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SUMMARY 

In Sweden, owing to industrial activities such as wood impregnation or glasswork, multiple point 
sources of arsenic (As) contamination in soil and groundwater are scattered throughout the 
country. Metals such as chromium (Cr), copper (Cu), lead (Pb), nickel (Ni), cadmium (Cd) and 
zinc (Zn) are usually present in varying concentrations as well. Since adsorption is a common 
method for purifying contaminated water, research and development of adsorbents have been 
actively conducted in the last few decades. However, the spent sorbent is seldom safely handled 
after adsorption and often ends up in landfills, thereby creating new problems and posing new 
risks to humans and the environment. 

The aim of this study was to develop a waste-based adsorbent for simultaneous removal of As 
and associated metals, namely Cr, Cu, and Zn, and to analyse sustainable ways of managing the 
spent adsorbent without creating secondary pollution. 

In a model system, two well-established adsorbents, iron (Fe) oxides (derived from FeCl3) and 
peat (waste-based), were combined, and the concept of simultaneous removal of cationic and 
anionic contaminants was tested in a batch adsorption experiment. Owing to the Fe coating, 
the removal of As and Cr increased by 80% and 30%, respectively, compared to that of non-
coated peat. The removal of Cu and Zn was higher (up to 15%) on non-coated peat than on 
Fe-coated peat. Similar results were obtained in an upscaled column adsorption experiment 
where Fe salt was substituted with a waste-based Fe hydrosol. Under the same pH environment 
(pH=5), Fe-coated peat effectively adsorbed all four investigated contaminants (As, Cr, Cu, 
and Zn). Non-coated peat was effective for Cr, Cu, and Zn, while Fe oxides (coated on sand) 
adsorbed only As.  

Three management strategies for spent adsorbents, obtained after the column adsorption 
experiment, were investigated in this study. i) Long-term disposal in a landfill was simulated by 
exposing spent adsorbents to a reducing environment and evaluating the metal(loid) leaching. 
Leaching of As increased manifold (up to 60% in a 200-day experiment) compared with that of 
the standardised batch leaching experiment under oxidising conditions. It was determined that 
approximately 30% of As(V) was reduced to As(III), which is more mobile and toxic. ii) 
Valorisation of the spent adsorbent was attempted through hydrothermal carbonisation. It was 
expected that the obtained hydrochar could be used as a beneficial soil amendment. However, 
treatment caused the process liquid and hydrochar to have high loads of As, Cu, and Zn. 
Additional treatment of the process water and hydrochar would lead to higher management costs 
for spent adsorbents. iii) The possibility of thermal destruction was investigated by incinerating 
the spent adsorbents. Thereafter, the treatment volume of the waste (ash) was 80–85% smaller 
compared with that of the spent adsorbents. Incineration at a higher temperature (1100 °C vs. 
850 °C) caused weaker metal(loid) leaching from the ashes. Furthermore, co-incineration with 
calcium (Ca)-rich lime (waste-based) decreased the leaching of all four investigated elements, 
particularly Cr, to below the limit values for waste accepted in landfills for hazardous waste. 
Therefore, incineration enabled the possibility of safe and long-term disposal of As-bearing ashes. 
At the same time, less As would circulate in the environment.  

For future work, studies that broaden the spectrum of contaminants targeted by Fe-coated peat 
would be beneficial. At the same time, it is important to not only determine alternative utilisation 
methods for Fe-coated peat, but also investigate other management options for the spent 
adsorbents.  



 

  



 

SAMMANFATTNING 

I Sverige förekommer flertalet utsläppskällor av arsenik (As) till mark och grundvatten spridda 
över landet, från bland annat träindustrin och glasbruk. Även metaller, så som krom (Cr), 
koppar (Cu), bly (Pb), nickel (Ni), kadmium (Cd) och zink (Zn) förekommer i varierande 
koncentrationer. Eftersom adsorption är en vanlig metod för att rena förorenat vatten så har 
forskning och utveckling av adsorbenter skett de senaste årtiondena. Dock så hanteras de 
använda adsorbenterna sällan på ett säkert sätt utan hamnar i en deponi, och skapar nya problem 
för människor och miljö. 

Målet med den här studien var att utveckla en avfallsbaserad adsorbent för samtidig borttagning 
av As och tillhörande metaller: Cr, Cu och Zn, och att analysera hållbara metoder för att 
hantera de använda adsorbenterna på ett sätt som inte leder till ytterligare utsläpp 

I modellsystemet kombinerades två välkända adsorbenter: järn (Fe)-oxid (erhållet ur FeCl3), 
och torv (avfallsbaserad), och samtidig borttagning av anjoniska och katjoniska föroreningar 
testades satsvis i ett adsorptionsexperiment. På grund av Fe-beläggningen så ökade 
borttagningen av As och Cr med 80 % respektive 30 %, vid jämförelser med torv utan 
beläggning. Borttagningen av Cu och Zn var högre (upp till 15 %) för torv utan beläggning 
jämfört med Fe-belagd torv. Liknande resultat erhölls från ett uppkallat adsoprtionsexperiment, 
där Fe-salt var utbytt mot en avfallsbaserad Fe-hydrosol. I samma pH-miljö (pH=5) så kunde 
Fe-belagd torv på ett effektivt sätt adsorbera samtliga fyra föroreningar (As, Cr, Cu och Zn). 
Icke-belagd torv var effektiv för Cr, Cu och Zn, medan Fe-oxider (belagda på sand) bara 
adsorberade As. 

Tre hanteringsstrategier för använda adsorbenter har utforskats i denna studie. i) Långsiktigt 
bortskaffande i en deponi simulerades genom att utsätta använd absorbent för en reducerande 
miljö och att utvärdera lakningen av (halv)metaller. Lakningen av As ökade (upp till 60 % i ett 
200-dagars experiment), jämfört med det standardiserade testet i oxiderande miljö. Det kunde 
fastställas att en tredjedel av As(V) reducerades till As(III), som är mer mobil och toxisk. ii) Ett 
försök till valorisering av den använda absorbenten gjordes genom hydrotermisk karbonisering. 
Förväntningen var att det erhållna biokolet kunde användas som ett jordförbättringsmedel. 
Dock så resulterade behandlingen i att både processvattnet och biokolet hade höga halter av 
As, Cu och Zn. Ytterligare behandling av processvattnet och biokolet implicerar högre 
behandlingskostnader för de använda adsorbenterna. iii) Möjligheten för termisk destruktion 
undersöktes genom förbränning av de använda adsorbenterna. Efter behandlingen så var 
volymen av avfallet (askan) 80-85% mindre jämfört med ingående adsorbent. Förbränning vid 
högre temperaturer (1100 °C jämfört med 850 °C) resulterade i mindre lakning av 
(halv)metaller från askan. Dessutom leder förbränning med kalk, (ett calcium (Ca)-rikt avfall), 
till minskad lakning av de fyra analyserade elementen, särskilt Cr, till nivåer lägre än 
gränsvärdena för deponering som farlig avfall. Därför kan förbränning göra det möjligt för en 
säker och långsiktig bortskaffning av As-haltiga askor, samtidigt som det cirkuleras mindre 
arsenik i samhället.  

Framtida studier kan med fördel undersöka hur Fe-belagd torv klarar ett bredare spektrum av 
föroreningar. Samtidigt är det viktigt att inte bara hitta alternativa användningsmetoder för Fe-
belagd torv, men att också undersöka andra sätt att hantera de använda adsorbenterna. 
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1. PREREQUISITE AND SCOPE OF THE STUDY 

Adsorption is a widespread conventional method that is used to treat groundwater 
contaminated with metal(loid)s. Research and development of adsorbents have 
been actively conducted in the last few decades. Furthermore, there are many 
examples of successfully commercialised adsorbents.  

So why do we need yet one more adsorbent? 

The answer to this question can be broken down into two parts.  

First, the majority of adsorbents have an affinity towards certain elements or groups of 
elements. Consequently, the adsorbents are less effective towards contaminants that possess 
other than the desired chemical properties. This is an important implication when groundwater 
bears multi-element contamination because such water might require more than a single 
treatment to reduce the risk caused by all present contaminants. Cleaning water through several 
steps means that various virgin materials must be used to produce adsorbents; this is neither 
environmentally friendly nor cost-efficient. Therefore, there is a need for not only a versatile 
adsorbent, but also an adsorbent that can be produced without the use of virgin materials. 

Second, there should be clear guidelines regarding what to do when the adsorbent is exhausted. 
Scientific literature is scarce regarding the management of spent adsorbents. There are many 
studies that deal with the regeneration of adsorbents, but once this is no longer possible, it is 
likely that the adsorbent will end up in a landfill. Low redox environment, which prevails in 
landfills, can mobilise redox-sensitive elements, create landfill leachate problems, and pose risks 
to humans and nearby ecosystems. To avoid this, the treatment of spent adsorbents is required 
either as an alternative to landfilling or to reduce metal(loid) leaching when the material is 
placed in a landfill. 

The aim of this study was to develop a waste-based adsorbent for simultaneous removal of As 
and associated metals, such as Cr, Cu, and Zn, from contaminated groundwater and to analyse 
methods to manage the spent adsorbent without creating secondary pollution.  

The following research questions cover the scope of the thesis: 

1. Can the combination of peat and Fe oxides simultaneously remove As, Cr, Cu, and Zn from 
contaminated water, and how efficient can it be? 

2. What is the leaching behaviour of As, Cr, Cu, and Zn when the spent adsorbent of Fe-coated peat is 
placed in a landfill? 

3. How different is the leaching of As, Cr, Cu, and Zn from the ashes in comparison with that from the 
spent adsorbent? 

4. Can modification of spent adsorbent-based fuel influence the leaching of As, Cr, Cu, and Zn from the 
ashes of the spent adsorbent, and to what extent? 

5. Is it feasible to use hydrothermal carbonisation to recycle spent adsorbents into fertilisers and what is the 
fate of the adsorbed metal(loid)s? 
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2. BACKGROUND 

2.1. Sources of metal(loid) contamination 

Within this study, the term metal(loid)s includes metals and metalloids that are commonly used 
in industry and agriculture and are related to environmental stress and toxic effects on living 
organisms. Naturally metal(loid)s are found in the Earth’s crust, and they are dispersed in the 
environment by weathering. Usually, soils contain a full range of metal(loid)s, but because 
geochemical cycles are very slow, metal(loid)s are present at trace concentrations. Some 
metal(loid)s (i.e. micronutrients, such as Cr, Cu, and Zn) are essential to living organisms in 
small concentrations, but higher doses can easily become toxic (Kabata-Pendias, 2011). Non-
essential metal(loid)s (e.g. As, cadmium (Cd), mercury (Hg), lead (Pb)) become toxic as soon 
as they enter a living organism. Metal(loid)s then interact with biomolecules, disrupt essential 
biological functions, and cause negative effects (Gall et al., 2015). Through bioaccumulation 
and biomagnification, metal(loid)s are transferred from terrestrial and aquatic ecosystems into 
the food chain and pose risks to human health (Alexander and Fairbridge, 1999).  

Minerals, such as black shales, limestones, phosphorites, ultramafic rocks, sedimentary 
ironstones are the origin of metal(loid)s. When metal(loid) ores outcrop at the rock surface 
owing to weathering, the metal(loid)s are dispersed into the environment. This process is very 
slow, so the dispersed concentrations are low, and the affected area is small (Alloway, 2013). 
However, much larger areas can be affected by anthropogenic contamination when ores are 
mined and smelted (Zaidi et al., 2012). It is often the case that apart from the principal element, 
the ore also contains gangue minerals that are economically unfeasible to extract. As a 
consequence, historic mining wastes, which contain finely ground particles of ore, country 
rock, and gangue minerals, pose a serious environmental hazard. Particles from such waste can 
be spread further into the environment through atmospheric deposition, flooding, and 
sedimentation (Nagajyoti et al., 2010). 

Livestock manures may contain high levels of metal(loid)s if they are present in the animal feed. 
Relatively large amounts of Cu and Zn have been routinely fed to pigs and domestic birds in 
the past with concentrations of up to 140 mg·kg-1 and 800 mg·kg-1, respectively. In 2003, 
much lower maximum permissible values were set for Cu and Zn in the European Union 
(EU) (Regulation No. 1831/2003). An organic As-containing compound (roxarsone) has been 
widely used as a growth promoter for broiler chicken. It was banned in the EU in 1999. 
However, large amounts (up to 30–50 mg·kg-1) entered soils through slurry (Alloway, 2013). 

Sewage sludge usually contains varying levels of several metal(loid)s, but the most common are 
Cd, Cu, and Zn. Because it has significant amounts of beneficial nitrogen (N) and phosphorus 
(P), sewage sludge is frequently recycled as fertiliser. However, the metal(loid) content is a 
major constraint limiting the utilisation of sewage sludge on land (Wuana and Okieimen, 
2011). Although many countries have strict limits on the application of sewage sludge to 
protect arable soils from metal(loid) contamination, historic contamination is still present. For 
example, in the 1970s and 1980s, in several developing countries where wastewater treatment 
facilities were not yet present, septic drain fields served as a sink for sewage sludge. After 
mechanical separation, sewage sludge would be poured onto fields and left to seep in. In this 
way, hundreds of hectares were contaminated with varying levels of metal(loid)s (Kasiuliene 
and Paulauskas, 2014). Despite the fact that such methods only existed for a short time, former 
septic drain fields are unusable even today and pose a risk to the surrounding environment. 



4 

Inorganic fertilisers are another pathway through which metal(loid)s enter soils. The application 
of macronutrient and micronutrient fertilisers is a worldwide practice to increase biomass yield. 
Most of the inorganic compounds used as fertilisers contain significant amounts of metal(loid)s. 
It is well known that among all fertilisers, phosphoric fertilisers usually contain the highest 
concentrations of contaminants, including As, Cd, uranium (U), even thorium (Th) (Gupta et 
al., 2014). As a result of intensive farming, frequently fertilised lands can accumulate significant 
metal(loid) concentrations, which are then present in the produced crops. The use of fungicides 
also contributes to the metal(loid) content in agricultural soils (Wuana and Okieimen, 2011). 
Elevated concentrations of As and Pb in soils can occur owing to residues from the past use of 
Pb arsenate (AsHO4Pb) or Cu acetoarsenate (C4H6As6Cu4O16); phenyl mercury chloride 
(C6H5ClHg) would result in a rise in the Hg concentration. Copper-based fungicides, such as 
Bordeaux Mixture (CuSO4·5H2O+Ca(OH)2) or Cu oxychloride (3Cu(OH)2·CuCl2), have 
been widely used in vineyards since 1885, and a literature review by Komarek et al. (2010) 
found reports of Cu concentrations of <3200 mg·kg-1 in vineyard soils. Owing to the erosion 
of old vineyard soils, surrounding territories also contain elevated Cu concentrations. Other 
agricultural inputs of metal(loid)s include clay pigeon and sports shooting, corrosion of 
galvanised structures (mainly Zn), and application of waste gypsum or wastewater treatment 
cake (Alloway, 2013).  

It is difficult to define which metal(loid)s are characteristic to urban soils because the metal(loid) 
content is influenced by many activities occurring in urbanised areas. Kabata-Pendias (2011) 
summarized that Cd, Pb, Cu, and Zn are the most often occurring metal(loid)s at elevated 
concentrations in large cities such as Berlin, Warsaw, and St. Petersburg. Common sources of 
metal(loid)s in urban areas include the deposition of dust and aerosol particles from motor 
vehicles, corrosion of metal structures, compost and fertilisers used in urban gardens, man-
made materials inserted or spilled onto soil, bonfires, and fireworks, among others (Alloway, 
2013).  

