanger exhibits good re-usability performance and has 

strong potential for future application in acid mine drainage treatment.  

– Column sorption-desorption was used to investigate the regenerative capability 

of the novel anion exchanger.  
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4 Structure of the thesis 

This thesis consists of four articles published in scientific journals. Paper I reported 

the metal removal from metallurgical wastewater and urban runoff using acid-

modified biosorbents. Sawdust was modified using citric acid, while peat 

modification was performed with hydrochloric acid. The modified biosorbents 

were compared for metal removal from real wastewaters with two commercially 

available mineral sorbents: T5M5 Magnetite and PalPower M10. Different sorption 

parameters were studied in batch mode to evaluate the potential applicability of the 

sorbents in wastewater purification. 

Paper II compared the metal and metalloid removal of natural and acid-

modified peat from mine drainage water. Batch sorption studies were performed to 

evaluate the optimal parameters required by each of the sorbents to achieve 

maximum removal efficiency of the studied pollutants.  

A novel peat-based anion exchanger (PG-Peat) was developed in Paper III for 

sulphate removal from synthetic solutions as well as from real mine water. A unique 

combination of chemicals was used to introduce amine and quaternary ammonium 

groups onto the sorbent to produce a cationized biosorbent. Batch sorption studies 

were conducted to identify the optimal conditions required for efficient sulphate 

removal, thereafter preliminary sorption tests were performed using real mine water. 

The sorbent was characterized using Fourier transform infrared spectroscopy 

(FTIR), X-ray photoelectron spectroscopy (XPS) and elemental composition to 

confirm whether the modification method developed was successful in grafting the 

active functional groups onto the sorbent and to evaluate the sorption mechanism 

for sulphate removal. 

Based on the results from Paper III, the study was continued to test the sulphate 

sorption efficiency of the aminated peat sorbent on real acid mine drainage under 

different sorption conditions in batch mode and this was reported in Paper IV. One 

of the main focus of Paper IV was to study the sorptive performance of PG-Peat 

from acid mine drainage under cold temperature conditions, as winter is the most 

predominant season in the Nordic countries. The regenerative and recyclable 

capabilities of the sorbent were tested in column mode using synthetic sulphate 

solutions. Additionally, the potential application of PG-Peat for sulphate removal 

was evaluated using acid mine drainage in column sorption mode. 
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5 Materials and methods 

The biomasses used in this study, Scots pine sawdust (Pinus sylvestris) and peat, 

were obtained from a pulp mill in Kemi, Finland. Peat is used for energy production 

purposes in the mill. Pre-treatment of both biomasses was done by drying at 80 °C 

for 24 h. A Retsch SK1000 cross beater mill with a 0.5 mm sieve was used to grind 

the sawdust. Both the peat and sawdust were then sieved to a size fraction of 90–

250 µm to maintain a uniform size fraction throughout the study.  

The mineral sorbents used in Paper I, AQM PalPower M10 (M10) (particle size 

0–63 µm) used in the batch tests and AQM PalPower T5M5 Magnetite (T5M5) 

(powdered) were acquired from Aquaminerals Finland Oy (Paltamo, Finland).  It 

is worth noting that M10 is mainly composed of quartz and magnesite, along with 

traces of other minerals (portlandite, biotite, chlorite, talc, calcite and periclase) 

(Postila, Heiderscheidt, & Leiviskä, 2019). 

All the chemicals used were of analytical grade. In Papers I and II, nickel 

nitrate (Ni(NO3)2, Merck) was used to prepare synthetic nickel solutions to confirm 

whether the modification procedures were successful and also to evaluate the 

maximum sorption capacity (mg/g) of the modified sorbents. For Papers III and IV, 

synthetic sulphate solutions were prepared using sodium sulphate (Na2SO4, Baker). 

The effect of the co-existing ions was studied in Paper III using chloride and nitrate 

solutions prepared by dissolving sodium chloride (NaCl, Merck) and sodium nitrate 

(NaNO3, Merck). The pH value of the solutions was adjusted using 0.1–2 M HCl 

(diluted from 37% HCl, Merck) and 0.1 NaOH (Sigma-Aldrich) solutions. In 

addition to the synthetic solutions described above, real metallurgical, urban runoff 

and different mining influenced waters were used to evaluate the sorption 

performance of the modified biosorbents in batch and column studies. The detailed 

characteristics of the below-mentioned water samples can be found in the 

respective publications. 

– Metallurgical wastewater, collected from Outokumpu Chrome in Tornio, 

Finland (pH 7.9, conductivity 2.8 mS/cm, Zn 311 µg/L, Ni 42.4 µg/L, Cr 22.1 

µg/L) (Paper I). 

– Runoff water, collected from a ditch network in the Oulu metropolitan area, 

Finland, and spiked with certain metal concentrations to meet the concentration 

levels generally found in urban runoff waters in Finland and Sweden (after 

spiking: pH 6.2, conductivity 0.5 mS/cm, Zn 174 µg/L, Ni 93.9 µg/L, Cr 78.1 

µg/L, Cu 62.6 µg/L) (Paper I). 
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– Mine drainage, collected from a Finnish mine site (pH 7.6, conductivity 2.3 
mS/cm, As 28.6 µg/L, Mn 1510 µg/L, Ni 128 µg/L, Sb 180 µg/L) (Paper II).

– Mine water, obtained from a Finnish mine (pH 6.7, conductivity 3.6 mS/cm, 
chloride 30.4 mg/L, sulphate 1970 mg/L, nitrate 40 mg/L) (Paper III).

– Acid mine drainage, collected from a mine site in Finland (pH 4.3, 
conductivity 2.8 mS/cm, chloride 47.6 mg/L, sulphate 1950 mg/L, nitrate 1.8 
mg/L) (Paper IV).

5.1 Water analysis methods 

The detailed methodologies used to perform full characterization of the different 

effluent waters used in this thesis can be found in the original publications. In 

Papers I–IV, elemental analysis for raw industrial effluents (metallurgical 

wastewater and mining influenced waters) and urban runoff was done using 

inductively coupled plasma mass spectrometry (ICP-MS, Thermo Fisher Scientific, 

ICAP RQ). The residual metal concentration in Paper I was analysed using 

inductively coupled plasma optical emission spectrometry (ICP-OES, Thermo 

Scientific, iCAP 6500 Duo) and ICP-MS. Analysis of Cl-, F- and SO4
2- in raw water 

was done using ion chromatography (Thermo Scientific Dionex ICS2000), whereas 

NO2-N, NO3-N, NH4-N and PO4-P were analysed using a continuous flow analyser 

(Seal Analytical AA3). The conductivity of the water samples was analysed using 

a VWR Phenomenal PC 5000, while pH measurement was done using a Metrohm 

744 (Papers I and II) and a VWR Phenomenal pH 1000L (Papers III and IV). In 

Paper III, as well as in the batch and column studies involving AMD in Paper IV, 

initial and residual sulphate concentration analysis of the solution was done using 

Hach Lange cuvette tests (LCK 153 for 40–150 mg/L and LCK 353 for 150–900 

mg/L) and a Hach Lange DR2800 spectrophotometer. In Paper IV, the sulphate 

concentration collected from the columns treating synthetic solutions was analysed 

using the turbidimetric method (American Public Health Association [APHA], 

1992) and a UV-Vis spectrophotometer (480 nm wavelength) (UV-1800, 

Shimadzu).  

5.2 Chemical modification of biomass 

Acidic chemical modifications were performed on sawdust and peat to produce 

modified biosorbents for metal removal from metallurgical effluents, urban runoffs 

and mine effluents (Papers I–II). In Paper III, a novel peat-based anion exchanger 
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was developed using a unique combination of PEI and GTMAC chemicals for 

sulphate removal, which was then used for the treatment of real mine water (Paper 

III) and  AMD (Paper IV). In all of the modification studies, the selected biomass

material and chemicals were placed in round-bottom flasks and reacted in a hot

water bath using magnetic stirring. The reactions were carried out using reflux

condensers to prevent evaporation of the solvent phase and to avoid the escape of

the chemicals used.

5.2.1 Citric acid modification of sawdust 

The sawdust used in Paper I was modified using an altered version of the citric acid 

modification method reported by Yang et al. (2010). Since it is a poly-carboxylic 

acid, citric acid (Fig. 5) is able to form ester linkages with the cellulose structure of 

biomass due its ability to cross-link (Zhou et al., 2015). When subjected to high 

temperature (120 °C), the citric acid is converted to citric acid anhydride, which 

enables it to react easily with the O-H groups present in the cellulosic structure of 

the biomass (Salam, Pawlak, Venditti & El-tahlawy, 2011). This leads to the 

formation of ester linkage and the introduction of carboxylic groups, which 

increases the net negative charge on the sorbent surface and thus enables it to 

successfully bind cationic contaminants (Marshall, Wartelle, Boler, Johns & Toles, 

1998; Salam et al., 2011; Wartelle & Marshall, 2000; Zhou et al., 2015). 

For modification with citric acid, sawdust (30 g) and 250 mL of Milli-Q water 

were poured into a round-bottom flask and the slurry was mixed at 60 °C for 30 

min. Following this, 50 mL of solution containing 12 g citric acid (Sigma-Aldrich) 

and 2.4 g sodium hypophosphite (Sigma-Aldrich) was added to the sawdust slurry. 

The mixture was stirred at 60 °C for 60 min. Thereafter, the wet citric acid-modified 

sawdust sample was heated at 105 °C for 22 h and then at 120 °C for 3 h. The final 

product (Citric acid-SD) was washed several times with deionized water to remove 

unreacted citric acid and dried at 60 °C. The mass yield of Citric acid-SD was 

reported to be 57.4% (Paper I).  
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 Chemical structure of citric acid. 

5.2.2 HCl modification of peat 

HCl treatment was performed in an attempt to improve the wettability and settling 

properties of peat in Papers I and II (Leiviskä, Khalid, Gogoi & Tanskanen, 2018). 

The metal and metalloid removal efficiency of the acid-modified peat was 

compared to that of natural peat (N-Peat) (Paper II).  

HCl modification was done using 15 g of peat and 250 mL of 0.2 M HCl 

(Merck), where the mixture was magnetically stirred at 25 °C for 2 h and then 

washed several times using Milli-Q water by centrifugation to raise the pH to 5. 

The HCl-modified peat sorbent (HCl-Peat) was dried at 60 °C overnight. A larger 

batch of HCl-Peat was prepared using 60 g raw peat and 1 L HCl (0.2 M) for 

subsequent tests. The modified peat demonstrated improved wettability and settled 

more easily compared to raw peat. The mass yield of HCl-Peat was 92.1 ± 6.5% 

(Paper I; Paper II).  