Industrial contamination in soils in industrial and urban areas is more heterogeneous than that in 
agricultural soils and is mainly dependent on the industry type. The same applies to 
technogenic materials, such as quarry waste, construction and demolition waste, furnace slags 
and ashes, and harbour dredging waste, which can be found in industrial sites. A few examples 
found in the literature (Nagajyoti et al., 2010; Wuana and Okieimen, 2011; Alloway, 2013) of 
multi-elemental contamination associated with different industries are as follows: 

 Ceramics: Cd, Cr, Cu, Pb, Hg, nickel (Ni), Zn, and cerium (Ce); 
 Steel works: As, Cr, Pb, manganese (Mn), molybdenum (Mo), Ni, selenium (Se), Sb, 

tungsten (W), vanadium (V), and Zn; 
 Battery manufacturing: Pb, Sb, Zn, Cd, Hg, Ni, and silver (Ag); 
 Catalysts: platinum (Pt), Sb, cobalt (Co), palladium (Pd), Ni, Mo, Ag, and Zn; 
 Polymer stabilisers: tin (Sn), Pb, Cd, Zn, and Ba; 
 Waste disposal: As, Cd, Cu, Hg, Ni, Sb, Se, Ce, Mo, W, Pb, thallium (Tl), and Zn; 
 Pigments and paints: Pb, Cr, As, Sb, Hg, Se, Mo, Cd, B, Zn, and Co; 
 Printing and graphics: Se, Pb, Cd, Zn, Cr, and Ba; 
 Electrical components: Cu, Zn, gold (Au), Ag, Pd, Pb, Sn, yttrium (Y), Cr, Se, iridium 

(Ir), indium (In), gallium (Ga), Sn, Co, Mo, Hg, Sb, Ru, and tellurium (Te); 
 Non-ferrous metal smelting: Ag, As, Cd, Cu, Cr, Hg, Se, Sn, Tl, V, U, W, and Zn; 
 Chlor-alkali industry: Sb, As, bismuth (Bi), Cd, Cu, Pb, Hg, Ag, and Sn; 
 Acid works: As, Ba, Cr, Co, Cu, Mo, Pb, Ni, Pt, V, U, and Zn.  
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2.1.1. Chromium copper arsenate wood treatment sites 

Wood treatment facilities that used chromium copper arsenate (CCA) as an impregnator in the 
past represent another example of multi-element contamination. In Sweden, former wood 
impregnation with CCA left several hundred territories contaminated with As, Cr, and Cu. 
Zinc can also be found at elevated concentrations. Both soil and groundwater were/are affected 
by CCA (Geological Survey of Sweden, 2013). Owing to the vast scale of the problem, this study 
was performed with groundwater contamination with As, Cr, Cu, and Zn in mind.  

The carcinogenicity of As and Cr is well known, as is the toxicity of Cu to aquatic organisms 
(e.g. Zyadah and Abdel-Baky, 2000; Chervona et al., 2012). As reported by Missimer et al. 
(2018), the amount of CCA solution added to wood ranged from 4 kg·m-3 to 44 kg·m-3. It 
was also determined that the solution contained about 22% As by weight, which means that 
the produced wood contained an As concentration of between 1700 mg·kg-1and 17 000 mg·kg-

1. Therefore, As also poses a great potential risk from a waste management perspective. As 
illustrated by Townsend et al. (2004), As concentrations in leachates from CCA-treated wood 
can be as high as 12.0 mg·L-1; those of Cu can range between 4.0 mg·L-1 and 17.0 mg·L-1; and 
Cr concentrations are usually lower at about 2.5 mg·L-1. 

Wood treatment with CCA is banned in most countries. Although the phase-out of residential 
CCA-treated wood started in the early 2000s, the use was continued for marine and farm 
applications along with poles, piles, round posts, and plywood (Missimer et al., 2018). As 
previously mentioned, old CCA wood treatment sites tend to be significant soil and 
groundwater contamination sites. Thus, As in CCA-treated wood is a good example of how 
hazardous substances can persist in products and cause environmental problems long after their 
toxicity has been acknowledged and their further use restricted.  

Today, scientists, politicians, and environmental organisations have embraced the concept of a 
circular economy, where waste recycling is an important aspect. The high priority of waste 
recycling is supported by legislation, policies, and directives, such as the waste hierarchy in the 
EU (Directive 2008/98/EC). However, to achieve a circular economy, we must identify waste 
flows that are hazardous, e.g. As-containing waste, and safely separate them from other flows.  

2.2. Treatment of contaminated groundwater 

Groundwater contamination occurs when contaminants are released into the soil and move 
downwards (with precipitation) into the groundwater. The transport of the contaminants, is 
influenced by various processes, such as diffusion, adsorption, and precipitation. Downward 
movement of contaminated water and dispersion within an aquifer can spread the contaminants 
over a very wide area. Using contaminated groundwater is a health hazard for humans owing to 
its toxic effects and the spread of diseases. Once an aquifer is contaminated, purification is very 
complicated and sometimes not even possible (Boulding, 1995). Since the treatment of 
contaminated groundwater before it reaches the deep-lying aquifer is of crucial importance, there 
are many biological/biochemical, chemical, and physicochemical technologies that can be 
applied for this purpose (Hashim et al., 2011). An overview of such technologies is provided 
in Fig. 1. 
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Biological technologies exploit the natural ability of plants and microorganisms to attenuate 
metal(loid)s in soil and groundwater. Remediation occurs through a variety of processes, 
including adsorption, oxidation, reduction, and methylation (Evanko and Dzombak, 1997).  

Chemical technologies are often applied in cases where other types of technologies are difficult to 
implement, e.g. plumes deep below the soil surface. Chemicals are used to decrease the toxicity 
or mobility of metal(loid)s by converting them to inactive forms. Oxidation, reduction, and 
neutralisation reactions are often involved (Evanko and Dzombak, 1997). 

In physicochemical technologies, physical treatment methods (e.g. construction of barriers, physical 
adsorption, or absorption) are combined with chemical methods (e.g. adsorption onto Fe 
oxides and activated carbon (C)). More examples are provided by Hashim et al. (2011). 

2.2.1. Adsorption for groundwater purification 

Adsorption is a physicochemical water treatment method (Fig. 1). It is considered one of the 
most conventional techniques because of its i) operational simplicity, ii) cost-effectiveness, and 
iii) availability (Mohan and Pitman, 2007). Adsorption is defined as a process where gases or 
dissolved compounds are retained by solid or liquid surfaces to which they make contact. The 
process of adsorption can be physical or chemical. In physical adsorption, adsorbate binds to 
the adsorbent owing to van der Waals forces and can form a multi-layered adsorbate structure. 
Meanwhile, in chemisorption, there is a chemical bond between the adsorbent’s surface and 
adsorbate, which results in a monolayer structure of the adsorbate. With regard to adsorption 
of metal(loid)s from aqueous media, chemical adsorption plays a key role because, unlike van 
der Waals forces, chemisorption is typically irreversible, i.e. the adsorbed species will not 
readily desorb under ambient temperature (Berger and Bhown, 2010; Kralik, 2014). 

Groundwater metal(loid) remediation technologies 

Chemical 

Reduction  
Fe

0
, ferrous salts, H2S 

Biological/biochemical 

Enhanced 
biorestoration  
Bioprecipitation, 

sulphate reduction, Fe 
oxides and microbes, 

radionuclide 
immobilisation 

Biosorption  
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cellulose-rich materials 
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Physico-chemical 

Permeable reactive 
barriers 
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Precipitation with 

complexing agents, Fe, 
slag, Fe

0
; 

Biological barriers 
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absorption, filtration  
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products, waste-based 

materials 

Elecktrokinetic 
Electrocoagulation, 
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electrodeposition 

Chemical fixation 

Chemical flushing  
Chelates, ion exchange 

Fig. 1.Remediation techniques for groundwater contaminated with metal(loid)s (Hashim et al., 
2011, Mudhoo et al., 2012; Azimi et al., 2017) 
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Various adsorbents can be used for the adsorption of metal(loid)s. One of the most 
commercialised adsorbents is activated C. Activated C can be produced from various organic 
materials, such as peat, coconut shell, and coal (Hashim et al., 2011). Modification of activated 
C, can be performed to increase the active surface area. Industrial by-products (e.g. fly ash, waste 
Fe) can also be used in groundwater treatment (Sarkar and Paul, 2016; Azimi et al., 2017). 
Agricultural wastes (e.g. hazelnut shell, rise husk, pecan shell, maize cob, and maize husk) can be 
used in bio-sorption. Materials of mineral origin also exhibit high ion exchange capacity, but they 
usually have greater selectivity towards certain elements than activated C (Barakat, 2011). 
Examples of mineral-origin adsorbents include zeolites, clay minerals, phosphates, and chitosan.  

2.2.2. Iron oxides  

In recent years, Fe oxides have been extensively researched as adsorbents suitable to purify 
water contaminated by metal(loid)s (Sundman et al., 2015; Min et al., 2017; Vitkova et al., 
2017). For this reason, and especially for their potential to adsorb As, Fe oxides were selected for this 
study.  

The affinity of As (arsenates rather than arsenites) for Fe oxides is a well-known phenomenon, 
and it is widely presented in scientific literature (e.g. Kumpiene et al., 2006; Carabante et al., 
2014; Vitkova et al., 2017). The adsorption of As onto Fe oxides occurs owing to interactions 
between the adsorbate and hydroxyl groups of the Fe oxides (Sherman and Randall, 2003). 
The point zero charge (PZC) of Fe oxides ranges from pH=7 to pH=9 (Schwertmann and 
Fechter, 1982). Above the PZC, the surface of Fe oxides obtains a negative charge and the 
adsorption of As ceases. Below the PZC, the surface of Fe oxides is positively charged. An 
acidic pH of around 4 is the most favourable for the adsorption of As.  

An acidic pH (1.5–3.0) is also favourable for the adsorption of chromate. However, chromate 
has a smaller shared charge compared with that of an arsenate; thus, Cr(VI) creates a weaker 
bond of adsorption, i.e. the chromate can be outcompeted by the arsenate (Grossl et al., 1997).  

Cations can also be adsorbed by Fe oxides owing to the amphoteric properties of Fe (Khaodhiar 
et al., 1999; Mohapatra et al., 2010; Otero-Farina et al., 2015); however, the reaction then 
occurs in alkaline conditions where simultaneous adsorption of arsenates or chromates is not 
possible.  

2.2.3. Peat 

Organic matter plays a vital role in the majority of physical and chemical processes occurring 
in the environment. Thus, the efficiency of various organic adsorbents has been widely 
explored mostly owing to their affinity to cations (Brown et al., 2000; Wan Ngah and 
Hanafiah, 2008) and organic pollutants (Ali et al., 2012). Peat, among other organic materials, 
is a common adsorbent owing to its availability, cost effectiveness, and high sorption capacity. 
The main constituents of peat are lignin and humic acids, which contain functional groups of 
alcohols, aldehydes, ketones, carboxylic acids, and phenolic hydroxides. In the scientific 
literature, it is often stated that metals react with the carboxylic and phenolic groups present 
on the surface of peat through ion-exchange (Brown et al., 2000; Ho et al., 2000). Because 
the surface of peat above the PZC (pH=3.5-4.0) is negatively charged, it can efficiently adsorb 
heavy metals, especially divalent heavy metals (Chaney and Hundemann, 1979). The potential 
to adsorb Cu and Zn was the reason that peat was selected for this study. 
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Owing to its predominantly negative charge, peat has a weak affinity for anions such as As 
(Grafe et al., 2002). In the literature, it has been suggested that metal cations (e.g. Fe) are 
required as a bridge between As and organic matter in order to form the ternary complexes 
necessary for adsorption (e.g. Mikutta and Kretzschmar, 2011; Mak and Lo, 2011). However, 
the interaction between As and natural organic matter is a complex process, and some studies 
have stated that it is difficult to find spectroscopic evidence for the existence of As(V)-Fe(III)-
organic matter complexes even at high Fe and As concentrations (Sundman, 2014; Sundman 
et al., 2015). 

Peat can be an effective adsorbent for Cr when it is in the trivalent state and the pH is higher 
than 3.7 (Koloczek et al., 2015). For efficient adsorption of Cr(VI), the pH needs to be around 
2.0, but at this pH peat particles already begin to disintegrate (Brown et al., 2000).  

2.2.4. Coating peat with Fe oxides 

Former wood treatment with CCA resulted in soil and consequently groundwater 
contamination with As, Cr, Cu, and Zn. The simultaneous adsorption of all the present 
contaminants in groundwater under the same environmental conditions using only peat or 
only Fe oxides is not possible. Therefore, combining the two adsorbents could present 
possibilities to obtain a versatile adsorbent targeting a broader spectrum of contaminants under 
the same pH environment. This led to the following research question: Can the combination of 
peat and Fe oxides simultaneously remove As, Cr, Cu, and Zn from contaminated water, and how 
efficient can it be? 

At this point (development of the adsorbent), the high priority of waste recycling in a circular 
economy could be implemented by utilising peat as a by-product emerging from widespread 
industrial processes and utilising Fe-rich by-products obtained from the metallurgic industry.  

Coating Fe oxides onto carrier materials (e.g. sand) is a well-known practise from a technical 
point of view. It increases hydraulic conductivity and averts clogging of the filter when Fe 
oxides are used as an adsorbent (Devi et al., 2014; Afzali et al., 2016). Therefore, coating Fe 
oxides onto peat, which is an active adsorbent, could also act as a substitute for sand, which is 
inactive as an adsorbent but is often a virgin material.  
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2.3. Treatment of spent adsorbents 

Member countries of the EU are encouraged to apply a waste hierarchy (Fig. 2) when handling 
wastes in order to achieve the best environmental outcome. The waste hierarchy includes i) 
prevention, which averts the use of virgin materials; ii) reuse of materials; iii) recycling and 
reprocessing of materials; iv) energy recovery prior to disposal; and v) landfilling or incineration 
without energy recovery. Prevention is the most preferred option, while disposal is the least 
preferred (Directive 2008/98/EC).  

Spent adsorbents loaded with metal(loid)s resulting from 
groundwater treatment are considered hazardous to the 
environment because the retained contaminants can be 
easily released from the adsorbent and cause 
contamination of soil and groundwater. However, 
management strategies for spent adsorbents are seldom 
discussed. To illustrate this, a search in the Elsevier’s 
abstract and citation database SCOPUS was performed 
earlier this year. The number of publications found using 
the keywords ‘adsorption’ and ‘heavy metals’ resulted in 
over 700 entries in 2010 and nearly tripled over the recent 
8 y (Fig. 3). When the keyword ‘management’ was added 
to the previous two keywords, a significantly smaller 
number of entries was found (maximum of 260 in 2018). 
Furthermore, this occurred despite the fact that the word ‘management’ sometimes has a much 
wider meaning, thereby generating more entries. However, when the word ‘management’ was 
changed into ‘post-sorption’, ‘exhaust’, or ‘treatment’, which have a more specific meaning in 
this context, even less results were found.  

 

Fig. 3. Number of publications available in SCOPUS database dealing with adsorption of heavy 
metals and management of the spent adsorbent (2019 03 01) 

There is a vast number of publications dealing with regeneration of various adsorbents. Then, 
the ‘reuse’ step from the waste hierarchy can be implemented. However, all adsorbents reach 
a point where regeneration and reuse is no longer possible. In addition, when the adsorbent is 
used to sorb oxyanion-forming elements, such as As, where regeneration techniques are limited 
and/or expensive (Verbinnen et al., 2015), then the lifecycle of the adsorbent is even shorter.  
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2.3.1. Issues when landfilling spent adsorbents 

In the EU, the waste type is determined by the European List of Waste (Council Decision 
2000/532/EC) and Annex III to Directive 2008/98/EC. This is followed by compliance tests 
to confirm the type of landfill where the waste can be disposed of. One of the established 
compliance tests is the standardised batch leaching test at a liquid to solid (L/S) ratio of 10. 
During the test, waste is leached out with water for 24 h under aerobic conditions (air present 
in sample vessels). Based on the contaminant concentrations detected in the leachate, waste can be 
deposited in landfills for i) inert, ii) non-hazardous, and iii) hazardous wastes. If the limit values 
are exceeded, then the waste must be treated before landfilling. The organic content of waste is 
also an important issue. In Europe, wastes containing more than 10% of organic content are 
usually not accepted at landfills because the degradation of organic waste and landfill gas 
formation can cause settlements in landfills and jeopardise the stability of the structure. More 
importantly, the presence of organic matter can increase the mobility of metal(loid)s, thereby 
causing leachate problems (Schwab et al., 2006; Bolan et al., 2014). In certain circumstances, 
when the type of waste does not fulfil the acceptance criteria determined in the Council 
Directive 1999/31/EC Annex II and there is no other viable utilisation option, landfilling can 
be allowed if a special permit is acquired. 

A landfill is an anaerobic body where the solubility and release of metal(loid)s are governed by 
pH, redox conditions, and the presence of substances that can bind contaminants through 
sorption. The mobility of many potentially toxic metals is usually low under the conditions 
generally found in modern mature landfills, i.e. circum-neutral pH and low redox potential 
(Eh). In landfills, the Eh can decrease to as low as -500 mV (Bozkurt et al., 2000). However, 
the standardised batch leaching test is performed under aerobic conditions and can 
underestimate the influence of the reducing conditions on the leaching of metal(loid)s and As 
in particular (Ghosh et al., 2004). The main problem with As arises when oxidised As-bearing 
waste is placed under reducing conditions. For most of such wastes, Fe or other metal oxides 
are used as adsorbents. Under reducing conditions, the reductive dissolution of Fe oxides 
occurs, which leads to the reduction of As(V) to As(III) (Corvin et al., 1999). Arsenites are 
more mobile and more toxic compared with arsenates and can create landfill leachate problems. 
The long-term stability of As-bearing wastes depends on the total As concentration, volume 
of the generated waste, conditions of how the waste was generated, and the presence of 
elements that can potentially bind with As, e.g. S, by forming nearly-insoluble minerals 
(Bozkurt et al., 2000). 

Contrary to As, Cr can undergo very rapid changes to poorly soluble Cr(III) if the Eh decreases 
(Hausladen and Fendorf, 2017). Zinc, and especially Cu, usually remain insoluble as 
precipitates in a landfill environment. Thus, it is important to determine the leaching behaviour of 
As, Cr, Cu, and Zn when the spent adsorbent of Fe-coated peat is placed in a landfill. 
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2.3.2. Incineration and metal(loid)-loaded ashes 

The thermal treatment of waste plays a key role in modern waste management systems. It is a 
preferred alternative in solid waste management since landfilling is becoming more difficult 
owing to high costs, diminishing land availability, and stricter regulations (Veli et al., 2008). 
The main thermal treatment methods include incineration, gasification, and pyrolysis, which 
is where energy is produced in the form of fuel, gas, or power and preferably from a ‘clean’ 
biomass. The incineration of waste can also be conducted without energy recovery; this type of 
treatment is then equivalent to disposal in landfills in the waste hierarchy. Nevertheless, the 
incineration of waste can offer several advantages over traditional landfilling, such as substantial 
volume reduction, hygienisation of pathological wastes, and reduction of toxic leachates and 
greenhouse gas formation from landfills (Lundholm, 2007).  

In the case of waste loaded with As, the possibility to obtain As concentrated in a smaller body 
of waste in order to remove it from other material flows is aspired. On one hand, the 
incineration of As-rich waste is considered complicated owing to the fact that volatilisation of 
As can start at temperatures as low as 320 °C (Helsen et al., 2003). On the other hand, fabric 
filters and electrostatic precipitators, which must be present in modern waste incineration 
plants, are able to remove more than 99% of particulate matter (Jones and Harrison, 2016). A 
greater problem may arise when landfilling ashes, which contain high loads of potentially 
leachable elements. Thus, it is also important to determine the difference between the As, Cr, Cu, and 
Zn leaching from the ashes and those leaching from the spent adsorbents. 

Furthermore, it leads to the question of what can be done to increase metal(loid) stability if 
the leaching from the ashes still exceeds the limits for landfilling. 

Immobilisation is a conventional method used to treat metal(loid)-contaminated soils. Among 
other immobilising agents, such as P compounds, Fe, or Mn oxides, materials rich in Ca are 
also used (Bolan et al., 2014). As reported by Travar et al. (2015), the formation of poorly 
soluble Ca-As minerals, such as Ca arsenate, weilite, and johnbaumite, were responsible for 
the immobilisation of As in contaminated soil where Ca-rich waste products derived from an 
air pollution controller in an incinerator were added. In the same study, it was reported that 
the addition of Ca had a slight mobilising effect on Cr and Cu. Lundholm et al. (2007) explored 
the potential to stabilise As, Cr, and Cu while co-combusting CCA wood mixed with peat, 
which had high contents of Ca and Al. It was reported that As and Cr formed refractory phases 
with Ca, namely Ca3(AsO4)2, CaCrO3, and CaCr2O4, respectively. In the case of Cu, stable 
forms were obtained owing to the increased content of Al, e.g. CuAl2O4. The overall 
conclusion was that the addition of Ca-rich peat has the potential to reduce the volatilisation 
of As and Cr during incineration (Lundholm et al., 2007). This raises the question of whether 
modification of spent adsorbent-based fuel influences the leaching of As, Cr, Cu, and Zn from the ashes 
of the spent adsorbent and what is the extent of the influence. 
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2.3.3. Recycling spent adsorbents into fertilisers 

The recycling of spent adsorbents can be implemented by recovering adsorbed metal(loid)s or 
by using them as catalysts, feed additives, or biologically active compounds (Reddy et al., 
2017). However, one of the most successful recycling strategies for spent adsorbents is fertiliser 
application in the form of biochar. Biochar has been widely used to improve soil fertility by 
enhancing the soil aeration and water holding capacity as well as increasing the soil organic C 
level. Biochar can be manufactured from various biomass sources, including waste-based 
materials (agricultural waste, animal manure, and forest waste); therefore, the production of 
biochar is cost-friendly and preferred over the use of virgin mineral fertilisers (Funke and 
Ziegler, 2010). 

Billions of hectares of arable land are depleted of micronutrients (and macronutrients) 
worldwide; agricultural production is decreasing and the produce has low levels of essential 
elements for the human diet. Therefore, manufacturing biochar from spent adsorbents loaded 
with metal(loid)s has captured the attention of researchers (Reddy et al., 2017). Successful 
implementation largely depends on the elements that were adsorbed. Specific adsorbents can 
be fabricated to be loaded with micronutrients (Cu, Fe, Mn, and Zn) or mobile forms of N, 
P, and K.  

Hydrothermal carbonisation (HTC), as an alternative to conventional thermal method, opens up 
the possibility to treat wet waste streams without energy-intensive drying before or during 
treatment, and the obtained solid product, namely hydrochar, can be utilised as a fertiliser. 
Apart from the latter, hydrochar can also be used as solid fuel, an adsorbent for metals, or a 
precursor for nano-compounds (Reza et al., 2014). Briefly, HTC is a wet and relatively low-
temperature (180–350 °C) process where, under autogenous pressures, biomass undergoes a 
chain of reactions including hydrolysis, dehydration, decarboxylation, condensation, 
polymerisation, and aromatisation (Wikberg et al., 2015).  

The behaviour of metal(loid)s under HTC conditions is not fully understood; consequently, 
further utilisation of the resulting hydrochars as soil additives may be restricted owing to too 
high of a metal(loid) content. Yoshida and Antal (2009) showed that during flash carbonisation, 
inorganic contaminants with high boiling points (Pb, Co, Ni, Cu, or Zn) remain in the 
hydrochar, whereas those with low boiling points (As, Hg, Cd, or Se) are prone to elution. In 
addition, during HTC, the degradation of organic matter and the redistribution of organic 
groups can lead to the transfer of inorganic components, including contaminants, from solids 
into the process water (Krylova and Zaitchenko, 2018). Therefore, it is reasonable to expect 
that HTC can be used to remove hazardous metal(loid)s from spent adsorbents so that the 
hydrochar can be used as a fertiliser without the risk of secondary pollution, although process 
waters would need further management. This leads to the research questions of whether it is feasible 
to use HTC to recycle spent adsorbents into fertilisers and what is the fate of the adsorbed metal(loid)s. 
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3. EXPERIMENTAL MATERIALS AND METHODS 

3.1. Materials 

Peat was obtained from Geogen Produktion AB, Sweden. The company manufactures oil 
adsorbents by heat-treating raw peat. Owing to the heat treatment, the peat becomes 
hydrophobic and inhibits water-binding properties. The types of peat used in this study 
included the following: 

 Heat-treated peat powder, which is an undersized (<2 mm) by-product derived during 
the manufacturing of the oil adsorbent. Hereafter, this type of peat is referred to as ‘peat 
powder’ (Papers I–IV); 

 Heat-treated peat granules (2–5 mm), which are a ready-to-use commercial oil 
adsorbent. They are referred to as ‘granules’ (Paper I); 

 Raw peat obtained from the Saltmyran peat mire in Arvidsjaur, Sweden, which is used 
for manufacturing the oil adsorbent. Raw peat was ground to fine powder before any 
experiments. Hereafter, it is referred to as ‘raw peat’.  

Iron, which was used to coat different types of peat in the batch experiment (Paper I), was in 
the form of chlorides as FeCl3·6H2O (Merck, >99%). For the upscaled production of iron-
peat, ferric ferrous hydrosol (FFH) was used (Papers II–IV). The FFH was provided by Rekin, 
Lithuania, where the material is produced from Fe scraps during electrolysis. The end product 
is a suspension of Fe(II) and Fe(III)-hydrated compounds that is used as a binder for wastewater 
pollutants. 

Sand was a fraction with a particle size of 0.5–1.0 mm (Paper II). 

Lime, which is a by-product composed mainly of Ca carbonate (CaCO3) and Ca hydroxide 
(Ca(OH)2) was obtained from Mewab, Sweden. The by-product derives while producing pulp 
for paper industry (Paper IV). 

Chemicals used for making the contaminated metal(loid) solution included monosodium 
arsenate (NaH2AsO4, Honeywell Riedel-de Haen AG, 99%), potassium dichromate (K2Cr2O7, 
VWR International, 99.9%), copper chloride (CuCl2·2H2O, Merck, 99%), and zinc chloride 
(ZnCl2, Merck, 98%). Acids and bases, which were used for pH adjustment, included 
hydrochloric acid (HCl, Merck, 37%), nitric acid (HNO3, Merck, 65%), and sodium hydroxide 
(NaOH, Merck, 99%). To fix the ionic strength, potassium nitrate (KNO3, VWR 
International, 100%) was used.  

3.2. Coating peat with iron  

For the batch experiment (Paper I), peat powder, granules, and raw peat were mixed either with 
1.0 M or 0.5 M FeCl3 solution at L/S=5, and then filtered and dried at room temperature 
(about 22 °C). The material was then flushed with 0.5 M NaOH solution. To evaluate whether 
there was a positive relationship between the thickness of the Fe coating and increased 
adsorption, the described procedure was repeated two more times (single vs. multiple). 
Uncoated material was used as a reference.  
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For the upscaled production (Papers II–IV), peat powder was coated with FFH at a ratio of 1:1 
(w/w) with the addition of a small volume of water for homogenisation. To verify that both 
peat and Fe were required for the simultaneous removal of cations and anions, two control 
adsorbents were used, namely i) sand coated with FFH (1:4 w/w) and ii) uncoated peat 
powder. Hereinafter, the coated peat powder is referred to as ‘iron-peat’, coated sand is referred 
to as ‘iron-sand’, and the control peat powder is referred to as ‘peat’. 

3.3. Adsorption experiments  

The batch adsorption (Paper I) experiment was performed using a TitroWiCo multichannel 
titrator. Coated and non-coated adsorbents were mixed with a metal(loid) solution containing 
10 g·L-1 of As, Cr, Cu, and Zn at L/S=1000. The pH was kept at 5.0±0.2 and the contact 
time was 5 h. Thereafter, the suspension was filtered and the metal(loid) concentration 
remaining in the solution was determined by inductively coupled plasma optical emission 
spectrometry (ICP-OES) (Optima 8300, Perkin-Elmer). 

In the column adsorption experiment (Paper II), up-flow columns with a bed volume (BV) of 0.32 
L were filled with a known mass of iron-peat, iron-sand, and peat. The inlet hose was 
connected to the metal(loid) solution, which is referred to as the ‘inlet solution’. The outlet 
hose was connected to sample collection bottles (dark and air-tight). The average flow rate was 
1.12 mL·min-1. Samples were taken daily and the metal(loid) content, pH, electrical 
conductivity (EC), and Eh were measured. The inlet solution contained 0.88±0.07 mg·L-1 of 
As and 4.1±0.4 mg·L-1 of Cr, Cu, and Zn. It was prepared by dissolving the salts in 0.1 M 
KNO3 solution. The experiment lasted 100 d. Thereafter, the columns were dismantled, and 
the spent adsorbents were collected.  

3.4. Adsorbent characterisation 

Fresh and spent adsorbents were analysed to determine the total metal(loid) content (Papers I–
III). Solids were wet digested with aqua regia (L/S=15) at 190 °C for 10 min using a CEM 
Mars 5 microwave oven. The extracts were then analysed using ICP-OES. 

Solids obtained after filtration in the batch adsorption experiment (Paper I) were submitted to 
mineral identification analysis by applying X-ray diffraction (XRD), Fe K-edge X-ray 
absorption spectroscopy, and scanning electron microscopy combined with X-ray energy 
dispersive spectroscopy (SEM-EDX) as well as sequential extraction for metal(loid) 
fractionation (Paper I). 

The biochemical methane potential (BMP) (Paper II) was determined by measuring the 
volume of gases evolving in the air-tight serum bottles with inoculated spent adsorbents and 
sewage sludge. 

3.5. Leaching behaviour of the adsorbed metal(loid)s  

A standardised batch leaching test at L/S=10, as described in the Council Directive 1991/31/EC 
Annex II, was performed with the spent adsorbents. Sample triplicates from the column 
adsorption experiment (Paper II) were leached with ultra-pure water for 24 h using an end-
over-end rotator, and then filtered through a 0.45 µm nitrocellulose filter and analysed for pH, 
EC, Eh, and metal(loid)s.  
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A low redox experiment was designed to simulate the reducing conditions that prevail in landfills 
(Paper II). The spent adsorbents were mixed with de-oxygenated water at L/S=10 and sealed 
into glass bottles, where the air was replaced with a gas mixture of 50% carbon dioxide (CO2) 
and 50% methane (CH4) (AGA, AB). Rubber stoppers with needles were inserted for leachate 
and gas sampling. The leachate was analysed for pH, EC, Eh, and metal(loid)s. The gas 
composition (CO2, oxygen (O2), nitrogen (N2), and CH4) was analysed after 200 d of the 
experiment using gas chromatograph (Clarus 500) to verify the presence of reducing 
conditions. The experiment lasted 200 d. 

After 200 d, the leachates from the low redox experiment and from the standardised batch 
leaching test were analysed for As speciation at an accredited laboratory (ALS Scandinavia). 
The leachates were also analysed for the dissolved organic carbon (DOC) content using a 
TOC-L analyser (Shimadzu).  

3.6. Thermal treatment of the spent adsorbents 

HTC (Paper III). Triplicates of dry spent peat and iron-peat were mixed with water at L/S=5 
and sealed in Teflon vessels. The vessels were heated to 230 °C at a rate of approximately 1.75 
°C·min-1 using a CEM Mars 5 microwave oven. The target temperature was maintained for 3 
h. After cooling, the contents were filtered through 10 µm pure cellulose filters to separate the 
solids from the process water.  