5.2.3 Development of a peat-based anion exchanger 

Peat inherently contains negatively charged functional groups and therefore 

cationic functional groups need to be introduced for it to be able to bind anionic 

pollutants. Therefore, a peat-based anion exchanger was developed in Paper III by 

introducing amines and quaternary ammonium groups onto the sorbent. Two 

chemicals, polyethylenimine (PEI) (Mw 25000 by LS, branched, Sigma-Aldrich) 

and GTMAC (Sigma-Aldrich), were used. A non-toxic polymer, PEI contains a 

larger number of primary and secondary amines, while 
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glycidyltrimethylammonium chloride (GTMAC) is a cationizing agent containing 

quaternary ammonium groups (Fig. 6).  

To produce the aminated peat-based sorbent, several modification trials were 

performed. Different samples of modified peat were prepared using varying 

dosages of PEI and GTMAC solutions in combination or alone at different reaction 

times (RT). The aim of testing different modification methods was to identify the 

most favourable modification conditions (chemical dosages and reaction times) in 

order for the modified sorbent to possess an efficient sulphate sorption capacity. 

Two repeats (2 g each) of each product were prepared and the reaction mixtures 

were stirred at 60 °C in a water bath. PEI modification was performed using two 

different chemical dosages and adding 20 mL of PEI solution to the biomass (3 h 

or 6 h RT). Similarly, two GTMAC dosages were tested by adding 20 mL solution 

to the biomass and conducting the chemical modification for 6 h or 12 h RT. When 

PEI and GTMAC were used in combination, the biomass was reacted with PEI (two 

PEI dosages, 3 h or 6 h RT), then washed with Milli-Q water 2–3 times to remove 

any unreacted PEI and finally adding 20 mL GTMAC (two dosages) and stirring 

the slurry for specific reaction times (6 h or 12 h). Once the modification reactions 

were completed, the wet peat samples were washed several times with deionized 

water to remove any unreacted chemicals and dried at 60 °C for 1–2 days. After the 

preliminary experiments, modification conditions were further optimized using a 

full factorial design (Modde 11.0 software, Ubimetrics UB). A detailed 

modification study can be found in Paper III. The same biosorbent was used for 

AMD treatment in Paper IV.  
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 Chemical structure of polyethylenimine (PEI) and glycidyltrimethylammonium 

chloride (GTMAC). 

5.3 Characterization of biomass 

Characterization of fresh and modified sawdust and peat products was performed 

using different techniques. FTIR analysis was done using a Bruker V80 vacuum 

FTIR spectrometer connected to a computer running the OPUS program, which was 

used to display the recorded spectra in the 400–4000 cm-1 wave number region. Sample 

preparation was done by grinding the samples into fine powdered form and mounting 

about 50 mg of them onto the equipment tray. 
XPS analysis of the raw and modified sawdust and peat products was  performed 

using a Thermo Fischer Scientific ESCALAB 250Xi with a monochromatic Al Kα 

source (1486.6 eV). The data analysis was done with the help of Avantage software 
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while using the Shirley function for background subtraction. Charge correction was 

done by setting the binding energy of the adventitious carbon to 284.8 eV.  

The elemental composition of raw sawdust (Raw-SD) and citric acid-modified 

sawdust (Citric acid-SD) as well as that of  natural (N-Peat) and different modified 

peat samples (HCl-Peat, P-Peat, G-Peat, PG-Peat) was determined using a 2400 

Series II CHNS/O analyser (PerkinElmer).   

5.4 Batch tests 

In order to conduct the batch experiments, a pre-selected mass of each individual 

sorbent was weighed and transferred to either polypropylene bottles or 50 mL 

Falcon tubes (depending on the sorbent dosage and solution volume used), to which 

pre-selected volumes of water were added. Except for the cold temperature 

experiments in Paper II and Paper IV, all the batch experiments were run at room 

temperature (21 ± 2 °C) in a horizontal rotary shaker for a specific time period. 

Thereafter, the solutions were separated from the sorbents by centrifugation (Jouan 

C4.12, 2500 rpm, 10 min). The initial and equilibrium pH of the solutions were 

measured (VWR Phenomenal 1000L). The initial and final concentrations of the 

synthetic and effluent solutions were analysed to calculate the metal removal 

efficiency (%), as reported in Paper I and Paper II. In Papers I–IV, the sorption 

capacity of the biosorbents was calculated using the equation 

 𝑞  ,        (5)  

where Co and Ce are the initial and residual solution concentrations (mg/L) 

respectively, V is the sample volume (L) and m is the biosorbent mass (g) used in 

the batch sorption. 

The effect of dosage (0.15–0.5 g/L) was studied using the modified 

biosorbents (Citric acid-SD and HCl-Peat) for metal removal from metallurgical 

wastewater and spiked runoff water (Paper I). Metal and metalloid removal from 

mine drainage was studied using N-Peat and HCl-Peat with dosages of 1–4 g/L 

(Paper II). Preliminary tests with mine water (at an original pH value of 7.2 and pH 

adjusted to 2) were conducted (Paper III), and the effect of various PG-Peat dosages 

(4, 8 and 12 g/L) was studied for sulphate removal from actual mine water. 

Additionally, the dependence of PG-Peat on the dosage for sulphate removal from 

real AMD was studied in Paper IV.  
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Maximum sorption capacities were calculated using Equation 5. In Paper I, 

the maximum sorption capacity of raw sawdust and peat as well as that of the 

modified biosorbents (Citric acid-SD and HCl-Peat) was assessed using synthetic 

nickel solutions (Niinitial: 2–120 mg/L). In Paper II, N-Peat and HCl-Peat were also 

compared for their maximum sorption capacity using nickel nitrate solutions 

(Niinitial: 2–75.8 mg/L). The maximum sulphate sorption capacity of PG-Peat was 

measured using synthetic sulphate solutions (SO4
2-

initial: 450–2515 mg/L, with and 

without pH adjustment to 2), as described in Paper III. Additionally, the 

experimental data obtained was evaluated using three different isotherm models: 

Langmuir (1916), Freundlich (1907) and Redlich and Peterson (1959). The 

isotherm models are expressed by Langmuir isotherm           

𝑞  ,     (6)  

Freundlich isotherm 

   𝑞 𝐾 𝐶  ,           (7)        

 and Redlich-Peterson isotherm 

   𝑞  .             (8) 

In the equations 6–8 above, qe (mg/g) is the equilibrium sorption capacity of the 

biosorbent, Ce (mg/L) is the sorbate concentration in equilibrium, b is the Langmuir 

constant corresponding to sorption energy (L/mg), qm (mg/g) is the maximum 

sorption capacity of the biosorbent obtained from the Langmuir model, KF 

(mg/g)/(mg/L) and n are Freundlich equilibrium constants, while KRP (L/g), aRP

(L/mg) and g are the Redlich-Peterson constants. According to the Redlich-

Peterson model, when the exponent g value is close to unity the nature of the model 

is Langmuir; on the other hand, when g is close to zero the model follows the 

equation of Henry’s Law (Tran, You, Hosseini-Bandegharaei & Chao, 2017). The 

parameters of the models were determined using the non-linear optimization 

method. 

The effect of contact time was studied (Papers I–IV) and kinetic modelling 

was performed for sulphate removal from AMD (Paper IV). The experimental data 

obtained during contact time studies using PG-Peat for sulphate removal from 

AMD was fitted into three kinetic models, namely, pseudo-first-order (PFO) 

(Lagergren, 1898), pseudo-second-order (PSO) (Blanchard, Maunaye & Martin, 
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1984) and Elovich (Roginsky & Zeldovich, 1934). The kinetic models are 

expressed by Pseudo-first-order (PFO) 

 𝑞 𝑞 1 𝑒 ,     (9)   

Pseudo-second-order (PSO) 

𝑞
qe

 ,     (10) 

 and Elovich model 

  𝑞 ln 1 𝛼𝛽𝑡 ,                   (11) 

where qt and qe are the sulphate sorption capacities of PG-Peat at any time t (min) 

and at equilibrium (mg/g), respectively; while k1 (1/min) and k2 (g/mg×min) are the 

PFO and PSO rate constants, respectively. In the Elovich model, α (mg/g×min) and 

β (mg/g) are the initial sorption rate and desorption constant during any one 

experiment.   

Error analysis 

The goodness of fit of the sorption data to the isotherm and kinetic models was 

evaluated using the coefficient of determination (R2). The reliability of the results 

was confirmed using the χ2 test (chi-square) and was calculated using the equation 

𝜒  𝛴 ,

,
 ,  (12)      

where qe is the experimental sorption capacity (mg/g) and qe,m is the sorption 

capacity predicted by the isotherm model, both at the initial sorbate concentration. 

It should be noted that the better the fit, the smaller the χ2 value (Ho & Wang, 2008). 

The effect of pH on the sulphate removal capacity of PG-Peat was studied 

(Paper III). The pH of the sulphate solutions was adjusted using 0.1–1 M HCl or 

NaOH solution. The effect of temperature was studied in Papers II and IV at 

different contact times using mine drainage (pHinitial: 7.6) and acid mine drainage 

(pHinitial: 4.3), respectively. The effect of co-existing ions on sulphate removal by 

PG-Peat was studied by adding 0–100 mg/L chloride or 0–100 mg/L nitrate to a 

constant sulphate solution concentration of 1046 mg/L (Paper III). Additionally, the 

regenerative capability of PG-Peat was studied through three sorption-desorption 

cycles using sulphate solutions. The details of the study can be found in Paper III.  
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5.5 Column tests 

Column set-up studies were performed using synthetic sulphate solutions and 

AMD. The regeneration efficiency of PG-Peat was tested in column mode using 

sulphate solutions (SO4
2-

initial: 1050–1180 mg/L) through three sorption-desorption 

cycles. The first column consisted of synthetic sulphate solutions (at their original 

pH 5.8) being fed into the inlet pipe, whereas, in the second column, the pH of the 

incoming synthetic sulphate solutions was adjusted to 2. The third column studied 

the sulphate sorption capacity of PG-Peat from AMD (SO4
2-

initial: 1950 mg/L) using 

a single sorption-desorption cycle.  

In the column set-ups studying sulphate treatment using synthetic sulphate 

solutions, the column was filled using a sorbent-quartz mixture (5 g of PG-Peat 

mixed with 70 g of quartz of particle size 0.5–1 mm). Mixing the sorbent with 

quartz was done to facilitate the upward flow of the inlet solution throughout the 

column length and also to prevent the column from clogging. As a precautionary 

step, a set of batch tests using the quartz alone was performed which confirmed that 

it did not sorb any sulphate. The column which was used to study the sulphate 

treatment of AMD contained a mixture of 10 g PG-Peat and 90 g quartz (0.5–1mm). 