The process water was analysed for pH, EC, Eh, density, DOC, and metal(loid)s. A three-step 
sequential extraction protocol (EUR 19775 EN) proposed by the EC Standards, Measurements 
and Testing Programme was applied to the hydrochars. Fourier transform-infrared (FT-IR) 
spectroscopy data on the finely powdered spent adsorbents, their respective hydrochars, and 
the process liquids were collected using a Frontier FT-IR spectrometer (Perkin-Elmer). 

Incineration (Paper IV) of spent peat and iron-peat was conducted in a high-temperature furnace 
(Entech Energiteknik AB) at 850 °C and 1100 °C. Known amounts of sample were placed 
into alumina crucibles and then heated to the target temperature at a heating rate of 10 °C·min-

1; the dwelling time was 0.5 h. Ashes which were obtained after incineration at 850 °C and 
1100 °C are referred to as ‘peat 850’ and ‘iron-peat 850’ and as ‘peat 1100’ and ‘iron-peat 
1100’, respectively. 

Prior to incineration, dry lime was mixed into the iron-peat sample to comprise 10% based on 
the total solids (TS) value of iron-peat. Hereafter, the mixture of iron-peat and lime is referred 
to as ‘IP-lime’ and the ashes are referred to as ‘IP-lime 850’ and ‘IP-lime 1100’. 

Thermogravimetric analysis (TGA) with spent adsorbents and IP-lime was conducted using a 
Netzsch Thermal Analysis STA 409 instrument.  

Evaluation of the treatment efficiency was conducted by performing a batch leaching test at L/S=10 
with the obtained hydrochars (Paper III) and ashes (Paper IV).   
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4. RESULTS AND DISCUSSION  

4.1. Development of the adsorbent 

In order to achieve simultaneous adsorption of cationic and anionic contaminants from 
contaminated groundwater, peat was coated with Fe oxides. It was expected that Cu, Zn, and 
Cr would be adsorbent onto the peat, whereas the adsorption of As would be greatly improved 
by Fe coating. Two experimental setups were established to test the efficiency of the newly 
developed adsorbent, as follows: 

 A model system where the concept of iron-peat was checked. 
 A column adsorption experiment where the production of iron-peat was upscaled and 

tested in a continuous filtration experiment. 

4.1.1. Model system 

Peat powder, granules, and raw peat were coated with Fe using pure FeCl3, and were exposed 
to metal(loid) solution in the batch adsorption experiment (Paper I). Figure 4 summarises the 
average removal capacity of As, Cr, Cu, and Zn by all the investigated types of Fe-coated peat 
and by non-coated control material.  

 

Fig. 4. Summarized removal of As, Cr, Cu and Zn by Fe-coated peat (include raw peat, granules 
and peat powder coated with either 0.5 M or 1.0 M FeCl3 solutions single or multiple times) and 
by non-coated control materials (raw peat, granules and peat powder). Error bars represent 
standard deviation of mean, n=9 for non-coated particles, and n=36 for Fe-coated particles 

Arsenic. When Fe-coated peat was in use, the removal of As was between 30% and 80%, 
whereas non-coated peat was able to remove only approximately 5% of As. The importance 
of Fe coating was proved by SEM-EDX analysis (Paper I). In Fig. 5-A, B, EDX elemental 
mapping of the same SEM image showed that the Fe coating on the peat surface was 
homogeneous and As was adsorbed all over the surface of the Fe-coated peat particle, whereas 
a very weak signal coming from As was obtained when a particle of non-coated peat powder 
was analysed (Fig. 5-D). 
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XRD analysis identified ferrihydrite and akaganeite as dominant Fe minerals in the coated peat 
(Paper I). Non-coated peat also contains ferrihydrite as it is one of the most abundant Fe oxides 
(Cornell and Schwertmann, 2004). Owing to the coating, the Fe content in the adsorbents 
increased from 3 to 8 times; thus, the adsorption of As onto Fe minerals increased as well. 
There was a strong correlation (R2=0.83–0.87) between the concentration of Fe in Fe-coated 
raw peat and peat powder and the adsorption of As. The correlation was weaker for Fe-coated 
peat granules (R2=0.53). The adsorption of As (as well as Cr, Cu, and Zn) onto different types 
of peat decreased in this order: raw peat≥peat powder>granules. This occurred because finer 
particles provided a larger surface area first for the Fe-coating and then for the adsorption.  

It was assumed that multiple coating with FeCl3 solution would increase the adsorption of As. 
The same was expected from coating with a stronger FeCl3 solution (0.5 M vs. 1.0 M). There 
was a clear pattern that when weaker FeCl3 solution (0.5 M) was used for coating, multiple 
coating resulted in greater adsorption of As (and Cr). Multiple coating also compensated for 
the larger particle size in the case of granules. However, when stronger FeCl3 solution (1.0 M) 
was used, the differences in adsorption of As (and Cr) between single and multiple coatings 
became insignificant. 

  

(C) (D) 

(A) (B) 

Fig. 5. SEM-EDX elemental map of Fe (A) and As (B) on a Fe-coated peat particle, and Fe (C) 
and As (D) on a non-coated peat particle 
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Chromium. For Cr, similarly to As, adsorption onto non-coated peat was negligible. During 
the batch adsorption experiment, the pH was approximately 5, which was too high for efficient 
adsorption of negatively charged chromates (present at the given experimental conditions) onto 
peat. Coating peat with Fe increased the adsorption of Cr by up to 6 times compared with that 
of non-coated peat, but in general the adsorption of Cr was weak (<30%). The adsorption of 
Cr was weaker than that of As even though the initial concentrations of As and Cr in the 
metal(loid) solution were the same (10 mg·L-1). The likely explanation for this was that 
chromate was outcompeted by arsenate. The observation was supported by findings by 
Khaodhiar et al. (1999), where owing to the electrostatic effects and direct competition, the 
amount of chromate adsorbed onto Fe-coated sand significantly decreased when As was added 
to solution even at an As:Cr molar ratio of 1:3. 

Copper and zinc. Coating peat with Fe did not have a significantly positive effect on Cu and 
Zn as it did for As and Cr. The adsorption of Cu was very similar between Fe-coated and non-
coated peat. The adsorption of Zn was slightly weaker (by 10–15%) on the Fe-coated peat 
compared with that of non-coated peat.  

Peat is known as an excellent adsorbent for divalent metals (Brown et al., 2000). For this 
reason, multiple coating with Fe oxides was performed with a caution because of the 
apprehension that the peat particle would be completely covered by Fe oxides and the 
adsorption of Cu and Zn would cease. While examining the Fe-coated peat particles (0.5 M 
single coating) under SEM, it was expected that there would be morphological differences, i.e. 
patches of peat and patches of the Fe oxide layer, which could later be related to signals from 
the EDX analysis (i.e. peat patches with (Cr), Cu, and Zn and Fe oxide patches with As and 
Cr). However, the morphological differences were not observed and EDX analysis exhibited 
weak but homogeneous signals of Cu and Zn. It is possible that Fe oxides occupied (blocked) 
some of the organic groups suitable for the adsorption of Cu and Zn, but then the metals 
reacted with Fe oxides and the adsorption remained at the same level. The adsorption of Cu 
and Zn by ferrihydrite and akaganeite has been supported by previous studies (Mohapatra et 
al., 2010; Prabu et al., 2016; Tamez et al., 2016). 

Figure 4 also illustrates that Cu adsorption was significantly greater than that of Zn, even 
though the initial concentrations (as well as molar concentrations) of both metal(loid)s were 
the same (10 mg·L-1). This occurred because Zn can be outcompeted by Cu because the latter 
exhibits greater electronegativity (1.90 vs. 1.65) (Sciban et al., 2007). Moreover, the efficient 
adsorption of Zn on peat occurs at a pH range of 7–9 (Brown et al., 2000), and the 
contaminated solution used in the batch adsorption experiment had a pH of 5, which could 
have been too low for substantial formation of carboxylate complexes with Zn (Bonnet and 
Cousins, 1987). 

Overall, it was established that the combination of Fe oxides and peat could be used for 
simultaneous removal of anionic (As and Cr) and cationic (Cu and Zn) contaminants under 
the same pH conditions. The Fe coating effect was the most prominent for As>Cr>Cu, while 
for Zn it was slightly negative. A high concentration of As and Cr (10 mg·L-1) as well as a high 
L/S ratio (1000) of the contaminated solution and adsorbent did not allow the removal of these 
contaminants below the World Health Organisation (WHO) guideline values for drinking 
water. Purification of Cu ions was achieved using both Fe-coated and non-coated peat powder.  
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The concentrations of contaminants in natural groundwater are seldom as uniform as those in 
the case of the batch adsorption experiment (10 mg·L-1 of As, Cr, Cu, and Zn). However, it 
was selected to test the iron-peat system with a synthetic metal(loid) solution to ensure that 
the water had sufficiently high concentrations of several anionic and cationic contaminants. 
For a field-scale application, identification of the target contaminant and adjustment of the pH 
accordingly could increase the adsorption potential manifold. In this experiment, pH=5 was 
selected in order to use compromised conditions for the adsorption of both cations and anions. 
Adjustment of the pH could also help to avert competition for adsorption sites, which occurred 
here between arsenates and chromates and between Cu and Zn.  

4.1.2. Upscaled filtration of contaminated water using iron-peat  

In the model system, it was possible to establish that the combination of peat and Fe oxides 
was effective for the removal of anionic and cationic contaminants under the same 
environmental conditions. Adsorbents are commonly used in filters. For upscaled production 
of the adsorbent, peat powder was selected because it is a residue; thus, no raw peat would be 
required. As a source of Fe oxides, FFH was selected. The hydrosol is also a waste-based 
material. The aim of the column adsorption experiment was i) to test iron-peat for metal(loid) 
adsorption during prolonged exposure to a contaminated solution (breakthrough and 
desorption processes) and ii) to check if both parts of the adsorbent (peat and Fe oxides) are 
essential for the removal of As, Cr, Cu, and Zn.  

Detailed results from the column adsorption experiment are described in Paper II. Here, Fig. 
6 presents the relative metal(loid) concentrations (C/C0) over the cumulative L/S ratio. The 
C/C0 value shows the ratio between the metal(loid) concentration determined in the eluent 
versus the concentration in the inlet solution. When C/C0 was higher than unity, desorption 
occurred; thus, the eluent contained a higher metal(loid) concentration than the inlet solution. 
The cumulative L/S ratio was chosen as a unit to express the timeline of the experiment. The 
weight of the solids was fixed, whereas the volume of the liquid that passed through each 
column increased; therefore, the cumulative L/S ratio increased as well. The WHO guideline 
values for drinking water are represented by the horizontal lines (calculated as CWHO/C0) in 
Fig. 6. The columns were filled with the same sorbent volumes, but the masses differed. A 
large fraction of the iron-sand was inert, and it was assumed that the sand did not affect the 
adsorption of metal(loid)s. To simplify the graphical presentation of the adsorption curves, the 
iron-sand mass was normalised by subtracting the mass of the sand from the mass of the iron-
sand. 

The main difference between the batch experiment and the column experiment was that in 
the latter, reducing condition started to build up. This phenomenon was observed during the 
daily measurements of Eh in the eluent (Paper II). Table 1 presents the Eh values at the 
beginning and end of the column adsorption experiment.  

Table 1. Average redox (Eh) potential values in the eluents at the beginning and at the end of the 
column adsorption experiment ± standard deviation of mean (n=3) 

  

Column   Eh at the beginning, mV Eh at the end, mV 
Peat   253 ± 4 147 ± 7 
Iron-peat   291 ± 8 163 ± 2 
Iron-sand   521 ± 5 308 ± 8 
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Fig. 6. Relative metal(loid) concentrations (C/C0) over the cumulative L/S ratio during the 
column adsorption experiment. Error bars represent the standard deviation of the mean (n=3). 
Smaller figures on the right  show magnified curves at low concentrations of As and Cr. Straight 
vertical line denotes guideline values for drinking water proposed by WHO (CWHO/C0) 
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In general, the adsorption of As by Fe-coated adsorbents was in line with the affinity of As for 
Fe oxides. However, it was not expected that peat would also adsorb As with a steady 50% 
efficiency. It was likely that owing to the build up of the reducing environment, As(V) was 
reduced to As(III), which was then adsorbed by organic matter through ligand exchange and 
ternary complexation (Hoffmann et al., 2013). Although it was not investigated further, it 
could be speculated that if As(V) were reduced to As(III), which is more toxic, and if peat 
were not able to adsorb it all, then the water after filtration would become more hazardous 
than it was before the treatment. For this reason, the utilisation of uncoated peat as an adsorbent 
for As is not recommended. 

In contrast to the model system, Cr was effectively adsorbed by peat-based adsorbents. This 
change also could have been related to the build up of reducing conditions. If chromate is 
reduced to Cr(III), then at pH values above 3.7 it can be effectively adsorbed by peat as 
positively charged Cr3+ species (Koloczek et al., 2015). The reduction of Cr, unlike As, is a 
desired effect because chromite is less mobile in the environment and less toxic than chromate. 
The absence of organic matter and competition with arsenates in the case of iron-sand led to 
poor adsorption of Cr and its desorption later on. 

It was observed here as well as in the model system that Cu was adsorbed more efficiently than 
Zn. Although it was speculated that Fe oxides might have adsorbed a share of Cu and Zn in 
the batch adsorption experiment (Paper I), at the tested conditions in the column adsorption 
experiment, iron-sand was inefficient at adsorbing Cu or Zn. Therefore, this indicated that 
peat, as a negatively charged matter, was advantageous for the adsorption of metals. 

Finally, FFH was a successful source of Fe oxides. The presence of Fe in the column adsorption 
experiment was a prerequisite for the adsorption of As. If the ratio between peat and FFH were 
reduced, then the adsorption of As would be intensified and the time until breakthrough would 
be extended. On the other hand, increasing the Fe coating could negatively affect the 
adsorption of Zn. Therefore, the identification of target elements and adjustment of pH, 
increase in the adsorbent dose, and decrease/increase in the Fe content could contribute to 
higher efficiency. 

The maximum adsorption capacity of the adsorbents tested in the column adsorption experiment 
under given conditions is presented in Fig. 7. Both Fe-coated adsorbents exhibited a maximum 
adsorption capacity of 0.66 mg·g-1 for As. At the same time, iron-peat reached a maximum 
adsorption capacity of 2.87 mg·g-1 for Cr, 3.40 mg·g-1 for Cu, and 1.16 mg·g-1 for Zn. 
Meanwhile, the respective values for iron-sand were <0.50 mg·g-1. Peat reached higher 
adsorption capacities for Cr (3.50 mg·g-1), Cu (4.20 mg·g-1), and Zn (2.51 mg·g-1) than those 
of iron-peat, but for As it was lower (0.49 mg·g-1).  
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Fig. 7. Maximum adsorption capacity of peat, iron-peat and iron-sand, obtained during the 
column adsorption experiment over the duration of 100 d. Error bars represent the standard 
deviation of the mean (n=3) 

Although the comparison of these values with the adsorption capacities found in other studies 
was attempted, direct comparison was difficult because the majority of studies were conducted 
in single-element systems or multi-element systems where elements exhibit similar chemical 
properties. The metal(loid) adsorption capacities also vary owing to the characteristics of the 
individual adsorbent, the extent of surface modification, loading of the contaminant, and most 
importantly, solution pH. In an extensive review conducted by Mohan and Pitman (2007), the 
adsorption capacities for As onto various adsorbents ranged from 0.0012 mg·g-1 to almost 500 
mg·g-1 (onto Y carbonate). In an experiment more similar to the present study, the maximum 
adsorption capacity of As onto Fe-modified peat was 15.11 mg·g-1 when the initial As 
concentration was 179 mg·L-1. In the same study, it was also reported that the highest adsorption 
was reached at the pH interval of 3.2–6.4, but when the pH increased to 8.4, the adsorption of 
As decreased by 30% and continued to decrease (Ansone-Bertina and Klavins, 2016). For metals, 
the adsorption capacity is generally higher than that for As. Kurniawan et al. (2006) summarised 
that the maximum adsorption capacity can reach 170 mg·g-1 for Cr (agricultural waste), up to 
155 mg·g-1 for Cu (agricultural waste), and up to 103 mg·g-1 for Zn (blast furnace slag). However, 
Brown et al. (2000) reported much smaller values for the adsorption capacity when raw peat was 
used. It was stated that in a single-element system, the maximum adsorption of Cu or Zn is 
usually about 11.4–12.7 mg·g-1 at the pH interval of 4.0–6.7. The simultaneous removal of 
cationic and anionic contaminants under the same pH environment is seldom reported. 
Furthermore, the results of prolonged exposure to metal(loid)-laden water might be different 
from those of a short-term experiment. Nevertheless, the maximum adsorption capacities 
reached in this study in all cases were within the ranges found in the scientific literature.  