All the columns used were 29 cm in length with an inner diameter of 1 cm. A larger 

particle sized quartz fraction (0.7–12 mm) was used to fill the upper and lower parts 

of the column (3 cm each) and each of the column ends were sealed with glass wool 

to prevent leakage. The flow rate of all the sorption-desorption cycles was 

maintained at 8.4 mL/min and the biosorbent was regenerated using 1 M NaCl 

solution. Fractions of 100 mL were collected from each effluent solution. In the 

case of the sorption cycles, the number of fractions collected relied on PG-Peat 

reaching its saturation capacity, whereas, for the desorption columns, effluent 

fractions were collected until the effluent showed a very low sulphate 

concentration. The saturation capacity qs (mg/g) of PG-Peat for each of the column 

tests was calculated by equation 

𝑞  , (13) 

where Co is the initial sulphate concentration (mg/L), Vo is the input volume of 

sulphate solution (L), Cn is the final sulphate concentration in fraction n (mg/L), Vn 

is the volume of fraction n (L) and m is the mass of the sorbent (g). 

The experimental data related to column saturation capacities and kinetic 

parameters was evaluated using two models: the Thomas model (Thomas, 1944) 

and the Yoon-Nelson model (Yoon & Nelson, 1984).  
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Thomas model is expressed by equation  

                                            ,                                           (14)               

where Ct is the effluent sulphate concentration (mg/L), Co is the influent sulphate 

concentration (mg/L), KT is the rate constant of the Thomas model (mL/mg×min), 

qo is the equilibrium (saturation) sorption capacity (mg/g), m is the mass of sorbent 

(g), V is the volume of influent solution (L) and Q is the column flow rate (mL/min). 

Yoon-Nelson model is expressed by equation 

                                             ,                                                        (15)                 

where Ct and Co are the effluent and influent sulphate concentrations (mg/L), 

respectively, KYN is the Yoon and Nelson rate constant (min-1), t is the sampling 

time (min) and τ is the time required for 50% sorbate breakthrough (min).  

The goodness of fit of the sorption data obtained from the Thomas and Yoon-

Nelson models was evaluated using the coefficient of determination (R2). 
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6 Results and discussion 

6.1 Development of a novel peat-based anion exchanger 

6.1.1 Preliminary modification trials 

Different dosages of PEI and GTMAC were used in combination or alone at 

different reaction times to develop an efficient peat-based biosorbent for sulphate 

removal. Modification with PEI was performed to introduce amine groups onto the 

biomass structure while GTMAC provided quaternary ammonium groups. The 

sulphate sorption capacities of PEI-modified, GTMAC-modified and 

PEI+GTMAC-modified peat products were studied using batch sorption tests 

(SO4
2-

initial: 1000 mg/L, sorption time: 24 h; sorbent dosage: 4 g/L, pHinitial: 5.8–6.0). 

The initial modification revealed that the two PEI dosages (RT 3 h) tested did not 

have any significant effect on the sulphate sorption capacity of PEI-modified peat 

(59.7–63.6 mg/g SO4
2-). When both PEI (lower dosage, 0.16 mmol/g peat) and 

GTMAC (constant dosage, 0.0447 mol/g peat) were applied for peat modification 

using a shorter RT (3 h PEI + 6 h GTMAC reaction time), the modified peat product 

exhibited a sorption efficiency of 92 mg/g SO4
2-. In the case of PEI+GTMAC-

modified peat produced using a higher PEI dosage (0.26 mmol/g peat) and longer 

RT (18 h total reaction) while keeping the GTMAC dosage constant (0.0447 mg/g 

peat), it was found that the modified biosorbent possessed a higher sulphate 

sorption capacity (114.7 mg/g SO4
2-).  

The PEI attachment onto the biomass surface presumably takes place through 

the interaction of the amine groups provided by PEI, the hydroxyl groups and the 

N-based functional groups inherently present in the biomass (Deng & Ting, 2005; 

Song, Zhang, Liang & Han, 2015; Sun et al., 2010). Similarly, biomass 

quaternization can occur through the attachment of quaternary ammonium groups 

contributed by the reaction with GTMAC (Wahlström, Kalliola, Heikkinen, 

Kyllönen & Tamminen, 2017). Since this study involved peat modification using 

both PEI and GTMAC, it was assumed that addition of GTMAC solution to PEI-

modified peat led to the reaction of N-H groups (provided by PEI) with the epoxy 

ring in GTMAC, thus resulting in a cross-linked bio-based anion exchanger 

containing both amine and quaternary ammonium groups (Fig. 7). A similar 

modification scheme was reported by Elwakeel, (2010) in which chitosan resin was 

modified using tetraethylenepentamine (TEPA) and GTMAC.  
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 Modification scheme of peat using branched PEI and GTMAC. P1: PEI-Peat; P2: 

PG-Peat (Under CC-BY license from Paper III © 2019 Authors). 

6.1.2 Optimization of modification parameters 

As it was deduced from the preliminary modification studies that variation in 

chemical dosages and reaction times resulted in different sulphate sorption 

capacities, further optimization studies were performed to identify the optimal 

chemical dosages and reaction times. In addition, since PEI+GTMAC-modified 

peat performed much better in sulphate sorption compared to peat products 

modified using either of the chemicals alone, the optimization studies were 

conducted using both PEI and GTMAC. As shown in Fig. 8(a), the peat product 

modified using lower chemical dosages (PEI dosage 0.16 mmol/g peat and 

GTMAC dosage 0.0224 mol/g peat) and shorter RT (9 h) exhibited a sulphate 

sorption capacity of 73.8 mg/g. On the other hand, application of higher chemical 

dosages (PEI dosage 0.26 mmol/g peat, GTMAC dosage 0.0447 mol/g peat) and 

longer RT (18 h) resulted in the modified peat sorbent having a much higher 

sorption capacity (114.7 mg/g) (Fig. 8(b)). According to the statistical analyses, all 

the main interactions (PEI*GTMAC, PEI*RT and GTMAC*RT) were considered 

to be significant with a p value <0.05 (p value ≤ 0.05 is statistically significant, a 

detailed table can be found in Paper III). It was considered that higher chemical 

dosages contributed a higher concentration of cationic groups to be attached on the 

biosorbent surface, whereas longer reaction times facilitated a better interaction 

between the amine and quaternary ammonium groups (Fig. 8(b)). For these reasons, 

PG-Peat modified using higher chemical dosages and longer reaction times was 
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thereafter chosen for batch and column tests for sulphate removal from synthetic 

solutions, real mine water and AMD.  

 

 Effect of PEI and GTMAC dosage on sulphate sorption capacity of peat at: (a) 

shorter reaction time (9 h) and (b) longer reaction time (18 h). Low PEI: 0.16 mmol/g peat; 

High PEI: 0.26 mmol/g peat. SO4
2-

initial: ≈1100 mg/L, PG-Peat dosage: 4 g/L, sorption time: 

24 h, temperature: 22 ± 2 °C, pHinitial: 5.8. Error bars represent the deviation of four 

repetitions (Under CC-BY license from Paper III © 2019 Authors). 

6.2 Characterization of modified biosorbents 

6.2.1 FTIR analysis 

FTIR analysis was conducted on the raw and modified products (Citric acid-SD, 

HCl-Peat and PG-Peat) reported in this study. A summary of the functional groups 

and bonds found in each of the modified biosorbents is presented in Table 4.  
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Citric acid-modified sawdust  

The FTIR spectra of the raw (SD) and modified sawdust (Citric acid-SD) exhibited 

broad bands at wavenumber 3529 cm-1 (Fig. 9). This is typical for the presence of 

the hydrogen bond and the hydroxyl group as they appear in the 3200–3600 cm-1 

wavenumber region of FTIR spectra (Nakanishi, 1963; Williams & Fleming, 1995). 

As reported in Table 4, lignin-containing biomass possesses a methoxy group, -

OCH3, which could be seen as stretching vibrations of C-H in the region around 

2920 cm-1 (Hergert, 1960) in the biosorbent. Both raw and modified sawdust 

samples exhibited the presence of C=O stretching vibrations provided by the acetyl 

and carboxyl functional groups, which could be found at 1730 cm-1 in raw sawdust 

and at 1747 cm-1 in Citric acid-SD (Paper I) (Colom, Carrillo, Nogués & Garriga, 

2003). These carboxyl groups (which act as ion exchange sites) could be seen at a 

much stronger intensity in Citric acid-SD (Fig. 9), due to the successful 

introduction of additional carboxylic groups during the citric acid-based 

modification of sawdust (section 5.2.1).  

 FTIR spectra of raw (SD) and citric acid-modified sawdust (Citric acid-SD) 

(Reprinted by permission from Paper I © 2017 Elsevier Ltd.). 

HCl acid-modified peat 

Raw (N-Peat) and modified peat (HCl-Peat) exhibited fairly similar FTIR spectra 

(Paper I; Paper II) (Fig. 10). The hydrogen bonds and hydroxyl groups could be 
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seen at wavenumber 3421 cm-1 in the peat samples; it is typical for them to appear 

at wavenumbers 3400–3600 cm-1 (Nakanishi, 1963; Williams & Fleming, 1995). 

The sharp band at 2921 cm-1 could be associated with the presence of a methoxyl 

group (related to C-H stretching vibrations) (Hergert, 1960).  An additional C-H 

stretching vibration peak could be seen at 2854 cm-1 for raw and modified peat. The 

presence of carbonyl bonds, which were provided by carboxyl functional groups, 

could be seen at wavenumber 1650 cm-1 for both peat samples (Bulgariu et al., 

2011). The C-O stretching vibrations were seen at 1091 cm-1 (Paper I; Paper II) 

(Table 4); Bartczak et al. (2011) reported the appearance of the same group in the 

range of 110-1100 cm-1. 

 FTIR spectra of raw (N-Peat) and HCl-modified peat (HCl-Peat) studied for metal 

and metalloid removal (Reprinted by permission from Paper I © 2017 Elsevier Ltd.). 