The treatment efficiency at the given experimental conditions and the initial concentration of As of 
0.88±0.07 mg·L-1 and of Cr, Cu, and Zn of 4.1±0.4 mg·L-1 was as follows:  

 Using peat as an adsorbent-treated solution could not be considered as clean, because the 
As concentration was above the WHO guideline values for drinking water from the 
beginning of the experiment;  

 When iron-sand was used as an adsorbent, leaching of Cu and Cr was above the limit 
values from the beginning of the experiment;  

 Using iron-peat, it was possible to clean 220 BV (approximately 66 L) of the 
contaminated solution where As, Cr, and Cu were below the WHO guideline values.  
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4.2. Management of the spent adsorbents 

Spent adsorbents obtained after the column experiment were tested for three different 
management scenarios, as follows: i) deposition at a landfill for long-term storage (Paper II), ii) 
valorisation through HTC (Paper III), and iii) thermal destruction during incineration (Paper 
IV).  

4.2.1. Long-term storage 

Among the contaminants analysed in this study, As can be considered an adsorbent fate-
determining element. The other three elements (Cr, Cu, and Zn) are essential for living 
organisms in small doses and have a wider utilisation area; thus, there is demand to recover 
them. Contrarily, As has a limited market and regeneration methods are expensive and seldom 
used. For this reason, As-bearing wastes often end up in landfills.  

Table 2 shows how much As leached out from the spent adsorbents (obtained after the column 
adsorption experiment) after the standardised batch leaching test at L/S=10 and after the 
prolonged leaching experiment under reducing conditions (low redox). Detailed results from 
the two tests, including leaching of Cr, Cu, and Zn, can be found in Paper II. The leaching of 
As significantly increased when spent peat was exposed to reducing conditions. Arsenic 
speciation analysis showed that about 30% of the total As was in the form of As(III) in the 
leachates from the low redox experiment, whereas in the leachates from the standardised batch 
leaching test, As(III) was undetectable. Both tests showed that spent peat could not be landfilled 
without additional treatment. It also proved that peat is a poor adsorbent for As.  

Table 2. Total As concentration in the spent adsorbents and the leached concentrations at different 
environments ± standard deviation of the mean (n=3) 

Analytes Peat Iron-peat Iron-sand 
Total content, mg kg-1 451±71 1010±183 123±7 

Oxidising 
environment 

Content in leachate, mg kg-1 43±8 9.9±4.6 2.4±1.9 
Fraction of leached concentrations from 
the total content, % 

9.5 1.0 1.9 

Reducing 
environment 

Content in leachate, mg kg-1 270* 58±13 10* 
Fraction of leached concentrations from 
the total content, % 

60 5.8 7.9 

* n=1 

Based on the standardised batch leaching test, spent iron-peat could be deposited at hazardous 
waste landfills (the leaching limit value is 25 mg·kg-1). However, the reducing environment 
intensified the leaching of As, and it quickly became unsuitable for landfilling. The fraction of 
As(III) in the leachates also increased (Paper II). 

Although after 200 d in the low redox experiment the leaching of As from iron-sand was still 
below the limit values for waste to be disposed of at landfills for hazardous waste, an increasing 
tendency was also identified.  

Considering the fact that the Eh decreased from 200–300 mV to only 30–100 mV in the low 
redox experiment and the Eh in landfills can be as low as -500 mV (Bozkurt et al., 2000), the 
leaching of As could be even more pronounced.   
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The mobility of Cr, Cu, and Zn is usually low under conditions generally found in mature 
landfills (Bozkurt et al., 2000). Nevertheless, leaching of these elements increased over 
prolonged contact with the leachant during the low redox experiment. A likely explanation 
for this is that the hydrolysis of organic matter, particularly hydroxylic groups, possibly 
occurred on the surface of the peat (Koloczek et al., 2015) and may have caused the desorption 
of positively charged Cr, Cu, and Zn. Leaching of Fe was not affected by the decreasing Eh in 
the case of Fe-bearing adsorbents. 

It is important to note that the peat-based adsorbents used in this study contained more than 
90% organic content, which is normally too high for waste to be accepted at landfills. For this 
reason, the material was first tested for biodegradability (Paper II). The results showed that i) 
over the 240 d BMP experiment, CH4 production was supressed owing to the presence of 
metal(loid)s in the media and ii) the content of DOC in the leachates from the spent adsorbents 
was below the limit value for non-hazardous waste landfills. This allowed the exploration of 
landfilling as a management option for the spent adsorbents. 

In summary, long-term storage of spent adsorbents heavily loaded with As without any pre-
treatment was either not allowed (for peat) based on the standardised batch leaching test or not 
recommended (for iron-peat and iron-sand) based on the low redox experiment. 

4.2.2. Valorisation 

HTC was expected to create added value for the spent peat-based adsorbents because 
hydrochar is a carbonaceous material that can be used to improve the properties of soil by 
supplementing carbon resources, aerating, and providing microelements (Libra et al., 2011). 
Two different outcomes were anticipated for this experiment. Either i) metal(loid)s would be 
transferred to process water while hydrochar would be contaminant-free and suitable for soil 
amelioration or ii) owing to carbonisation, metal(loid)s would be ‘locked’ within the 
hydrochar. Results from the HTC experiment are presented in Paper III.  

The efficiency of HTC was evaluated by performing a standardised batch leaching test at 
L/S=10 with the obtained hydrochars. The leaching of As, Cu, and Zn became several times 
higher compared with that of spent adsorbents and was above the limit for waste being accepted 
at hazardous waste landfills. In addition, here, as well as with the spent adsorbents, the 
possibility of landfilling would first have to be evaluated taking into account the 
biodegradability of organic matter and production of landfill gases. 

The reason for the increased leaching of As could be explained by the changes in Fe 
fractionation (Fig. 8). The oxidisable fraction of Fe in the hydrochars increased, while the 
reducible fraction decreased. Such changes could be an indication that after HTC, Fe became 
strongly bound to organic matter, and the consequent competition for Fe sorption sites resulted 
in increased leaching of As (Cornell and Schwertmann, 2004). Furthermore, during HTC, the 
concentration of O2 can reach almost zero, thereby indicating the presence of a reductive 
environment under which As(V) can be reduced to more mobile As(III). 
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Fig. 8. Fractionation of As and Fe in spent adsorbents and respective hydrochars. Error bars 
represent standard deviation of mean (n=3) 

Divalent metals, such as Cu and Zn, usually form outer sphere complexes by reacting with 
hydroxylic and carboxylic groups of organic matter (Brown et al., 2000). By analysing the FT-
IR spectra (Paper III), it was possible to identify that these groups were primarily targeted 
during the hydrolysis of organic matter and then released into the process water. Meanwhile, 
ions that remained bonded to the surface of the hydrochar were easily flushed away when in 
contact with water during the standardised batch leaching test. 

Together with the intensified leaching from hydrochars, a fraction of As, Cu, and Zn ranging 
from 15% to 65% was transferred to the process water, thereby creating another media that 
required treatment. 

Unlike As, Cu, and Zn, >99% of Cr remained in the hydrochars. Sequential extraction showed 
that after HTC, practically all Cr was bound to organic matter, whereas the reducible and 
exchangeable fractions disappeared. A likely reason for this was that under reducing conditions, 
Cr(VI) was reduced to Cr(III) and under favourable pH conditions of 5.0–5.5, it resulted in 
effective adsorption onto organic matter (Balan et al., 2009). The leaching of Cr from both 
hydrochars remained below 0.1%. 

In conclusion, at the given experimental conditions, HTC was ineffective at desorbing a 
sufficient proportion of metal(loid)s from spent adsorbents to produce a clean hydrochar that 
could be used as a soil amendment without environmental risks. The treatment resulted in the 
process liquid and the hydrochar both having high loads of Cu, Zn, and As in particular. The 
leaching of As, Cu, and Zn from hydrochars was increased significantly compared with that of 
the spent adsorbents, which meant that the hydrochars would not be accepted at hazardous 
waste landfills without treatment (even if landfilling would be permitted despite the high 
content of organic matter). Additional treatment of process water and hydrochar would imply 
higher management costs for spent adsorbents. 
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4.2.3. Thermal destruction  

Incineration of the spent adsorbents was performed in 
order to reduce the volume of the waste and 
consequently make As concentrated in a smaller body 
for safe long-term disposal. Detailed results from the 
incineration experiment are presented in Paper IV. 
Spent peat-based adsorbents as well as the iron-peat 
mixture with lime were combusted at 850 °C and 
1100 °C (Paper IV). Such temperatures are defined in 
the Directive on the Incineration of Waste (Directive 
2000/76/EC) for non-hazardous and hazardous 
waste, respectively. It was expected that high 
temperatures would result in volatilisation of the 
metal(loid)s, especially As and Zn, but the TGA 
showed that such volatile substances did not evolve 
during the incineration. It was likely that the 
metal(loid) concentrations in the spent adsorbents 
were too low for substantial metal(loid)-gas 
formation.  

The incineration of material at higher temperatures resulted in a lower ash content (Fig. 9). 
Therefore, incineration at 1100 °C would be more advantageous from a waste reduction point 
of view. The addition of lime increased the ash content by 6–7%, which on an industrial scale 
could lead to higher ash disposal costs. Nevertheless, lime had a significant effect on metal(loid) 
stability (Fig. 10). Even though the leaching of As from ashes was below the guideline values 
for waste being accepted at hazardous waste landfills in this experiment, the formation of the 
amorphous phase containing Ca-As reduced the leaching of As by more than 30 times in 
comparison with the ashes without lime treatment. The concentrations of Cu and Zn in the 
leachates were also below the limit values (Paper IV). 

  

Fig. 9. Ash content of incinerated spent 
adsorbents. Error bars represent standard 
deviation of the mean (n=14) 
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Fig. 10. Leaching of As, Cr, Cu and Zn from ashes. Error bars represent standard deviation of 
the mean (n=3) 
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Among the analysed metal(loid)s, Cr exhibited the most intensive leaching from the ashes of 
the spent adsorbents. During sequential extraction it was determined that between 40% and 
80% of Cr in the ashes was associated with the exchangeable fraction. Owing to such intensive 
leaching of Cr, the disposal of ashes at a landfill for hazardous waste remained impossible. Due 
to the formation of water-insoluble spinel of CaCr2O4 it was possible to reduce leaching of Cr 
below limit values for waste to be accepted at landfills for hazardous waste.  

In all cases, the addition of lime together with a higher incineration temperature had a positive 
synergistic effect on the metal(loid) stability in the ashes. It was likely that increased addition 
of lime would decrease the mobility of As and Cr even further. The lime used in this study 
was a waste-based material derived from a pulp and paper mill. Altogether, the co-incineration 
of various waste materials could be beneficial not only from an environmental point of view, 
but also from an economical point of view. 

4.3. Overall performance 

The experiments performed in this study demonstrated that the combination of peat and Fe 
oxides is efficient for simultaneous removal of cationic and anionic contaminants from 
groundwater under the same pH conditions. The adsorbent was developed from waste-based 
materials and showed better performance than the commercial peat adsorbent from which the 
peat residue was derived. In general, the achieved (simultaneous) maximum adsorption 
capacity was comparable with those of many other adsorbents (often tested in a single-element 
system) reported in the scientific literature. Use of the developed adsorbent as a filter material 
would be sufficiently flexible and convenient. The adsorbent was lightweight (0.42 kg·m-3) 
and easy to handle. Owing to heat treatment of the peat, the water-binding properties were 
inhibited; thus, swelling of the particles and clogging of the filter would not be expected.  

The adsorption efficiency can be improved i) by adjusting the pH of the contaminated water, 
ii) by increasing the adsorbent dose, and iii) by adjusting the Fe oxide to peat ratio depending 
on the target element. However, all these methods would imply higher investment and 
treatment costs. 

From a waste management perspective, Fe-coated peat loaded with metal(loid)s is a complex 
material. The high organic content initially restricts landfilling, whereas the incineration of As 
waste is also not desirable owing to possible volatilisation. It was demonstrated that the 
adsorbent exhibited very low biodegradability and would not be an obstacle for landfilling, but 
the leaching of As would be a serious issue and would cause leachate treatment problems in 
the future.  

The attempt to recycle the spent adsorbent was unsuccessful. Modification of the spent 
adsorbent with lime appeared to be the most suitable waste management option for the spent 
adsorbent in this study. The leaching of metal(loid)s from the ashes was below the limit values. 
It was also determined that the higher incineration temperature had a more prominent effect 
on the metal(loid) stability in the ashes. However, incineration plants for hazardous waste are 
less abundant in Sweden and Europe. Therefore, transportation prices would increase the 
overall treatment price and would have a negative effect on the environment. For this reason, 
a compromise between slightly increased incineration efficiency, treatment costs, and impact 
on the environment must be achieved.   
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5. CONCLUSIONS 

Coating peat with Fe oxides resulted in a versatile adsorbent that was able to adsorb anionic 
(As and Cr) and cationic (Cu and Zn) contaminants simultaneously under the same pH 
environment. Both components used to produce the adsorbent were waste-based. The effect 
of coating with Fe oxides was the most prominent in the case of As whereas the presence of 
peat was a prerequisite for the adsorption of Cu and Zn. The maximum adsorption capacity 
achieved for As was 0.66 mg·g-1, that for Cr was 2.87 mg·g-1, that for Cu was 3.40 mg·g-1, and 
that for Zn was 1.16 mg·g-1. The simultaneous adsorption capacity was comparable with those 
of many other adsorbents often tested in a single-element system, as reported in the scientific 
literature.  

Direct disposal of the iron-peat spent adsorbent in landfills is not recommended. Under 
reducing conditions, adsorbed arsenate was reduced to arsenite and started to leach out from 
the material. Arsenite is more mobile and more toxic. Elevated concentrations of As may result 
in the need for an additional landfill leachate treatment. Although decreasing Eh affected the 
leaching of Cr, Cu, and Zn to a lesser extent compared with As, leaching of these elements 
also increased over prolonged contact with the leachant during the low redox experiment. 

Incineration of the spent iron-peat adsorbent allowed a decrease in the leaching of As from the 
ashes by 2 times compared with that of the spent adsorbents, and it was below the leaching 
limit value for disposal at hazardous waste landfills. Copper and Zn leaching from ashes was 
also below the limit values and did not hinder landfilling. However, leaching of Cr from ashes 
increased manifold and exceeded the limit values.  

The addition of waste-based lime prior to incineration of the spent iron-peat adsorbent allowed 
a decrease in the leaching of both anionic contaminants (As and Cr) from the ashes to below 
the limit values. Thus, the spent iron-peat adsorbent could be disposed of in a landfill for 
hazardous waste. Co-incineration with lime had a lesser effect on the leaching of Cu and Zn, 
and the leached concentrations remained at the same low levels as those from ashes without 
lime treatment. 

Recycling of the spent adsorbent as fertiliser after HTC at the given conditions appeared to be 
unfeasible. The treatment resulted in the process liquid and the hydrochar having high loads 
of As, Cu, and Zn. Additional treatment of process water and hydrochar would imply higher 
management costs for the spent adsorbent. 

  



29 

6. OUTLOOK 

For future work, other utilisation areas for iron-peat should be explored. In this study, the 
main focus rested on former CCA wood treatment and related groundwater contamination. 
However, there are numerous industrial activities resulting in multi-element groundwater 
contamination where the application of Fe-coated peat as a broad-spectrum adsorbent could 
be advantageous. Consequently, management options for the spent iron-peat adsorbent should 
be investigated if contaminants other than those in this study are adsorbed.  

In this study, a build up of reducing conditions was favourable for the adsorption of Cr(III) 
onto iron-peat. Therefore, the adsorption potential of the iron-peat under reducing conditions 
could be explored further. This could lead to the development of a different type of waste, i.e. 
one that is already produced under a reducing environment. Thus, the change in the 
atmosphere in the landfill would have a weaker effect on metal(loid) mobility. 

Although it was not possible to recycle the spent adsorbent into a contaminant-free fertiliser 
in this study, research in this area is at the early development stage and different recycling 
methods could be explored, especially if the adsorbent would be used to treat contaminated 
groundwater where hazardous elements such as As, Cd, or Pb are not present. The design of 
biochars derived from spent adsorbents loaded with essential macronutrients or micronutrients 
is a promising research area. 
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h i g h l i g h t s

� Peat and iron were combined to produce a sorbent for cations and anions.
� Iron coated peat increased adsorption of arsenic by 75%.
� Sorption of copper and zinc slightly decreased.
� Adjustment of pH and sorbent dose is needed to optimize metal(oid) adsorption.
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a b s t r a c t

This study aimed at combining iron and peat to produce a sorbent suitable for a simultaneous removal of
cations and anions from a solution. Peat powder, an industrial residue, was coated with iron by
immersing peat into iron salt solutions. The adsorption efficiency of the newly produced sorbent towards
As, Cr, Cu and Zn was tested by means of batch adsorption experiments at a constant pH value of 5.
Coating of Fe on peat significantly increased the adsorption of As (from <5% to 80%) and Cr (from <3% to
25%) in comparison to uncoated peat. Removal of cations on coated peat slightly decreased (by 10e15%),
yet remained within acceptable range. Electron Microscopy combined with X-Ray Energy Dispersive
Spectroscopy revealed that iron coating on the peat was rather homogenous and As and Cr were
abundantly adsorbed on the surface. By contrast, Cu and Zn displayed a sparing distribution on the
surface of the iron coated peat. These results indicate that iron-peat simultaneously target sufficient
amounts of both cations and anions and can be used for a one-step treatment of contaminated
groundwater.
© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

High concentrations of metal(oid)s in the groundwater, such as
arsenic (As), chromium (Cr), copper (Cu) or zinc (Zn) result in
negative consequences for the environment, for instance, the
disruption of terrestrial and aquatic ecosystems and the deterio-
ration of agricultural productivity (Toth et al., 2016). This can lead to
economic losses and, more importantly, human and animal health
problems resulting from contaminants in the food chain (Mahar

et al., 2016). In Sweden due to the former wood impregnation
with chromated copper arsenate (CCA), multiple point sources of
metal(oid) contamination in soil and water are scattered over the
country. Arsenic poses the greatest potential risk from a waste
management perspective. As shown by Townsend et al. (2004), As
concentrations in leachates from CCA-treated wood can be as high
as 12mg l�1; Cu can range between 4 and 17mg l�1; Cr concen-
trations usually are lower, about 2.5mg l�1. Zinc at varying con-
centrations can be found all together with As, Cr and Cu in
groundwater contaminated with CCA.

A common method to remove contaminants from groundwater
is by adsorbing them onto reactive media and separating from
solution. This process can effectively be applied in a wide range of
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pH. Inorganic adsorbents from industrial by-products, natural and
modified materials are widely used to purify contaminated water
(Lim et al., 2013). In recent years, iron (Fe) oxide have extensively
been studied as an adsorbent targeting metal(oid)s in contami-
nated groundwater (Cundy et al., 2008; Sundman et al., 2015; Min
et al., 2017; Vitkova et al., 2017). Due to its affinity for arsenates, Fe
oxides are used as an effective and potentially inexpensive adsor-
bent to treat As contaminated water (Carabante et al., 2014; Fakour
et al., 2016; Dickson et al., 2017). Because Fe oxides typically occur
as fine powders, they might be difficult to separate from solution
(Altundogan, 2005; Mohan and Pittman, 2007). Moreover, fine
powders present difficulties when used as a filter filling because of
their low hydraulic conductivity (Theis et al., 1992). A common
technique to overcome these problems is to apply Fe oxide coatings
onto a carrier, e. g. sand (Thirunavukkarasu et al., 2003; Han et al.,
2006; Boujelben et al., 2010; Devi et al., 2014; Afzali et al., 2016).
Iron oxides have amphoteric properties and are able to adsorb both
cations and anions (Khaodhiar et al., 1999; Mohapatra et al., 2010;
Otero-Farina et al., 2015). With decreasing pH, the surface of Fe
oxides becomes positively charged thus, adsorption of cations is
suppressed. In alkaline conditions, where Fe oxides are negatively
charged, adsorption of anions becomes negligible (Cornell and
Schwertmann, 2004; Carabante et al., 2009).

Organic material is playing a vital role in themajority of physical
and chemical processes occurring in the environment. Thus, effi-
ciency of various organic sorbents is widely explored due to their
affinity to Cu and Zn (cations, in general) (Brown et al., 2000; Wan
Ngah and Hanafiah, 2008), and organic pollutants (Ali et al., 2012).
Peat has a weak affinity to adsorb As (Grafe et al., 2002). Among
organic materials, peat is a common sorbent due to its availability,
cost effectiveness and high sorption capacity. Main constituents of
peat are lignin and humic acids which contain functional groups of
alcohols, aldehydes, ketones, carboxylic acids and phenolic hy-
droxides. Therefore, peat has polar properties and can be involved
in chemical bonding with cations like Cu and Zn (Chaney and
Hundemann, 1979).

Iron oxides can target anions at pH ranging from very acidic to
pHpzcz 8e9 (Cornell and Schwertmann, 2004); while peat can aim
at cationic contaminants from pHzpcz 3e4.5 to very alkaline
(Brown et al., 2000). Therefore, combining the two sorbents could
open possibilities to obtain a versatile sorbent targeting a broader
spectrum of contaminants within the same environmental condi-
tions. Furthermore, utilizing peat as a by-product emerging from
wide-spread industrial process, and Fe-rich by-products obtained
from metallurgic industry, would also contribute reducing the
volume of waste materials to be treated.

The aim of this study was to investigate the possibility of the
simultaneous removal of cations and anions from contaminated
water through adsorption on iron-coated peat. Adsorption experi-
ments at controlled pH values were used to assess the removal
efficiency of As, Cr, Cu and Zn when a combination of iron oxides
and by-product of peat was used as the sorbent. Scanning Electron
Microscopy (SEM) combined with X-Ray Energy Dispersive Spec-
troscopy (EDX) was applied to investigate the distribution of the
four analysed elements on the Fe-coated peat surface.

2. Material and methods

2.1. Preparation of sorbent

Heat-treated peat powder (PP) used for this study was obtained
from a Swedish company. The PP is an undersized (<2mm) by-
product derived during the manufacture of an oil-sorbent. Due to
heat treatment during the industrial production of the material, PP
is hydrophobic and this inhibits swelling of the sorbent when in

contact with aqueous media.
Coating of Fe on PPwas achieved through the immersion of PP in

Fe salts. Stock solutions of 0.5M and 1.0M Fe(III) were prepared by
dissolving FeCl3 $ 6H2O (Merck, 99.0e102.0%) in distilled water. PP
was mixed with FeCl3 solutions at liquid to solid ratio (L/S)¼ 5 and
mixed on a shaking table (200 rpm) for 2 h. The resulted mixture
was filtered through 10 mm pure cellulose filters. Wet PP was dried
at room temperature. Then PP was moistened with 0.5M NaOH
(Merck, 99%) at L/S¼ 1 and dried again. Moistening with NaOH
solution was performed twice (Carabante et al., 2014). The purpose
of the moistening with NaOH was to mitigate the drastic pH due to
FeCl3, and to enhance precipitation of Fe oxides. The volume of
NaOH used in this step was just sufficient to wet the material, but
not to rinse out particles. Finally, coated PPwas rinsedwith distilled
water at L/S¼ 50 and dried at a room temperature. This entire
procedure corresponded to a single (S) coating. To evaluate if there
is a relationship between the Fe coating thickness and the
adsorption performance, the coating procedure was repeated three
times. The resulting sorbent is referred to as multiple (M) coating
hereafter.

In parallel, heat-treated peat granules (PG) as a ready-to-use
commercial sorbent was coated following the same method.
Coated PG was used in adsorption experiment only to verify that
waste-based sorbent can perform with the same efficiency as
commercially available sorbent.

The resulted sorbents, abbreviated as PP-0.5-S, PP-0.5-M, PP-1-
S, PP-1-M and PG-0.5-S, PG-0.5-M, PG-1-S, PG-1-M were kept dry
in sealable plastic bags until further analysis. Non-coated PP and PG
are abbreviated as control-PP and control-PG, respectively.

2.2. Adsorption experiment

In all adsorption tests a solution containing 10± 0.7mg l�1 of As,
Cr, Cu, and Zn was used. This solution was prepared from chemi-
cally pure NaH2AsO4 (Honeywell Riedel-de Ha€en AG, 99%), K2Cr2O7
(VWR International, 99.9%), CuCl2 $ 2H2O (Merck, 99%) and ZnCl2
(Merck, 98%). Accurately weighted 0.200± 0.001 g of control-PP,
control-PG, coated PP and coated PG were mixed with
0.200± 0.005ml metal(oid) solution at L/S¼ 1000. Adsorption ex-
periments in triplicates were conducted using TitroWiCo multi-
channel titrator. The pH of 5.0± 0.2 was maintained using dilute
NaOH solutions. Such pH provides compromise conditions for the
adsorption of both cations and anions. Constant mixing of the so-
lution was maintained using a shaking table. Duration of the
adsorption experiment was 5 h. Considering the fast kinetics of
metal-sorption on organo-mineral complexes (Zhu et al., 2010), this
time may theoretically assure a 100% removal of the metal(oids).
After that, the suspensions were filtered through 0.45 mm cellulose
filters. Residual metal(oid) concentration in solution was deter-
mined by Inductively Coupled Plasma Optical Emission Spectrom-
etry (ICP-OES) (Optima 8300, Perkin-Elmer). Sorbent particles with
the adsorbedmetal(oid)s were dried at room temperature and kept
in plastic bags until further analysis.

2.3. Sorbent characterization

2.3.1. Element analysis, pH and conductivity
Prior to the adsorption experiment, the content of As, Cr, Cu, Fe

and Znwas detected in fresh sorbents. Digestates were prepared by
mixing 0.5 g of control-PP and coated PP with 15ml of Aqua regia
and heated up at 195 �C for 10min using CEM Mars 5 pressurized
microwave oven. Element concentrations were measured using
ICP-OES.

1-2mg of control-PP, PP-1-S and PP-1-M were used to deter-
mine carbon (C), hydrogen (H) and nitrogen (N) contents by flash
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combustion procedure using an element analyser (Fisons 1108,
Fisons Instruments). Calibration of the analyser, the check of C, H, N
accuracy, and recovery were performed using acetanilide (Sigma
Aldrich, 99.5%) standard.

Electrical conductivity (EC) and pH of the control-PP and coated
PP were measured in 1:5 w/w solids-distilled water suspensions.

2.3.2. Mineral identification
X-Ray diffraction (XRD) data on the finely powdered PP-1-M and

PP-1-M were collected with a PANalytical Empyrean. The instru-
ment was equipped with a Cu LFF high resolution tube, a graphite
monochromator and a PIXcel 3D detector.

Fe K-edge XAS spectra were collected, at ambient temperature
and pressure, on beam line 7.3 at the Stanford Synchrotron Radia-
tion Lightsource at SLAC National Laboratory Accelerator. The line
was equipped with a LN2 cooled double-crystal Si (2 2 0) mono-
chromator and rhodium-coated collimating mirror. The measure-
ments were performed using an about 60% detuning to remove
higher-order harmonic frequencies. XAS data were collected in
transmission mode using ionization chambers as I0 and I1. The data
was self-calibrated with a Fe foil placed between I1 and I2.

Finely grinded powder of PP-1-M was loaded on a Kapton tape.
The tape was subsequently folded as many times as required to
obtained about 90% absorption from the sample. Spectra were
collected from �200 eV to þ800 eV about the K-edge of Fe
(7112 eV). The monochromator step size was to 0.1 eV in the XANES
region and 0.05 Å in the EXAFS region. The XAS spectra were the
result of averaging three scans. XAS data calibration, normalization,
averaging and lineal combination fitting (R ¼ 0.023) with reference
FeeK EXAFS spectra for akaganeite, geothite, ferrihydrite and he-
matite were processed using the ATHENA software (Ravel and
Newville, 2005).

2.3.3. Identification of organic groups
Fourier Transformation-Infrared (FT-IR) spectroscopy data on

the finely powdered control-PP, PP-1-M and PP-1-Mwith adsorbed
metal(oid)s were collected using a Bruker 80v spectrometer. The
FT-IR spectrometer was equipped with a DLaTGS (deuterated L-
alanine doped triglycene sulphate) detector, and the sample was
probed on a single reflection ATR diamond (Bruker, type A225/Q,
platinum ATR diamond F, vacuum). The spectra were the result of
128 co-added scans with a resolution of 4 cm�1 and a zero-filling
factor of 2. OPUS 7.0 provided by Bruker Analytical Instrument
was used for data acquisition and evaluation.

2.3.4. Electron microscopy and element mapping
Information on the localisation and distribution of metal(oid)s

on the control-PP, PP-1-S and PP-1-M were obtained by SEM (JEOL
JSM 5310) in secondary (SE) and back-scattered (BSE) electron
modes, in conjunctionwith an EDX (Oxford INCA). Twenty particles
of each sample were mounted on stubs by double-sided adhesive
disks, coated with C and observed under SEM. After an overall ex-
amination of the particles, a total of five representative areas of
250� 250 mm (in total 312.5 mm2) for each samplewere selected for
the SEM imaging. The images were examined at a resolution of
1024� 768 pixels by INCA software. The sub-microscopic EDX
microanalysis was performed for each acquired SEM image. The
elements of interest were As, Cu, Cr, Fe, and Zn.

2.3.5. Sequential extraction
After the adsorption experiment, 0.5 g of control-PP, and PP-0.5-

S with adsorbed metal(oid)s were used for element fractionation. A
modified Tessier et al. (1979) sequential chemical extraction was
adopted to identify three element fractions: exchangeable, bound
to Fe oxides, and bound to organic matter. The exchangeable

fraction was obtained after 2 h extraction with 1M ammonium
acetate (VWR International, 98.6%) solution at pH 4.5; the bound to
Fe oxides fractionwas obtained after 2 h extraction in heated water
bath at 80 �C with 0.2M ammonium oxalate (Merck, 99.5e101.0%)
solution at pH 3.0; the bound to organic matter fraction was ob-
tained after 1 h extraction in heated water bath at 85 �C with 35%
H2O2 (Merck, 35%). The extractions were performed in triplicates.
All solutions were filtered through 0.45 mm cellulose filters and
analysed with ICP-OES.

2.3.6. Statistics
The data were processed by analysis of variance (ANOVA) using

the softwareMinitab 18. A two-sample t-test (p> 0.05) was applied
to differentiate between sample means.