Peat-based anion exchanger 

In the case of the FTIR spectra obtained for PG-Peat samples, the functional groups 

typically found in lignin-containing biomass (hydroxyl, methoxyl and carboxyl) 

were witnessed in similar wavenumber regions as those found for HCl-Peat 

(reported in the previous section) (Table 4). However, significant changes were 

observed in the FTIR results of PG-Peat sorbents (Paper III) (Fig. 11). In G-Peat 

(GTMAC-modified peat), the slight peak at 2123 cm-1 indicated the presence of 

quaternary ammonium groups, which appeared at a much stronger intensity at 2094 

cm-1 in PG-Peat due to the grafting of PEI-attached GTMAC on the surface of the 
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peat sorbent. Similarly, the presence of quaternary ammonium groups at 2095 cm-

1 in modified coconut shell fibres was also reported by de Lima, Nascimento, de 

Sousa, Filho and Oliveira (2012). Sowmya and Meenakshi (2014) reported the 

presence of N-H bending at 1652 cm-1, which could also be seen in the same region 

with a strong intensity in P-Peat due to the PEI treatment (Paper III).  

 FTIR spectra of peat-based biosorbents studied for sulphate removal: raw peat 

(N-Peat) and modified peat (G-Peat, P-Peat and PG-Peat) (Reprinted [adapted] under CC-

BY license from Paper III © 2019 Authors). 

Table 4. Summary of functional groups and bonds found in each of the modified 

biosorbents (Citric acid-SD, HCl-Peat and PG-Peat) using the FTIR analysis method 

(Paper I; Paper III).  

Functional groups and bonds Wavenumber (cm-1) 

 Citric acid-SD HCl-Peat PG-Peat 

Hydrogen bond and hydroxyl group 3529 3421 3409 

Methoxyl group 2920 2852, 2921 2854, 2919 

Carboxyl group 1747 1650  

Quaternary ammonium group - - 2094 

N-H bond - - 1652 

C-O bond - 1091 1089 
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6.2.2 XPS analysis  

Citric acid-modified sawdust 

Raw (Raw-SD) and citric acid-modified sawdust (Citric acid-SD) exhibited similar 

C1s spectra and could be fitted into the following peaks (as presented in Fig. 12): 

(1) 284.8 eV: aromatic and aliphatic carbon bonds (C-C, C-H), (2) 286.4–286.5 eV: 

single bonds of carbon with nitrogen and oxygen (C-N, C-O), (3) 287.8–288.5 eV: 

carbon containing two bonds with oxygen (O-C-O, C=O) and (4) 289.1–290.7 eV: 

carboxyl groups of carbon (O=C-O) (Kundu, Wang, Xia & Muhler, 2008; Murphy, 

Tofail, Hughes & McLoughlin, 2009; Popescu, Tibirna & Vasile, 2009). As can be seen 

in Fig. 12 (a) and (b), the peak representing the carboxylic groups has a slightly stronger 

intensity in Citric acid-SD. This result is in agreement with the findings reported in the 

FTIR results (section 6.2.1), thus indicating that additional carboxylic groups were 

introduced into the modified sawdust through citric acid modification and that these 

functional groups are responsible for the metal ion removal ability of Citric acid-

SD (Zhou et al., 2015). 

 C1s XPS spectra of raw (Raw-SD) and citric acid-modified sawdust (Citric acid-

SD) (black solid line: experimental curve; blue solid line: fitting curve) (Unpublished 

data).  
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Peat-based biosorbents 

The C1s spectra of natural and HCl-modified peat were analysed and fitted into 

three main peaks, as can be seen in Fig. 13(a): (1) 284.8 eV: aromatic and aliphatic 

carbon (C-C, C-H), (2) 286.2–286.6 eV: carbon containing a single bond with 

oxygen and nitrogen (C-O, C-N) and (3) 288.0–288.2 eV: carbon having two bonds 

with oxygen (O-C-O, C=O). No significant difference was witnessed in the 

elemental content or C1s spectrum of peat after the HCl modification (Paper II).  

The N1s spectra of raw peat and PG-Peat were analysed to study the extent of 

amination as the result of the PEI+GTMAC modification. The N1s spectrum of raw 

peat revealed peaks at around 400.0–400.1 eV, which indicated that the amide 

forms of nitrogen are inherently present in peat, whereas the N1s spectrum of 

modified peat (PG-Peat) revealed some significant changes (Fig. 13(b)) (Kelemen 

et al., 2006) (Paper III). Modification with PEI led to a slight peak shift to 399 eV 

for the amide/N-H bonds in PG-Peat, whereas an additional peak could be seen at 

402.5 eV due to the introduction of quaternary ammonium groups caused by the 

GTMAC modification (Kelemen et al., 2006; Kistamah, Carr & Rosunee, 2009). 

The fitting of the N1s spectrum of PG-Peat revealed that approximately 44% of the 

nitrogen was provided by the quaternary ammonium groups. Detailed XPS analysis 

and surface elemental composition information of the raw and modified peat 

sorbents can be found in the original publication (Paper III). 
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 XPS analysis of raw and modified peat: (a) C1s spectra for HCl-Peat and N-Peat 

[thick solid line: experimental curve; thin solid line (blue): fitting curve] and (b) N1s 

spectra of raw peat (N-Peat) and PEI+GTMAC-modified peat (PG-Peat) (Reprinted 

[adapted] by permission from Paper II © 2018 Springer Nature and modified under CC-

BY licence from Paper III © 2019 Authors).  

6.2.3 Elemental composition 

Citric acid-modified sawdust 

The elemental composition analysis of raw sawdust (Raw-SD) and citric acid-

modified sawdust (Citric acid-SD) is presented in Table 5. The citric acid 
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modification did not impart any significant changes to the elemental composition 

of the modified sawdust samples, although a slight decrease in carbon content 

(46.2%) of Citric acid-SD compared to Raw-SD (47.9%) was found. Similar 

elemental composition results were reported by Zhou, Gu, Zhang and Lu (2014) 

for citric acid-modified pine sawdust; they also reported a 1% decrease in carbon 

content after the acidic modification of sawdust.  

Table 5. Elemental composition (wt. %) of raw (Raw-SD) and citric acid-modified 

sawdust (Citric acid-SD). The deviation of three analysis repetitions of each samples is 

represented by the error margin (Unpublished data).  

Parameter Raw-SD Citric acid-SD 

C (%) 47.9 ± 0.1 46.2 ± 0.1 

H (%) 6.0 ± 0.1 5.7 ± 0.0 

N (%) 0.1 ± 0.0 0.2 ± 0.0 

Peat-based biosorbents 

The elemental composition analysis of natural peat (N-Peat) and modified peat 

samples (HCl-Peat) (Unpublished data) is presented in Table 6. When comparing 

natural peat with acid-modified peat (prepared for metal and metalloid removal), it 

can be inferred that the elemental content of the two sorbents is mostly close to 

each other in terms of quantity. However, a slightly increased hydrogen content was 

observed in HCl-Peat (5.7%), which could have been due to the HCl modification 

(introduction of additional H+ ions).  

Elemental composition analysis was also performed for the PEI and GTMAC-

modified peat samples (P-Peat, G-Peat and PG-Peat) developed for sulphate 

removal and their C, H and N (%) were compared to those of raw peat. The results  

revealed a significant increase in nitrogen content in P-Peat and PG-Peat (Table 6). 

PEI treatment introduced amine groups onto the peat, which increased the nitrogen 

content from 2.2% (R-Peat) to 10.7% (P-Peat). In PG-Peat, the attachment of amine 

groups from PEI treatment and quaternary ammonium groups from GTMAC 

treatment both contributed to the enhanced nitrogen content. The slight decrease in 

nitrogen content in PG-Peat (9.4%) could be due to some extent to the desorption 

of PEI during the modification with GTMAC. Furthermore, the presence of amine 

and quaternary ammonium in peat due to the PEI+GTMAC modification was 

further supported by the XPS results (section 6.2.2).  
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Table 6. Elemental composition (wt. %) of natural (N-Peat) and modified peat (P-Peat, G-

Peat and PG-Peat). The deviation of three analysis repetitions of each samples is 

represented by the error margin (Reprinted [adapted] under CC-BY license from Paper 

III © 2019 Authors).  

Parameter N-Peat HCl-Peat P-Peat G-Peat PG-Peat 
C (%) 48.4 ± 0.6 49.2 ± 0.1 51.3 ± 0.2 51.5 ± 0.1 46.1 ± 0.1 
H (%) 4.5 ± 0.9 5.7 ± 0.1 7.2 ± 0.1 6.4 ± 0.6 8.4 ± 0.3 
N (%) 2.2 2.8 ± 0.0 10.7 ± 0.1 3.3 9.4 ± 0.1 

6.3 Batch studies 

6.3.1 Effect of dosage 

Citric acid-SD, HCl-Peat and mineral sorbents 

Different dosages of Citric acid-SD, HCl-Peat, M10 and T5M5 were studied to 

compare their metal removal performance from metallurgical wastewater and 

spiked runoff water (Paper I). In the case of metallurgical wastewater, the mineral 

sorbent M10 demonstrated excellent Zn removal efficiency (>99%) from 

metallurgical wastewater irrespective of the dosage tested, whereas Ni was most 

efficiently removed by Citric acid-SD at an optimal dosage of 0.75 g/L (65% 

removal). HCl-Peat exhibited the highest Cr removal (50%) at all the dosages 

studied. In another study, HCl-Peat was also used for the treatment of metallurgical 

wastewater at a plant site (Outokumpu Chrome Oy, Tornio) and the pilot-scale 

studies revealed satisfactory Ni, Zn and Cr removal by HCl-Peat (Heiderscheidt, 

Postila & Leiviskä, 2020). 

The mineral sorbent M10 was the best sorbent for Zn (100%), Ni (~90%) and 

Cr (>99%) removal from runoff water and the dosage had an effect only on Ni and 

Cu removal (Paper I). The biosorbents Citric acid-SD and HCl-Peat also performed 

well for Cr and Cu removal (>70% for all tested dosages) from spiked runoff water. 

The overall performance of all the sorbents was much better for the treatment of 

spiked runoff water compared to metallurgical wastewaters. This indicated that the 

affinity of metal ions towards the sorbent sites of a particular sorbent relies 

significantly on the characteristics of the water being treated (metal ions present 

and their concentrations, pH and co-existing ions, etc.) (Božić, Stanković, 

Gorgievski, Bogdanović & Kovačević, 2009). The poorest performing sorbent was 

T5M5, which leached Zn into both of the effluents tested and Ni into the spiked 
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runoff water. Therefore, the later results of Paper I were focussed on the sorption 

performance of Citric acid-SD, HCl-Peat and M10. 