3. Results and discussion

3.1. Characterization of sorbent

3.1.1. Element analysis and identification of organic groups
pH, EC, andmetal(oid) concentrations detected in fresh sorbents

prior the adsorption experiment are presented in Table 1. Coating of
PP lowered sorbents pH, but increased its EC. Exposing PP to a
stronger FeCl3 solution multiple times, resulted in the lowest pH
and the highest EC when compared to weaker treatments. Con-
centrations of As, Cu and Zn remained at the same level without
major changes, while higher Cr concentrations were observed
when peat was exposed to stronger FeCl3 solutions. The highest Fe
concentration was detected in PP-1-M and it was more than eight
times higher than in control-PP.

Composition of C, H, N in control-PP, PP-1-S and PP-1-M
revealed the H/C ratio ranging from 1.4 to 1.5. The H/C ratio often
is associated with the degree of aromaticity; lower H/C values
indicate a greater presence of aromatic compounds (Fernandez
et al., 2010). C/N ratio correlates with the humification degree of
peat, where a low C/N ratio usually indicates a high humification
degree (Zaccone et al., 2007).

Similar H/C ratios of control-PP and coated PP indicate that the
coating had no significant effect on the presence of aromatic
groups. This matches closely with FT-IR analysis (Fig. 1), where
representative spectra of control-PP and PP-1-M were character-
ized by a number of adsorption bands and exhibited relative in-
tensities, typical to humic-like materials (Senesi and Steelink,
1989). A broad band between 3620 and 3310 cm�1 is generally
ascribed to a stretching hydrogen bonded OeH groups and the two
absorption bands between 3000 and 2700 cm�1 are due to asym-
metric stretching of aliphatic CeH groups. There is a distinctive
band at 1750 cm�1 typically associated with C]O stretching of

Table 1
Average element concentrations, pH and EC of the control-PP and coated PP ±
standard deviation, n¼ 3.

Analyte Control-PP PP-0.5-S PP-0.5-M PP-1-S PP-1-M

pH 5.1± 0.1 4.1± 0.2 2.2± 0.1 2.9± 0.1 1.9± 0.1
EC, mS cm�1 0.16± 0.02 0.18± 0.04 2.9± 0.2 4.2± 0.1 5.0± 0.1
As, mg kg�1 23± 2 22 ± 1 23± 3 23 ± 1 19± 1
Cr, mg kg�1 1.1± 0.8 2.2± 0.3 5.9± 1.1 13 ± 3 15± 1
Cu, mg kg�1 10± 2.5 9.4± 0.9 10± 0.9 11 ± 2 6.1± 1.7
Fe, g kg�1 7.8± 0.5 21 ± 2 55± 5 42 ± 1 64± 5
Zn, mg kg�1 26± 6 22 ± 2 15± 1 15 ± 2 18± 2
C, % 47 e e 44 42
H, % 5.9 e e 5.3 5.3
N, % 5.4 e e 2.2 2.5
H/C 1.5 e e 1.4 1.5
C/N 1.3 e e 2.7 2.5
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carbonyl function groups (aldehydes, ketones and carboxyl groups).
The absorption bands between 1700 and 1600 cm�1 are typically
assigned to aromatic C]C vibrations and COO� groups. Absorption
bands at around 1450 cm�1 were assigned to aromatic skeletal vi-
brations, conjugated C]N systems and amino functionalities.
Changes in the absorption bands between 1750 and 1450 cm�1 on
the Fe coated samples, indicate that Fe very likely interacted with
carboxyl and carbonyl moieties. A strong band at 1040-1070 cm�1

appears due to CeO stretching of polysaccharide structures
(Cocozza et al., 2003). Finally, there are two very distinctive bands
(dash-dotted line) between 875 and 625 cm�1 on the PP-1-M
spectra associated to vibration modes of OH groups from Fe hy-
droxide minerals (Cornell and Schwertmann, 2004).

3.1.2. Mineral identification
A diffractogram obtained from XRD analysis on the control-PP

showed similar amorphous pattern as that of ferrihydrite. There-
fore, ferrihydrite became undetected in the XRD pattern on PP-1-M
and only the diffraction peak at 22� was clearly stemming from peat
(Fig. S1). The rest of diffractions peaks agree well with the diffrac-
tion pattern of akaganeite (reference code 96-900-1320). The XRD
analysis is in good agreement with EXAFS analysis. The best fit on
Fe K-edge EXAFS spectrum of the studied material was obtained by
combining 92% of ferrihydrite and 44% of akaganeite (Fig. S2).
Different particle size of the reference materials than that of the
studied material might be one of the reasons why the two com-
ponents add more than 100% (Singh and Grafe, 2010). Normalizing
those percentages, the Fe fraction of the sample comprised about
68% of ferrihydrite and about 32% akaganeite.

3.2. Effects of Fe-coating on metal(oid) adsorption

3.2.1. Arsenic and chromium
Peat powder coating with Fe was highly effective for As

adsorption (Fig. 2-A). The removal of As increased from less than 5%
(peat powder: control-PP) to more than 80% (Fe-coated peat: PP-1-
S, PP-1-M). The high affinity of arsenate to adsorb on Fe oxides has
been extensively documented in the literature (Kumpiene et al.,
2006; Carabante et al., 2014; Vitkova et al., 2017; etc.). Adsorption
of As onto non-coated peat granules (control-PG) was negligible
and even the coated granules in all cases adsorbed significantly less

than coated PP.
A back-scattered image from SEM analysis of the PP-1-M is given

in Fig. 3-A. The BSE signal is strongly dependent on the mean
atomic number i.e. atoms with higher atomic number such as Fe
will appear bright and atoms with low atomic number will appear
dark. Thus, clear and shining spots in the image indicated a local-
ised Fe abundance. However, the element distribution mapping of
EDX microanalysis for the same SEM image reveal that Fe-coating
was rather homogenous (Fig. 3-B). Abundant bright points in
Fig. 3-C, representing the signal of As from the solid sample, indi-
cate that As was absorbed all over the surface.

Adsorption of Cr on control-PP and control-PG was very low and
did not exceed 3% (Fig. 2-B). Iron coating significantly improved the
adsorption of Cr. Up to 21e25% of Cr were adsorbedwhen coated PP
(except PP-0.5-S) were used. Similarly to As, removal of Cr using
coated granules was weaker than by using coated PP. Element map
of Cr is given in Fig. 3-D, which reflects a considerably lower
occurrence of Cr than that of As. Obtained results for As and Cr
adsorption on Fe oxides are in good agreement with previous ob-
servations (e.g. Khaodhiar et al., 1999), where due to the electro-
static effects and direct competition, the amount of chromate
adsorbed on Fe coated sand significantly decreased when As was
added to solution even at 1:3M ratio of As and Cr, respectively.

3.2.2. Copper and zinc
Peat powder without Fe coating (control-PP) was the most

efficient to adsorb Cu from solution (Fig. 2-C): it was possible to
remove 88% of Cu. In all cases, Fe coating decreased Cu removal rate.
Yet, Cu removal rate using PP-1-S dropped by less than 5% and in all
cases of multiple coating (both PP and PG), Cu removal still
remained above 70%. It was not possible to remove more than 50%
of Zn in any case (Fig. 2-D). As well as in the case of Cu, Fe coating
decreased the adsorption of Zn. Non-coated peat powder was the
most efficient to remove Zn from solution and 46% of Zn was
adsorbed. The most efficient adsorption among coated peat sam-
ples was achieved using PP and PG with a weaker multiple coating
(PP-0.5-M, PG-0.5-M): 39e40%.

Element mapping of Cu and Zn for the SEM image of PP-1-M is
given in Fig. 3-E and F. Sparse bright points as signals of Cu and Zn
in the images clearly demonstrate not only a low adsorption of both
cations, but also reveal weaker adsorption of Zn in comparison to
Cu.

It was shown by Prabu et al. (2016) and Tamez et al. (2016) that
ferrihydrite adsorbs cations as well as akaganeite does (Mohapatra
et al., 2010). It is possible that adsorption of Cu and Zn to Fe com-
pounds to some extent compensated for the likely blocking of
organic groups occurring due to the coating. Therefore, the removal
rate of cations using coated peat remained only slightly lower in
comparison to the adsorption by non-coated peat.

It was expected that sequential extraction would provide more
information about the fractionation of metals, by this indicating on
which surfaces (peat or Fe) they preferentially adsorb. However, the
obtained results were indistinctive and even in control-PP the
largest fraction of Cu and Zn was bound to Fe oxides and not to
organic matter as was anticipated.

3.2.3. Overview of the iron-peat performance
Utilization of iron-peat, where two well-functioning sorbents

are combined, can improve the simultaneous treatment of
groundwater containing a mixture of cationic and anions contam-
inants. Coating of Fe on peat manifold increased the removal rate of
anions. Although the initial concentrations of As and Cr in solution
were similar, about 10mg l�1, the removal rate was distinctly
different. As reported by Fendorf et al. (1997), arsenate and chro-
mate forms monodentate, bidentate and bidentate-mononuclear

Fig. 1. Normalized FTIR spectra on control-PP (dashed line), PP-1-M (dash-dotted line)
and PP-1-M with adsorbed metal(oid)s (solid line).
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inner-sphere complexes on Fe-oxides at pH~5. However, chromate
has a smaller shared charge compared to arsenate, thus creating a
weaker bond of adsorption (Grossl et al., 1997), which can explain
the lower adsorption of Cr in comparison to the one of As.
Adsorption of Cu and Zn by iron-peat sorbents was slightly weaker
than by non-coated peat. Cation concentrations in solution were
also similar (~10mg l�), but in general adsorption of Znwas weaker
than that of Cu. Although, ionic radius of Zn is similar to the one of
Cu, the latter exhibits higher electronegativity (1.90 vs 1.65) (Sciban
et al., 2007), leading to a competitive adsorption between the two

elements (Duran-Jimenez et al., 2016).
Unlike the synthetic solutions used for this work, metal(oid)s in

contaminated groundwater seldom exhibits such similar concen-
trations. Often just one or two elements are the focus for the pu-
rification process. One of such examples is groundwater
contamination at wood preservative sites, containing elevated
concentrations of As, Cr Cu, and Zn. In the case As is a priority
element but co-existing cations are desired to be removed as well,
versatile performance of iron-peat could serve for this purpose.
Although the target elements in this study were As, Cr, Cu and Zn,

Fig. 2. Percentage of removal of As (A), Cr (B), Cu (C) and Zn (D) by control-PP, control-PG, coated PP and coated PG.

Fig. 3. SEM image of PP-1-M (A) and element mapping EDX analysis of Fe (B), As (C), Cr (D), Cu (E) and Zn (F).
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this sorbent could be used for many other inorganic contaminants
and nutrients, e.g. phosphates (Carabante et al., 2010).

To increase the affinity of iron-peat towards selected target
metal(oid)s, pH adjustment would be needed. In this study, pH was
adjusted to 5 during the adsorption experiment to have compro-
mise conditions for the adsorption of both cations and anions.
However, optimum pH range for the maximum removal of chro-
mates by Fe oxides is 1.5e3.0 and for arsenates it is 3.0e4.0
(Khaodhiar et al., 1999). The adsorption of both ions gradually de-
creases when pH increases. Peak adsorption for Cu onto peat has
been found to occur at a pH of ~4.0 (Brown et al., 2000). While
Otero-Farina et al. (2015) reported that the highest Cu adsorption
on Fe oxides is obtained at pH> 6. For the efficient removal of Zn,
pH should be circumneutral, and adsorption increases with the
increasing pH. Loading rates of metal(oid)-bearing groundwater
also significantly influence sorption. In this study, ratio between the
mass of sorbent and the volume of contaminated solution was very
high (L/S¼ 10 00). Removal of metal(oid)s is most efficient at low
loading rates, thus increasing mass of the sorbent i.e. number of
sorption sites, could substantially enhance the adsorption process.
Optimisation of the process design for specific groundwater con-
ditions could further increase the sorption capacity of the sorbent.

The use of by-products within the developed iron-peat system
could be highly advantageous because it would increase the recir-
culation of industrial materials in society and reduce the utilization
of virgin materials. Furthermore, by-products in general are more
cost-efficient. As shown in this study, commercially available sor-
bent (peat granulate) can be substituted by a cheaper peat by-
product with even better sorbent performance. Although solu-
tions of Fe salt were used as Fe source in this study, Fe-containing
by-products (Kumpiene et al., 2009) might be a more cost-
effective alternative. Precipitation of iron oxides was thus used as
a model system describing any kind of Fe source that could
potentially be applied.

Among differently coated sorbents used in this study, peat
powder with a single 1.0M FeCl3 coating exhibited the highest
overall metal(oid) removal rate. More than 50% of all contaminants
were simultaneously adsorbed, calculated as the sum of removal of
all four elements. Most of the Fe oxide-coated sand targets only As
(Gupta et al., 2005; Devi et al., 2014; Afzali et al., 2016), while peat is
likely to bind divalent metal ions. Iron-peat could be used for
contaminated groundwater treatment in a filter, a packed-bed
reactor, or in a passive permeable barrier. Number of treatment
steps could be reduced due to the sorbent ability to simultaneously
adsorb cations and anions.

4. Conclusions

Coating of Fe on peat powder significantly increased the
adsorption of As (from <5% to 80%) and Cr (from <3% to 25%) when
compared with only peat. Removal of cations by coated peat
slightly decreased (by 10e15%), yet remained within acceptable
range (50e80%). Because the sorbent targeted both cationic and
anionic contaminants simultaneously, it was possible to adsorb
more than 50% of all contaminants present in solution. SEM-EDX
analysis revealed that Fe coating on the peat surface is homoge-
nous and anions were adsorbed abundantly, while cations dis-
played a sparing distribution on the surface of the iron-coated peat.

Obtained results indicate that iron-peat targets sufficient
amounts of contaminants and can be used for a one-step treatment
of contaminated groundwater. Adjustment of pH and sorbent dose
in the process design for specific groundwater conditions could
further increase the sorption capacity of the sorbent.
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Abstract
This study firstly aimed to investigate the potential of simultaneous metal (loid) removal from metal (oid) solution through
adsorption on iron-peat, where the sorbent was made from peat and Fe by-products. Up-flow columns filled with the prepared
sorbent were used to treat water contaminated with As, Cu, Cr, and Zn. Peat effectively adsorbed Cr, Cu, and Zn, whereas
approximately 50% of inlet As was detected in the eluent. Iron-sand was effective only for adsorbing As, but Cr, Cu, and Zn were
poorly adsorbed. Only iron-peat showed the simultaneous removal of all tested metal (loid)s. Metal (loid) leaching from the spent
sorbent at reducing conditions as means to assess the behaviour of the spent sorbent if landfilled was also evaluated. For this
purpose, a standardised batch leaching test and leaching experiment at reducing conditions were conducted using the spent
sorbent. It was found that oxidising conditions, which prevailed during the standardised batch leaching test, could have led to an
underestimation of redox-sensitive As leaching. Substantially higher amounts of As were leached out from the spent sorbents at
reducing atmosphere compared with oxidising one. Furthermore, reducing environment caused As(V) to be reduced into the
more-toxic As (III).

Keywords Arsenic . Metals . Trace elements . Sorption . Landfill leachate . Low redox

Introduction

Arsenic (As) contaminates soil and groundwater in various
areas throughout Sweden due to past industrial activities, such
as glass works and wood impregnation, and other metals, such
as chromium (Cr), copper (Cu), and zinc (Zn), occur as co-
contaminants at varying concentrations in some of these sites
(Bhattacharya et al. 2002; Lov et al. 2017; Hagner et al. 2018).