The performance of natural (N-Peat) and modified peat (HCl-Peat) in treating 

real mine drainage (Mn, Ni, As(V), Sb(V)) was compared (Paper II). The results 

showed that N-Peat performed much better than HCl-Peat for Ni (>80%) and As(V) 

(>70%) removal, with the optimal dosages being 2 g/L for Ni removal and 1 g/L 

for As(V) removal. The affinity of peat towards Ni and As(V) was assumed to be 

due to their higher electronegativity (As(V) 2.18 and Ni 1.91) compared to that of 

Sb(V) (2.05) and Mn (1.55) (Kalmykova et al., 2008). Although Sb(V) possessed 

higher electronegativity (2.05) than Ni, the latter was most efficiently sorbed by 

peat presumably due to the presence of the negatively charged functional groups 

on the peat surface that are capable of binding cationic pollutants. Although both 

the metalloids have similar chemical properties, As(V) and Sb(V) removal by peat 

depends on structural characteristics like coordination and molecular size (Ansone-

Bertina & Klavins, 2016). In addition, As(V) is a tetrahedral oxyanion with a 

smaller ionic radius and a higher charge density, while Sb(V) is an octahedral 

oxyanion (Ansone-Bertina & Klavins, 2016). These factors could have contributed 

to the more efficient removal of As(V) by natural and HCl-modified peat compared 

to Sb(V). Furthermore, the effect of dosage was clearly visible for Sb(V) removal 

by HCl-Peat (up to 50%) where the removal efficiency increased as the dosage was 

increased due to the higher availability of binding sites at higher dosages. 

Peat-based anion exchanger 

Preliminary studies performed to evaluate the sulphate removal capability of PG-

Peat from real mine water were performed and the most suitable dosage required 

to reduce the residual sulphate concentration to ≈1000 mg/L was evaluated (SO4
2-

initial: 2168 mg/L, as detected by the cuvette method) (Paper III). It was revealed 

that a 12 g/L dosage of PG-Peat could result in a final sulphate concentration of 

1006 mg/L when the sorption test was performed under acidic conditions (pH of 

mine water was adjusted to 2). The improved sulphate removal performance of PG-

Peat indicated its suitability for the treatment of AMD and hence further dosage 

studies were conducted involving PG-Peat and real AMD (Paper IV).  

Dosage experiments with AMD (SO4
2-

initial: 1950 mg/L) revealed that the 

sulphate removal efficiency (%) was enhanced by an increase in PG-Peat dosage, 

due to the higher availability of active binding sites at a higher sorbent dosage 

(Chen & Liu, 2014). At the lowest tested dosage (4 g/L), the sulphate sorption 
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capacity was 125.7 mg SO4
2-/mg (2.62 meq/g), which was close to the total 

exchange capacities reported for commercial anion exchange resins such as 

Purolite A520E (2.8 meq/g of dry resin) (Nur, Johir, Loganathan, Vigneswaran & 

Kandasamy, 2012) and Purolite A300 (3.5–3.7 meq/g of dry resin) (Purolite). The 

maximum sulphate removal efficiency (76.7%) was achieved at the highest tested 

dosage (20 g/L) of PG-Peat with a residual sulphate concentration of 453 mg/L. 

However, the aim of reducing the residual sulphate concentration in AMD to <1000 

mg/L was already achieved with a dosage of 12 g/L PG-Peat (64% SO4
2- removal), 

wherein the residual concentration achieved was 708 mg/L SO4
2-. Therefore, 

bearing in mind the economic feasibility of the amount of sorbent to be used and 

the target residual sulphate concentration achieved, 12 g/L was chosen for further 

batch sorption studies using AMD.  

6.3.2 Effect of pH 

Citric acid-SD, HCl-Peat and mineral sorbents 

The pH played a very important role in all the experiments conducted and helped 

in determining the sorption mechanisms of the different biosorbents studied. The 

sorption studies conducted using M10 mineral sorbent for metal removal from 

metallurgical wastewater (pHinitial: 7.9) and spiked runoff water (pHinitial: 6.5) 

revealed that the equilibrium pH of the solution increased to 8.4–10.5. As stated in 

section 6.3.1, M10 performed exceptionally well for Zn removal in both the 

effluents tested. This could be related to the precipitation of metal ions in the form 

of Zn(OH)2 following the interaction of Zn2+ ions with the hydroxyl ions provided 

by the mineral sorbent. Metal precipitation by M10 in the form of metal hydroxide 

from spiked runoff water could also have taken place for Ni, Cr and Cu removal. 

The hydroxide release from the sorbent led to an increase in the equilibrium pH of 

the solutions and subsequently the precipitation of the metal ions as metal 

hydroxides (Paper I).  

The significance of pH was also evident in the metal and metalloid removal 

efficiencies of HCl-modified peat compared to natural peat from mine drainage 

(Paper II). Raw peat contains functional groups like -COOH, -OH and -SO3H, 

which impart its H+ exchanging nature for cation sorption (Brown et al., 2000). As 

reported by Bartczak et al. (2018), an increase in pH rapidly raises the net negative 

charge of the peat surface up to pH 6, followed by a slower negative charge increase 
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at higher pH. Acid-treated peat has more bound H+ ions, and thus when HCl-Peat 

was brought into contact with mine drainage (pHinitial: 7.6), it could have led to the 

release of hydrogen ions from the biosorbent, which might be the reason for the 

lower equilibrium pH (4.6–6.6). As a result, the positively charged hydrogen ions 

probably competed with the metal cations to bind onto the sorption sites provided 

by the functional groups of the peat. This increased competition from the hydrogen 

ions was assumed to have led to the lower metal removal efficiency of HCl-Peat 

compared to unmodified peat.  

The acidic modification of sawdust had a significant effect on its surface 

properties. Treatment with citric acid introduced carboxyl groups onto the sawdust 

through interaction with the hydroxyl groups present in its cellulosic structure and 

were most likely the main functional groups taking part in metal binding, along 

with the hydroxyl groups (in the case of raw sawdust) (Zhou et al., 2015; Zhu et al., 

2008). At pH<3, the -COOH groups are present in non-ionic form and, when the 

pH is above 3, the carboxyl group are ionized (-COO-) (Zhu et al., 2008) and thus 

can bind metal cations. For example, the study by Zhu et al. (2008) observed that 

the sorption of copper by citric acid-modified soybean straw was the lowest when 

the initial pH was 2 and removal capacity grew as the pH was increased, due to the 

higher net negative charge available on the biosorbent surface (optimum pH 6).  

Peat-based anion exchanger 

The effect of pH was specifically studied for sulphate removal by PG-Peat using 

synthetic sulphate solutions (Paper III). The sorptive performance of PG-Peat was 

significantly affected by a change in pH (Fig. 14). The studies revealed that the 

sulphate removal capacity was the highest (171 mg/g) when the pH was the lowest 

(pH 2) and the sorption capacity substantially decreased with a pH increase to just 

3. It is worth noting that, at around pH 2, about 50% of the sulphate species exist 

in the form of HSO4
- (Fazel, Chesters & Gibson, 2019; Nordstrom, Alpers, Ptacek 

& Blowes, 2000). The sorption efficiency of PG-Peat did not exhibit any significant 

change when the pH was increased in the range of 4–11. The higher sulphate 

removal capacity of PG-Peat at pH 2 could be attributed to the positively charged 

amine groups, which become protonated under acidic conditions. As such, the 

presence of cationized amine groups at low pH, in addition to the quaternary 

ammonium groups (which are positively charged throughout the entire pH range), 

was responsible for the highly efficient sulphate removal performance of PG-Peat. 

This phenomenon also indicated ion exchange as the possible sorption mechanism 
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of PG-Peat for sulphate removal. The elevated sorption capability of modified 

anion exchangers containing amine and quaternary ammonium groups was also 

demonstrated in the study by Elwakeel (2010), where the highest anion removal 

efficiency was achieved at pH ≈2.8 and the amount of cationized amine groups 

decreased with an increase in pH.  

 Effect of pH on sulphate removal capacity of PG-Peat. Initial sulphate: 1182 

mg/L; PG-Peat dosage: 4 g/L; contact time: 4 h; temperature: 22 ± 2 °C. Error bars 

represent the deviation of two repetitions (Under CC-BY license from Paper III © 2019 

Authors). 

6.3.3 Effect of contact time 

Citric acid-SD, HCl-Peat and mineral sorbents 

The effect of contact time for metal removal from metallurgical wastewater was 

studied using HCl-Peat and M10, where the highest Ni (79%) and Zn (65%) 

removal efficiency was achieved by HCl-Peat within 30 min contact time (Fig. 

15(a)) (Paper I). The mineral sorbent M10 was most efficient in Zn removal and 

maintained a steady metal removal efficiency irrespective of the contact time 

applied.  

The metal removal efficiency of all four sorbents (Citric acid-SD, HCl-Peat, M10 

and T5M5) was compared when contact time experiments were performed for 

spiked runoff water (Paper I). For ease of comparison of the sorbents’ performances 
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between metallurgical water and spiked runoff water, only the metal removal 

efficiency of HCl-Peat and M10 from spiked runoff water is shown in Fig. 15(b). 

Citric acid-SD achieved efficient Cr removal (≈68%) irrespective of the contact 

time applied, while its Cu removal efficiency increased with contact time (75% 

removal at 24 h). The Cr removal efficiency of HCl-Peat and T5M5 also increased 

with contact time, with the highest efficiencies were reported at 24 h contact time 

(Paper I). Additionally, the M10 sorbent exhibited a rapid metal removal efficiency 

(Cr 99% and Zn 98% removal) with 15 min contact time.  

In Paper II, the metal and metalloid removal efficiency of natural and HCl-

modified peat was studied using mine drainage. As can be seen in Fig. 15(c), N-

Peat efficiently removed Ni (85%) and As(V) (70%) from mine drainage at 24 h 

and 60 min contact time, respectively (Paper II). HCl-Peat exhibited a more rapid 

sorption and achieved the highest Ni and As(V) removal efficiency within 30 min 

contact time. Rapid Ni sorption (15–30 min) using peat was also reported by 

Bartczak et al. (2018). However, the overall sorption performance of HCl-Peat 

remained poorer than that of N-Peat irrespective of the contact times applied (Fig. 

15(c)). It was observed that HCl-Peat attained equilibrium quite early (30 min) for 

Ni, Zn and As(V) removal and a prolonged contact time led to a significant decrease 

in removal (%) (Paper I; Paper II). During the initial stages of the sorption process, 

there is an abundance of binding sites. However, as the reaction progresses, there 

is a decrease in the amount of accessible sorption sites for the pollutant ions to 

attach onto the sorbent, thus lowering the sorption efficiency when the reaction is 

continued for longer contact times (Bartczak et al., 2018; Božić et al., 2009). With 

HCl-Peat, a long contact time may have resulted in the leaching of already sorbed 

ions and the sorption of some other ions with higher affinity. The rapid pollutant 

uptake by HCl-Peat for Zn, Ni and As(V) implies that the principal sorption 

mechanism could have been ion exchange. 
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 Effect of contact time on metal and metalloid removal from: (a) metallurgical 

wastewater using HCl-Peat (0.5 g/L dosage) and M10 (0.1 g/L dosage), (b) spiked runoff 

water using HCl-Peat (0.5 g/L dosage) and M10 (0.1 g/L dosage) and (c) mine drainage 

using N-Peat (2 g/L dosage) and HCl-Peat (2 g/L dosage). Temperature 20 ± 3 °C. Error 

bars represent the deviation of two repetitions (Paper I; Paper II).  

Peat-based anion exchanger 

Contact time experiments evaluating the sulphate removal capacity of PG-Peat 

revealed a very rapid sorption phenomenon wherein ≈100 mg/g sulphate removal 

capacity was achieved by PG-Peat within 5 min contact time. A slight increase in 

removal capacity (114.1 mg/g SO4
2-) was observed at 4 h contact time, after which 

a stable sulphate removal capacity was maintained for contact times of 8–24 h. The 

rapid kinetics imply that the main sorption mechanism of the PG-Peat for sulphate 
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removal is ion exchange. This statement can be further supported by the results of 

the batch regeneration studies using NaCl solutions, where the main exchanging 

ions were Cl-, with SO4
2- ions being released during the desorption process. A 

detailed description and discussion of the batch regeneration studies can be found 

in the original publication (Paper III).  

The sulphate sorption performance of PG-Peat was also studied using real 

AMD at different contact times, wherein equilibrium was achieved within 30 min 

contact time (105.3 mg/g) (Paper IV). The experimental data from contact time 

sorption tests was fitted into pseudo-first-order, pseudo-second-order and Elovich 

kinetic models (Fig. 16). The parameters of the kinetic models are presented in 

Table 7 (only the results obtained from experiments conducted at room temperature, 

22 ± 2 °C are shown; experimental results from other temperatures are reported in 

Paper IV). The experimental sorption capacity was very close to the theoretical 

value provided by the pseudo-first-order (106.2 mg/g) and pseudo-second-order 

models (107.3 mg/g). However, the PFO model provided the closest to unity values 

in terms of R2 value (0.96), thus indicating that the sorption phenomenon of PG-

Peat follows the PFO model the best. This inference was further supported by the 

negligible χ2 value (0.06) provided by the PFO model. Additionally, the Elovich 

model provided poor R2 and χ2 values, which also suggested that the sorption 

phenomenon was not a heterogeneous diffusion process. A detailed kinetics study 

can be found in the original publication (Paper IV). 
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 Pseudo-first-order, pseudo-second-order and Elovich kinetics (obtained by 

non-linear optimization method) and experimental kinetics for the sorption of sulphate 

from AMD on PG-Peat. PG-Peat dosage 12 g/L; initial sulphate concentration 1950 mg/L; 

pHinitial 4.3, pHfinal 5.3–6.4; temperature 22 ± 2 °C. Error bars represent the deviation of 

two repetitions (Reprinted by permission from Paper IV © 2020 Elsevier Ltd.). 

Table 7. Pseudo-first-order, pseudo-second-order and Elovich model parameters for 

sulphate removal by PG-Peat from acid mine drainage (based on results obtained from 

experiments conducted at room temperature 22 ± 2 °C, obtained by non-linear 

optimization method) (Paper IV). 

Parameters PG-Peat 

Pseudo-first-order kinetics  

k1 (1/min) 0.38 

qe (mg/g) 106.22 

R2 0.969 

χ2 0.06 

Pseudo-second-order kinetics  

k2 (g/mg×min) 0.01 

qe (mg/g) 107.37 

R2 0.941 

χ2 0.12 

Elovich  

α (mg/g×min) 2.51e-12 

β (mg/g) 0.31 

R2 0.563 

χ2 0.93 
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6.3.4  Maximum sorption capacity of the developed biosorbents 

Citric acid-modified sawdust 

The maximum sorption capacity of Citric acid-SD was evaluated using synthetic 

Ni solutions and was found to be ≈10 mg Ni/g (Paper I).  A sorption test with natural 

sawdust was also conducted as a control and resulted in a maximum sorption 

capacity of only 1 mg Ni/g. The experimental data was fitted into the Langmuir and 

Freundlich isotherm models and the parameters, along with R2 and χ2 values, are 

presented in Table 8. The experimental maximum sorption capacity was fairly close 

to the calculated value (13.67 mg Ni/g) provided by the Langmuir model. However, 

the Freundlich model provided a better fit in terms of R2 value (0.84) and χ2 value 

(2.19), which indicated that the sorption process might have included a weaker 

interaction between the sorbent and sorbate (Bezzina, Robshaw, Dawson & Ogden, 

2020). Additionally, the Freundlich constant n was in the range of 0–10, thus 

indicating a favourable adsorption phenomenon (Kumar, 2006). Comparing the 

sorption capacity of Citric acid-SD to previously reported capacities, a slightly 

higher sorption capacity was achieved for copper removal (16.2 mg/g) using the 

same sorbent (Zhou et al., 2015). On the other hand, citric acid-modified corncob 

reached 49.2 mg/g sorption capacity for cadmium removal (Leyva-Ramos et al., 

2012).  

Table 8. Isotherm modelling parameters of Langmuir and Freundlich models for Ni 

sorption by Citric acid-SD (obtained by non-linear optimization method). Experimental 

removal capacity represents the average of three repetitions (Based on experimental 

data obtained from Paper I).  

Parameters Citric acid-SD

10.20 ± 1.19 

13.669 

0.0343

0.788

5.527

1.521 

2.312 

0.839 

Maximum experimental sorption capacity, q (mg/g) 

Langmuir

qm (mg/g) 

b (L/mg)

R2

χ2

Freundlich

K ((mg/g)/(mg/L)) 

n 

R2 

χ2 2.199 
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HCl acid-modified peat 

Sorption tests using synthetic Ni solutions revealed that the maximum sorption 

capacity of HCl-Peat was ≈21 mg Ni/g (Paper I; Paper II). Natural peat (used as a 

control) exhibited a maximum sorption capacity of 16 mg Ni/g. Although the 

maximum sorption capacity of HCl-Peat was higher, it was less efficient in 

removing metals and metalloids from mine drainage compared to N-Peat (Paper II). 

This could be because the acid modification of peat lowered the solution pH due to 

the release of H+ ions, which in turn may have competed with different metals and 

metalloid ions present in the mine drainage for attachment onto the binding sites of 

HCl-Peat (see section 6.3.2). Additionally, the maximum sorption capacity was 

determined in synthetic solutions containing only Ni ions, while the mine drainage 

consisted of a multi-component system containing several cationic and anionic 

species. Thus, the sorptive performance of natural and modified peat depended, to 

a significant extent, on the composition of the water being treated (Paper II). Three 

isotherm models were used to evaluate the experimental sorption data obtained 

from HCl-Peat: Langmuir, Freundlich and Redlich-Peterson. As can be seen in 

Table 9, the calculated maximum sorption capacity (21.67 mg Ni/g) provided by 

the Langmuir model was almost the same as the experimental maximum sorption 

capacity (21 mg Ni/g). Additionally, both the Langmuir and the Redlich-Peterson 

models provided the best fit in terms of R2 values (0.99) and χ2 values (1.03–1.09). 

Hence, it could be inferred that the model was closer to Langmuir than to 

Freundlich, which suggests the formation of a monolayer in the case of HCl-Peat 

(Langmuir, 1916; Tran, You, Hosseini-Bandegharaei & Chao, 2017). 

Compared to previously reported capacities, the acid-modified peat used in this 

study obtained a higher sorption capacity than other biosorbents modified using 

HCl. For example, HCl-modified Sargassum sp. achieved 6.4 mg/g and 1.9 mg/g 

sorption capacities for cadmium and zinc, respectively (Mahmood et al., 2017). 

Similarly, HCl-modified oak sawdust exhibited a Cr(VI) removal capacity of 1.7 

mg/g (Argun, Dursun, Ozdemir & Karatas, 2007).  
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Table 9. Isotherm modelling parameters of Langmuir, Freundlich and Redlich-Peterson 

models for Ni sorption by HCl-Peat (obtained by non-linear optimization method). 

Experimental removal capacity represents the average of three repetitions (Based on 

experimental data obtained from Papers I and II).  

Parameter HCl-Peat

21.0 ± 1.04 

21.674 

0.662 

0.992 

1.094 

8.770 

3.806 

0.971 

4.818 

13.194

0.553 

1.028 

0.992 

Experimental sorption capacity q (mg/g) 

Langmuir

qm (mg/g) 

b (L/mg)

R2 

χ2 

Freundlich

K ((mg/g)/(mg/L)) 

n 

R2 

χ2 

Redlich-Peterson 

KRP (L/g)

aRP (L/mg) 

g 

R2 

χ2 1.036 

In order to help assess the efficiency of the modified biosorbents developed during 

this study with previously reported biomasses, a detailed comparison of the 

sorption capacities of different modified biomasses for metal removal is listed in 

Table 2 (section 2.5.2). 

Peat-based anion exchanger (PG-Peat) 

The maximum sorption capacity of PG-Peat was tested using synthetic sulphate 

solutions (at original pH 5.6 and at pH adjusted to 2) (Paper III). The results 

revealed that, in solutions with no pH adjustment, PG-Peat exhibited a maximum 

sorption capacity of 138.2 mg/g SO4
2-, whereas in sulphate solutions where the pH 

was initially adjusted to 2, PG-Peat had a much higher maximum sorption capacity 

of 189.5 mg/g SO4
2-. The higher sorption capacity of PG-Peat at low pH could have 

been due to the presence of protonated amine groups under acidic conditions in 

addition to the quaternary ammonium groups (see section 6.3.2). The experimental 

sorption capacities of PG-Peat were fitted to three isotherm models: Langmuir, 
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Freundlich and Redlich-Peterson, and the parameters related to these models are 

listed in Table 10. The maximum sorption capacity provided by the non-linear 

Langmuir model (188.5 mg/g SO4
2-) was close to the experimental sorption 

capacities of PG-Peat obtained from the pH-adjusted solutions. However, in terms 

of the coefficient of determination (R2 value: 0.89) and chi-squared test (χ2 value: 

0.77), the best fit was provided by the non-linear Redlich-Peterson model, which 

also provided the g value closest to unity (0.95). These results indicate that the 

sorption process takes place as a monolayer sorption phenomena (Langmuir, 1916; 

Tran et al., 2017). When comparing the sulphate sorption capacity of PG-Peat to 

previously reported studies, it can be stated that the sorptive performance of PG-

Peat was quite impressive, especially for the treatment of acidic solutions. For 

example, modified rice straw achieved a sulphate removal capacity of 74.8 mg/g at 

pH 5.6 (Cao et al., 2011), organo-nano-clay exhibited a removal capacity of 38.0 

mg/g at pH 7 (Chen & Liu, 2014), whereas a barium-modified blast-furnace-slag-

geopolymer developed by Runtti et al. (2016) obtained a sulphate sorption capacity 

of 91.1 mg/g at pH 7–8. A more detailed comparison of the sulphate sorption 

capacities of different anion exchangers can be found in Table 3 (section 2.5.2).  
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Table 10. Isotherm modelling parameters of Langmuir, Freundlich and Redlich-

Peterson models for sulphate sorption by PG-Peat (obtained by non-linear optimization 

method). Experimental removal capacity represents the average of three repetitions

(Under CC-BY license from Paper III © 2019 Authors). 

Parameter PG-Peat

189.5 ± 2.7 

188.5 

0.018 

0.8841

6.344 

61.269 

6.393 

0.8316 

10.022 

4.592 

0.034 

0.952 

0.8938

Experimental capacity q (mg/g) 

Langmuir

qm (mg/g) 

b (L/mg)

R2

χ2 

Freundlich

K  ((mg/g)/(mg/L)) 

n 

R2 

χ2 

Redlich-Peterson

KRP (L/g) 

aRP (L/mg) 

g 

R2

χ2 5.775 

6.3.5 Effect of temperature with peat-based biosorbents 

Metal and metalloid removal 

The effect of temperature (5 ± 2 °C and 23 ± 2 °C) at different contact times was 

studied for As(V) and Ni removal from mine drainage using N-Peat and HCl-Peat 

(Fig. 17) (Paper II). The As(V) and Ni removal efficiency of N-Peat considerably 

decreased when the experiments were conducted at cold temperatures (5 ± 2 °C) 

although the removal (%) increased with contact time, thus indicating the 

requirement for longer sorption periods for better removal of metals and metalloids 

by unmodified peat under cold conditions. The optimal contact time for As(V) 

(60%) and Ni (50%) by N-Peat at 5 ± 2 °C was 60 min, whereas the sorbent was 

able to remove 70% As(V) in 60 min and could remove 85% Ni at 24 h contact 

time when the experiments were conducted at room temperature (23 ± 2 °C). 

Sorption tests conducted with HCl-Peat showed no specific dependence on contact 

time during the cold temperature experiments, but with the tests conducted at room 
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temperature, the As(V) (50%) and Ni (55%) removal efficiency of HCl-Peat was 

optimal at 30 min contact time due to the rapid sorption behaviour exhibited by 

peat, as explained in section 6.3.3. However, the overall sorption performance of 

HCl-Peat was not much affected by the change in sorption temperature conditions 

(Paper II).  

 Effect of temperature on As(V) and Ni removal from mine drainage by (a) natural 

peat (N-Peat) and (b) HCl-modified peat (HCl-Peat). At 20 ± 2 °C, pH24: 6.2–6.8 (both 

sorbents); at 5 ± 2 °C, pH24: 5.8 (HCl-Peat) and 6.6 (N-Peat).  Biosorbent dosage: 2 g/L. 

Error bars represent the deviation of two repetitions (Paper II).  

Sulphate removal 

The performance of PG-Peat for sulphate removal from AMD was also tested at 

different temperatures over a range of contact times in order to verify whether the 

biosorbent could be applied under cold conditions (Fig. 18) (Paper IV). Although 

the sorption capacity of PG-Peat maintained a stable value (>100 mg/g) for longer 

contact times (2–24 h, 24 h data not shown in Fig. 18) at all the temperatures tested, 

the results showed that temperature played an important role in the shorter contact 

time (5 min) experiments. The sulphate sorption capacity of PG-Peat at 10 ± 2 °C 

was 97.7 mg/g, which indicated the biosorbent’s suitability for AMD treatment 

even under cold conditions.  
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 Effect of temperature and contact time on sulphate removal capacity of PG-Peat 

from AMD. Biosorbent dosage: 12 g/L; SOinitial: 1950 mg/L; pHinitial: 4.3 and pHfinal: 5.3–6.4. 

Error bars represent the deviation of two repetitions (Reprinted by permission from 

Paper IV © 2020 Elsevier Ltd.). 

6.3.6 Effect of co-existing ions with peat-based anion exchanger  

The effect of co-existing ions on the sulphate removal performance of PG-Peat was 

investigated using chloride and nitrate ions (Table 11). The chosen concentrations 

of chloride and nitrate were based on their respective concentrations in the raw 

mine water used in the study (Paper III). Since Cl- was the main exchanging ion in 

PG-Peat, chlorine was released into the solution (up to 435 ± 5 mg/L Cl-, Cl-
initial: 

100 mg/L) as sulphate was sorbed onto the biosorbent. In the presence of nitrate 

ions, the sulphate sorption capacity of PG-Peat decreased as the nitrate 

concentration was increased, since both the anions competed with each other for 

attachment onto the cationic sorption sites of PG-Peat. However, the divalent SO4
2- 

ions had higher electrostatic interaction and higher affinity compared to the 

monovalent ions, both of which play a crucial role in the ion-exchanging capacities 

of sorbents (Blaney, Cinar & SenGupta, 2007). It should be noted that the presence 

of counter-ions and their respective valences play a crucial role in the affinity of 

anion exchangers towards them (Awual, Jyo, El-Safty, Tamada & Seko, 2011). The 

selectivity of anion exchangers is also affected by the resin structure, ion 

concentration and charge (Awual, Urata, Jyo, Tamada & Katakai, 2008; Awual et 

al., 2011) (Paper III).   
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Table 11. Effect of chloride and nitrate on sulphate sorption capacity of PG-Peat. Values 

are presented as average of two repetitions with deviation. PG-Peat dosage: 4 g/L. pHfinal: 

6.3–7.5 (Under CC-BY license from Paper III © 2019 Authors). 

SO4
2-

initial (mg/L) Cl-initial (mg/L) SO4
2-

final (mg/L) SO4
2- uptake capacity 

(mg/g) 

Cl-final (mg/L) 

1046 0 652 ± 6 97.5 ± 1.7 380 ± 10 

1046 30 626 ± 4 103.3 ± 0.9 375 ± 5 

1046 50 640 ± 19 100.2 ± 4.5 400 

1046 100 630 ± 6 102.6 ± 1.6 435 ± 5 

0 100 - - 185 ± 5 

SO4
2-

initial (mg/L) NO3
-
initial (mg/L) SO4

2-
final (mg/L) SO4

2- uptake capacity 

(mg/g) 

NO3
-
final (mg/L) 

1046 0 652 ± 6 97.5 ± 1.7 0.17 ± 0.1 

1046 29 682.5 ± 9.5 100.7 ± 3.6 23.5 ± 2.5 

1046 48 682.5 ± 9.5 89 ± 2.3 36.5 ± 1.5 

1046 96 684 ± 16 88.6 ± 4 76.5 ± 1.5 

0 96 - - 40 ± 1 

6.4 Column studies 

6.4.1 Synthetic sulphate solutions 

Based on the results obtained from the batch regeneration studies, which indicated 

the recyclability of PG-Peat as a biosorbent for sulphate removal (Paper III), further 

sorption-desorption studies were performed in column mode using synthetic 

solutions (at pH 2 and original pH 5.8) as described in Paper IV (Fig. 19). In the 

first column, synthetic solutions having a pH of 5.8 were used as influents during 

the three sorption cycles wherein the breakthrough point was achieved very early. 

This could have been caused by too short a contact time between the influent 

solution and PG-Peat in the column. The second column had acidic synthetic 

sulphate solutions (pH 2) as influents and it was observed that the breakthrough 

points were achieved at a much later time compared to the first column. This could 

be attributed to the higher sorption capacity of PG-Peat under acidic conditions 

(section 6.3.2 and 6.3.4). In both columns (Fig. 19(a)), once the breakthrough point 

was achieved there was a rapid increase in the sulphate concentrations being 

released from the sorption column. As the biosorbent approached its saturation 

point, the rapidity of sulphate release decreased and the sorption cycles were 

terminated once the PG-Peat could not sorb any more sulphate.  
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 Regeneration studies in column mode with synthetic sulphate solutions at 

original pH 5.8 and at pH adjusted to 2 of the solutions using PG-Peat: (a) sorption and 

(b) desorption cycles. PG-Peat amount: 5 g; initial sulphate concentration 1050 mg/L; 

NaCl concentration 1 M, flow rate 8.4 mL/min; temperature 22 ± 2 °C (Reprinted [adapted] 

by permission from Paper IV © 2020 Elsevier Ltd.). 

The saturation capacities (qs) of PG-Peat in column mode have been listed in Table 

12. The saturation capacities of the second column (treating pH-adjusted sulphate 

solutions) were much higher than those of the first column where the influent 

sulphate solutions were applied without any pH adjustment (pH 5.8). The better 

sorptive performance of PG-Peat in the second column was due to the presence of 
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protonated amine groups under the acidic pH conditions, in addition to the 

quaternary ammonium groups (cationic through the entire pH range) (section 6.3.2). 

Table 12.  Saturation capacity qs (mg/g) of column sorption studies using PG-Peat from 

synthetic sulphate solutions (at pH 5.8 and at pH adjusted to 2) and AMD (pH 4.3) 

(Reprinted by permission from Paper IV © 2020 Elsevier Ltd.). 

 Saturation capacity qs (mg/g) 

Cycles Synthetic  

(pH 5.8) 

Synthetic 

(pH 2.0)                

AMD 

(pH 4.3) 

1 122.7 226.8 154.2 

2 151.9 220.4 - 

3 79.9 242.6 - 

Three desorption cycles (Fig. 19(b)) were studied along with the sorption cycles 

with both columns containing synthetic sulphate solutions. Desorption efficiencies 

in the range of 82–101% were reported for all the three cycles in the first column 

(pH 5.8), whereas in the second column (pH 2), a desorption efficiency of 99.6% 

was reported in the first desorption cycle followed by desorption efficiencies of 

75.3% (second cycle) and 55.7% (third cycle). The poorer desorptive performance 

of the PG-Peat column in treating acidic sulphate solutions could be due to the 

stronger attachment of sulphate ions onto the biosorbent due to the presence of 

protonated amine groups at low pH. This bottleneck could be rectified in the future 

by using a salt solution of higher concentration during the desorption process.  

6.4.2 Acid mine drainage 

The sulphate removal performance of PG-Peat from real AMD was tested in 

column mode using a single sorption-desorption cycle (Fig. 20) (Paper IV). A 

detailed analysis of the AMD water quality can be found in Paper IV. The sorption 

cycle revealed that the breakthrough point occurred quite early when the AMD was 

passed through the column (Fig. 20(a)). The saturation capacity of PG-Peat was 

reported to be 154.2 mg/g SO4
2- (Table 12). The higher sulphate removal capacity 

from AMD of the biosorbent in column mode compared to a batch set-up (125.7 

mg/g SO4
2-) indicated its potential for practical applications. As can be seen in Fig. 

20(b), desorption of most of the sulphate was achieved after passing about 0.8 L of 

salt solution through the AMD column. The desorption efficiency was calculated 

to be 74.8%. Since the performance of column set-ups depends on various 

operational parameters such as initial sorbate concentration, pH, sorbent particle 
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size, flow rate and temperature (Patel, 2019), a few factors need to be improved 

when considering the applicability of PG-Peat for AMD. For example, the 

desorption rate can be improved by using salt solutions of higher concentration. 

The residence time of the desorption solution could also be increased by using a 

lower flow rate in the column and facilitating a longer contact time between the 

biosorbent and desorption solution.  

 Column (a) sorption and (b) desorption studies for sulphate treatment from acid 

mine drainage using PG-Peat. PG-Peat amount: 10 g; initial sulphate concentration: 

1950 mg/L; NaCl concentration 1 M; pHinitial 4.3, flow rate 8.4 mL/min; temperature 22 ± 

2 °C (Reprinted [adapted] by permission from Paper IV © 2020 Elsevier Ltd.). 

6.4.3 Kinetic modelling of column studies 

The experimental data obtained from all three columns (using synthetic sulphate 

solutions and acid mine drainage) was fitted to the Thomas and Yoon-Nelson 

models. The Thomas model assumes that the Langmuir sorption-desorption 

kinetics is followed by the concerned process with no axial dispersion, and that 

second-order reversible kinetics is followed by the driving force (Thomas, 1944; 

Vijayaraghavan & Prabu, 2006). As can be seen in Table 13, the Thomas model 

was able to predict the breakthrough curve of all the cycles in Column 1 (testing 

synthetic sulphate solutions at pH 5.8). The theoretical sorption capacities provided 

by the Thomas model were quite close to the experimental saturation capacities 

(reported in Table 12) with a high coefficient of correlation values (R2: 0.94–0.98) 

obtained for Column 1. Similarly, the theoretical sorption capacities obtained for 
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Column 2 (testing synthetic sulphate solutions at pH 2) and Column 3 (testing 

AMD) were close to the experimental sorption capacities (Table 12), although the 

model exhibited lower R2 values (0.81–0.85) for these columns.  

The Yoon-Nelson model is based on the assumption that for each sorbate 

molecule, the rate of decrease in the sorption probability is proportional to the  

sorption probability of the sorbate as well as to the probability of the sorbate 

breakthrough on the sorbent (Yoon & Nelson, 1984). As shown in Table 13, the 

time required for 50% sorbate provided by the Yoon-Nelson model is very similar 

to the experimental values obtained for all the columns tested. As in the case of the 

Thomas model, the experimental breakthrough curve obtained for all the cycles in 

Column 1 was quite close to those predicted by the Yoon-Nelson model. The R2 

values (0.94-0.98) provided by this Yoon-Nelson model were also very high for 

Column 1.  

Since both the Thomas and Yoon-Nelson models provided a better fit for the 

experimental sorption data obtained from Column 1 compared to the other 

columns, the graphical form of the models applied to Column 1 is presented in Fig. 

21.  

Table 13. Thomas and Yoon-Nelson model parameters obtained for column sorption 

studies (optimized by non-linear method) (Based on experimental data obtained from 

Paper IV).  

  

Column 1 (synthetic solutions, pH 5.8) Column 2 (synthetic solution, pH 2) Column 3 

(AMD) 

Cycle 1 Cycle 2 Cycle 3 Cycle 1 Cycle 2 Cycle 3 Cycle 1 

Thomas model        

KT (mL/mg×min) 0.033 0.042 0.089 0.019 0.013 0.014 0.011 

qo (mg/g) 119.033 162.316 83.601 217.086 214.144 241.484 130.363 

R2 0.942 0.983 0.982 0.848 0.848 0.819 0.807 

Yoon-Nelson model        

KYN (min-1) 0.0203 0.026 0.056 0.013 0.009 0.010 0.012 

τ (min) 113.365 154.587 79.621 183.972 181.479 204.647 133.706 

τ50% exp. (min)  100.0 120.0 70.0 160.0 160.0 150.0 140.0 

R2 0.942 0.983 0.982 0.848 0.848 0.819 0.806 
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 Application of Thomas and Yoon-Nelson (Y-N) models to experimental sorption 

data (exp.) obtained from Column 1 (synthetic sulphate solutions, pH 5.8) (Based on 

experimental data obtained from Paper IV).  
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7 Conclusions 

This study demonstrated the good potential of two lignocellulosic biomasses 

abundantly available in Finland, sawdust and peat, as biosorbents for metal, 

metalloid and sulphate polluted effluents. It was hypothesised that chemical 

modification can significantly enhance the properties of biosorbents (H1) and this 

was proven to be true. Introducing reactive functional groups on the surface of the 

biosorbents did indeed increase their pollutant removal performance from real 

industrial and urban effluents.  

The developed biosorbents proved to be effective for the treatment of industrial 

effluents as well as urban runoff waters and thus the data supports hypothesis 2 

(H2). Sorption studies with metallurgical wastewater revealed that Citric acid-SD 

was the most efficient in Ni removal, whereas the highest Cr removal was achieved 

by HCl-Peat. The mineral sorbent M10 exhibited exceptional Zn removal 

efficiency from both metallurgical wastewater and spiked urban runoff. It also 

performed very well in the removal of other metals from spiked runoff water. The 

proposed removal mechanism for M10 could have been precipitation of metal 

hydroxides caused by the solution’s pH increase due to sorbent addition. The 

biosorbents (Citric acid-SD and HCl-Peat) performed much better in the treatment 

of urban runoff compared to metallurgical wastewater (very high Cr and Cu 

removal achieved), implying that water characteristics such as the presence of co-

existing ions, initial ion concentration and pH etc. play a significant role in the 

sorption behaviour of sorbents. Therefore, both Citric acid-SD and HCl-Peat have 

the potential to be applied for the removal of Cr and Cu from real industrial 

effluents having similar characteristics as runoff water. However, when comparing 

the overall sorptive performance of the two acid-modified biosorbents, HCl-Peat 

performed slightly better than Citric acid-SD. Additionally, modification with HCl 

is more economic and sustainable since, unlike biomass modification using citric 

acid, it does not require heat treatment and enables the use of less chemicals.  

In terms of the treatment of mine drainage, the pollutants that were most 

efficiently removed using natural and modified peat were Ni and As(V). The 

removal efficiency of N-Peat was much better than that of HCl-Peat, although the 

acid-modified peat showed better wettability and settling properties (which was one 

of main aims of the HCl modification) and higher sorption capacity for Ni in 

synthetic solution. The superior sorptive performance of N-Peat indicates its 

suitability for the removal of metals and metalloids present in mining influenced 

waters, such as the mine drainage used in this study. N-Peat also has other 
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advantages. For example, it is cheaper than acid-modified peat, since the use of 

chemicals and associated modification operations can be avoided. However, certain 

bottlenecks still need to be overcome regarding the use of N-Peat as a water 

treatment product in a real application. For example, an appropriate sorption set-up 

would be needed to address the challenge of hydrophobicity and the poor 

wettability of raw peat as well as its poor settling properties. Additionally, raw peat 

is capable of leaching organic substances when applied under operational 

conditions that have extreme pH values. Modified peat would be a more suitable 

product in such a scenario, since acidic modification would already have leached 

these substances during the modification procedure.  

The bio-based anion exchanger (PG-Peat) was efficient in sulphate removal 

and showed highly impressive removal capacity under acidic conditions. The 

higher sulphate removal capacity of PG-Peat at low pH was due to the presence of 

cationized amine groups at low pH, in addition to the quaternary ammonium groups 

(protonated throughout the entire pH range). The sorptive performance of PG-Peat 

was not significantly affected by the presence of co-existing ions and the biosorbent 

demonstrated its suitability for treating real mine water.  

The characterization and sorption data supports hypothesis 3 (H3), that ion 

exchange was probably the most important mechanism utilised by the developed 

biosorbents. For example, the Cl- (contributed by the GTMAC modification) 

present in the PG-Peat sorbent was the main exchanging ion and chloride was 

released into the solution in exchange for the sulphate ions sorbed. In the case of 

HCl acid-modified peat, the acidic functional groups acted as metal binding sites 

while releasing H+ ions into the solution. Furthermore, characterization studies 

proved that the modifications performed could successfully introduce relevant 

functional groups (providing ion exchange sites) onto the biosorbents. For example, 

the XPS results revealed the addition of carboxylic groups to Citric acid-SD due to 

the acid modification of sawdust and the grafting of amine and quaternary 

ammonium groups onto PG-Peat as a result of the PEI+GTMAC-modification. 

The modified peat biosorbents (HCl-Peat and PG-Peat) exhibited fast sorption 

kinetics. Although the sorption efficiency of N-Peat was temperature-dependent, 

the performance of the modified peat sorbents remained unaffected even at cold 

temperature and maintained rapid sorption from mine water and AMD. This 

indicated their applicability for the treatment of real effluents in the Nordic 

countries, where winter is the most prevalent season. The superior sorptive 

performance of PG-Peat in both batch and column set-ups at low pH using synthetic 
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solutions as well as the column study using real AMD indicated the suitability of 

PG-Peat for sulphate removal from AMD.  

Although it was initially hypothesised that the bio-based anion exchanger is a 

strong candidate for practical application in AMD treatment (H4), more research 

on the economic feasibility and practical applicability is required to evaluate the 

possibility of adapting PG-Peat for future commercial use. Similar studies also need 

to be conducted with regard to the other biosorbents (Citric acid-SD and HCl-Peat) 

reported in this thesis.   

The proposed next stages of this research should focus on the scale-up of the 

modification procedures to be able to produce these biosorbents in bulk with 

uniform quality and to calculate the cost of the products for larger scale use. Pilot-

scale studies should address several factors such as the ability of the biosorbents to 

be regenerated and reused in multiple cycles, the product properties after multiple 

cycles, the amount of waste produced from the treatment process (regeneration 

solution and exhausted biosorbent), the possibility of recovering valuable metals 

and the overall cost of the treatment process.  
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