Arsenic is commonly removed from contaminated water
by adsorption onto reactive media. Iron (Fe) oxides have an

affinity for arsenates and are known to be effective and poten-
tially inexpensive adsorbents for use in treating As-
contaminated water (Carabante et al. 2014; Ahmad et al.
2017). To avoid clogging of filters (Mohan and Pittman
2007) and to overcome low hydraulic permeability (Theis
et al. 1992), Fe-containing filters are commonly produced by
coating Fe oxides onto a bulk material, such as sand (Devi
et al. 2014; Wang et al. 2017; Callegari et al. 2018) or activat-
ed carbon (Yurum et al. 2014; Mondal and Garg 2017), where
there are advantages of using activated carbon instead of sand
because it also targets other contaminants.

Peat is among the numerous natural materials that has a
metal adsorption capacity (Chaney and Hundemann 1979),
and it can be coated with Fe oxides without employing an
activation step (in contrast to many of the materials used to
produce activated carbon). As shown by Kasiuliene et al.
(2018), combining peat with Fe results in a versatile sorbent
that can simultaneously target both cationic and anionic con-
taminants. This preparation provides the potential of utilising
by-products and/or waste materials when manufacturing the
adsorbent. Peat as waste can occur from the production of
energy and electricity, or from agriculture, horticulture, and
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water filtration processes, and iron by-products can be obtain-
ed from the steel industry. In this respect, utilisation of by-
products and waste materials is an environmentally sustain-
able practice that contributes to a circular economy.

Landfilling is often the preferred option for spent adsor-
bents that bear inorganic contaminants (Mohan and Pittman
2007). The most common method to determine landfill type
for waste acceptance is the compliance batch leaching test
when waste is exposed to a leachant for 24 h under aerobic
conditions (Council Directive 1991/31/EC, Annex II). The
purpose of the test is to simulate the leaching potential of the
waste placed in landfill. However, landfills normally provide
anaerobic conditions, unlike the aerobic conditions that are
present in the standardised leaching test, and thus the
standardised leaching test will not always adequately address
the actual leaching potential of investigated waste.

In a low redox environment, arsenates (As(V)) can be re-
duced to arsenites (As (III)), which are more mobile and toxic
(Corvin et al. 1999). Whereas, Cr (VI) can undergo very rapid
changes to poorly soluble Cr (III) if redox potential drops
(Hausladen and Fendorf 2017). Zinc, and especially Cu, usu-
ally remains insoluble as precipitates in a landfill environment
(Jambeck et al. 2008). The solubility of metal (loid)s can
change due to water infiltration and the influx of oxygen
(O2) into the landfill site, and due to changes in biological
activity (Bozkurt et al. 2000). This necessitates leachate treat-
ment leading to a perpetual cycle. Thus, when evaluating met-
al (loid) releases from landfills over a long-time, abiotic fac-
tors such as redox potential need to be seriously considered.

This study firstly aimed to investigate the potential of si-
multaneous metal (loid) removal from solution through ad-
sorption on iron-peat, where the sorbent was made from peat
and Fe by-products. Up-flow columns filled with the prepared
sorbent were used to treat water contaminatedwith As, Cu, Cr,
and Zn. The second aim of this study was to evaluate metal
(loid) leaching from the spent sorbent at reducing conditions,
with the objective of assessing the behaviour of the spent
sorbent if it were to be landfilled. For this purpose, a
standardised batch leaching test and leaching experiment at
reducing conditions were conducted.

Material and methods

Preparation of sorbents

Heat-treated peat powder was obtained from Geogen
Produktion AB, Sweden. The company produces heat-
treated peat granulates as an environmentally compatible oil-
adsorption agent, and particles smaller than 2 mm are
discarded during its production. Ferric-ferrous hydrosol pro-
vided by Rekin, Lithuania, was used to coat the peat. The
hydrosol was a colloidal suspension of Fe (II) and Fe (III)

hydrated compounds; it is produced from Fe waste during
the process of electrolysis and acts as a binder for wastewater
pollutants. The peat powder was then thoroughly mixed with
the ferric-ferrous hydrosol at a ratio of 1w:1w, with a small
amount of water added for homogenisation.

To verify that both peat and Fe are required for the simul-
taneous removal of cations and anions, in the following ex-
periments, two control sorbents were used: i) sand, with a
particle size of 0.5–1.0 mm, coated with ferric-ferrous hydro-
sol (1w:4w) and ii) uncoated peat. Hereinafter, coated peat
powder is referred to as ‘iron-peat’, coated sand as ‘iron-sand’,
and control peat powder as ‘peat’.

All sorbents were then dried at 35 °C for 24 h before being
used as up-flow column fillers. Total solids (TS) and loss on
ignition (LOI) were subsequently determined following stan-
dard procedures (ISO 11465: 1993); the specific surface area
was determined according to the Brunauer–Emmett–Teller
(BET) nitrogen (N2) adsorption isotherm technique (where
N2 adsorption was conducted at 77 K) using an ASAP 2020
micropore analyser (Micrometrics).

Column adsorption experiment

A known mass of dry peat (110 g), iron-peat (134 g), and iron-
sand (546 g) sorbents was sealed into high-density polyethylene
columns (45 mm× 200mm) with a bed volume (BV) of 0.32 L.
The inlet hose was connected to a container holding a metal
(loid) solution, which is hereafter referred to as the ‘inlet solu-
tion’, and the outlet hose was connected to a sample collection
bottle that was air-tight and dark to avoid Fe oxidation. The
experiment was performed in triplicate. The flow rate was set
at 1.2 mL min−1. The eluate was sampled daily, and electrical
conductivity (EC) (CDM 10, Radiometer Copenhagen), pH
(pH 340, WTW), and Eh (CDM 10, Radiometer Copenhagen)
were measured immediately after sampling. Subsamples for
metal (loid) analysis were filtered through 0.45-μm cellulose
filters, acidified and analysed using inductively coupled plasma
optical emission spectrometry (ICP-OES) (Optima 8300,
Perkin-Elmer). The experiment was stopped after 60 days; the
columns were then opened and the spent sorbents were laid out
to dry at 35 °C for 24 h. The total metal (loid) concentrations in
the sorbents before and after the filter experiment were deter-
mined with ICP-OES after wet digestion with aqua regia in a
microwave (CEM Mars 5) at 190 °C.

The metal (loid) solution was prepared from analytical
grade chemicals: NaH2AsO4 (Honeywell Riedel-de Haën
AG, 99%), K2Cr2O7 (VWR International, 99.9%), CuCl2·
2H2O (Merck, 99%), and ZnCl2 (Merck, 98%). Metal (loid)
salts were dissolved into 0.1 M potassium nitrate (KNO3,
VWR International, 100%) solution, and the solution pH
was set to 5.0 using 0.1 M hydrochloric acid (HCl, Merck,
37%). Initial metal (loid) concentrations in the solution were
determined using ICP-OES, and detection limits were
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0.002 mg L−1 for As; 0.001 mg L−1 for Cr, Cu, and Zn; and
0.014 mg L−1 for Fe. The inlet solution contained 0.88 ±
0.07 mg L−1 of As and 4.1 ± 0.4 mg L−1of Cr, Cu, and Zn.

Standardised leaching test

A batch leaching test at a liquid-to-solid (L/S) ratio = 10, fol-
lowing procedure described in the Council Decision 2003/33/
EC, was performed with spent sorbents that were obtained
after conducting the column adsorption experiment. Samples
were leached with ultra-pure water for 24 h using an end-over-
end rotator, then filtered and immediately analysed for pH,
EC, and Eh. Metal (loid) concentrations were determined
using ICP-OES. A total organic carbon analyser (TOC-L
series, Shimadzu) was used to determine the dissolved carbon
(DC) content of the leachates. The detection limits for dis-
solved organic carbon (DOC) and for dissolved inorganic car-
bon (DIC) were 4 μg L−1.

Leaching test at reducing conditions

Spent sorbents and ultra-pure water at L/S = 10 were sealed in
1-L glass bottles, and each replicate contained material from a
separate column filter. Air in the bottles was exchanged with a
methane (CH4) and carbon dioxide (CO2) gas mixture
(50:50), and the bottles were placed in a dark cabinet at a
temperature of 30 ± 3 °C. For sampling, 5–6 mL of the liquid
was taken through a long needle inserted into the bottles, and
the liquid was thenmeasured immediately for Eh, pH, and EC.
Subsamples were filtered, acidified, and analysed using ICP-
OES for metal (loid)s. Gasses in the bottles were supplement-
ed with the CH4 and CO2 mixture after sampling the liquid.
The gas composition (CO2, O2, N2, and CH4) was analysed at
the end of the experiment using a gas chromatograph (Clarus
500) to verify the presence of reducing conditions. The detec-
tion limit was 100 ppm for all gases. At the end of the exper-
iment, the DOC content was determined as described in the
BStandardised leaching test^ section. The experiment lasted
200 days.

Landfill gas production

A biochemical methane potential (BMP) test was conducted
in 100-mL gas-tight serum bottles. The inoculated medium
contained ultra-pure water, 2 mL of nutrients (Cederroth
Nutrient Bloom containing Ntotal 5.1 g, potassium (K) 4.3 g,
calcium (Ca) 0.3 g, phosphorus (P) 1 g, sulphur (S) 0.4 g,
magnesium (Mg) 0.4 g, Fe 35 mg, manganese (Mn) 20 mg,
boron (B) 10 mg, Zn 3.0 mg, Cu 1.5 mg, and molybdenum
(Mo) 0.4 mg; diluted at the ratio 1:10) per 1 g TS of the spent
sorbent, and the inoculum (comprising sewage sludge after
anaerobic digestion), which was added at a ratio of 3w:1w of
the volatile solids (VS). Calculation of VS was based on LOI

(loss on ignition) analysis. Spent sorbent samples correspond-
ing to 3 g of TS were added into the bottles together with the
medium, and the bottles were sealed and incubated at 30 °C.
Control bottles contained only the inoculated medium. The
volume of gas produced was measured regularly. Since iron-
sand contained only a negligible fraction of VS (< 1%), it was
not used in the BMP test because it was assumed that it would
produce negligible amounts of landfill gases.

Speciation analysis

The Cr speciation in column adsorption samples was deter-
mined after 5 and after 50 days of the experiment as well as in
the inlet solution. Determination of total Cr and Cr (VI) was
done by ion chromatography, and Cr (III) was calculated from
measured values. The detection limit for the total Cr and Cr
(VI) was 0.4 μg L−1.

The As speciation in leachate samples was determined after
the standardised batch leaching test and after the low redox
experiment final sampling (after 200 days). Samples were
analysed using liquid chromatography-inductively coupled
plasma mass spectrometry. The detection limit for As (III),
As(V), and dimethylarsinic acid (DMA) was 0.1 μg L−1;
and that for methylarsonic acid (MMA) was 0.2 μg L−1.

Samples were kept frozen in plastic bottles prior to analy-
sis. Both Cr and As speciation was done at an accredited
laboratory (ALS Scandinavia).

Statistics

The data were processed using an analysis of variance
(ANOVA) test with the software Minitab 18. A two-sample t
test (p > 0.05) was applied to differentiate between sample
means.

Results

Performance of column filters

Three sorbents (peat, iron-peat, and iron-sand) were tested in
up-flow columns for adsorption of contaminants from a solu-
tion. The metal (loid) contents of freshly prepared sorbents
obtained prior to the adsorption experiment are presented in
Table 1. Peat-based sorbents contained 21–22 mg As kg−1.
Arsenic is an intrinsic element in peat, with concentrations
ranging from 1 ng L−1 (Stepanova et al. 2015) up to
1800mg kg−1 (Langner et al. 2013). Peat contained low levels
of Cr and Cu, which increased in iron-peat and iron-sand due
to the ferric-ferrous hydrosol coating, where Cu and Cr may
occur as impurities. Zinc was present both in peat and in sand.
Uncoated peat contained approximately 10 g Fe kg−1, but the
content of Fe in iron-peat (due to the coating) increased to

Environ Sci Pollut Res



57 g kg−1. Peat sorbent had the lowest BET specific surface
area 1.19 ± 0.02 m2 g−1, followed by iron-sand at 1.40 ±
0.01 m2 g−1, and iron-peat sorbent had the largest surface area
of 2.16 ± 0.03 m2 g−1.

Table 2 presents the average EC and pH values in the elu-
ates determined throughout the column experiment, in addi-
tion to average Eh values at the beginning and end of the
experiment. At the beginning of the experiment, pH slightly
above 4 was observed in peat-based eluates; acidic pH is typ-
ical for peat. The pH was above 2 in the iron-sand eluate; low
pH resulted from acidic ferric-ferrous hydrosol. After 3 weeks,
the pH of all eluates increased, and became 5.3 ± 0.2 (on av-
erage) which is similar to the pH of the inlet solution. EC of
the eluates remained at the same level as within the inlet so-
lution (10.9 ± 0.1 mS cm−1).

Figure 1 presents relative metal (loid) concentrations (C/
C0) over the cumulative L/S ratio. The C/C0 value shows the
ratio between the metal (loid) concentration determined in the
eluent versus the concentration in the inlet. In case the C/C0

ratio was higher than unity, desorption started to occur; thus,
the eluent contained higher metal (loid) concentration than
present in the inlet solution. Cumulative L/S ratio was chosen
as a unit to express time line of the experiment. Weight of the
solids (S) was fixed, whereas volume of the liquid (L) that
passed through each column was increasing; therefore, the
cumulative L/S ratio was increasing as well. Guideline values
for the drinking water suggested by the World Health
Organization (World Health Organization 2017) were used
as breakthrough points, and relative CWHO/C0 values are rep-
resented by the horizontal lines in Fig. 1. The columns were
filled with the same sorbent volumes, but the masses differed.
A large fraction of the iron-sand was inert, and it was assumed

that the sand did not affect the adsorption of metal (loid)s. To
simplify a graphical presentation of the adsorption curves, the
iron-sand mass was normalised, where the mass of sand was
subtracted from the mass of iron-sand.

When peat was used as a sorbent, WHO drinking water
guideline for As (10 μg L−1) was not met (Fig. 1a), and al-
though the sorption capacity of 104 mg As g−1 sorbent was
maintained until 4.3 BV of the contaminated solution was
processed, the sorbent gradually lost its efficiency. When
using iron-peat, it was possible to maintain a sorption capacity
of 133 mg As g−1 sorbent for 220 BV before it began to lose
efficiency and exceeded the WHO guideline value. Iron-sand
showed a similar sorption capacity for 256 BV.

Throughout the experiment, peat showed a sorption capac-
ity of 106 mg Cr g−1 sorbent (Fig. 1b), but it was too weak to
meet the WHO guideline value for Cr (50 μg L−1). The aver-
age sorption capacity of iron-peat was 132 mg Cr g−1 sorbent,
and 245 BVof the contaminated solutionwas processed below
the WHO guideline value. However, when using iron-sand, it
was possible to treat approximately 10 BV below the WHO
guideline value, until the sorbent gradually lost its Cr adsorp-
tion efficiency.

Peat-based sorbents adsorbed Cu (Fig. 1c) with > 99% ef-
ficiency, and Cu in the eluate did not exceed the WHO guide-
line value (2 mg L−1). The average sorption capacity of peat
was 109 mg Cu g−1 sorbent and that of iron-peat was
134 mg Cu g−1 sorbent, whereas iron-sand showed a Cu re-
moval efficiency lower than 90%, with a decreasing tendency
throughout the experiment.

No health-based guideline value has been proposed byWHO
for Zn in drinking water. Peat and iron-peat adsorbed Znwith an
efficiency of > 90% for 175 and 146 BV, respectively (Fig. 1d).
The average sorption capacity of peat was 102 mg Zn g−1 sor-
bent and that of iron-peat was 118mg Zn g−1, whereas iron-sand
was ineffective in adsorbing Zn. Furthermore, at the beginning
of the column experiment, Zn was leached out from the sand.

The Fe concentrations in eluates from peat and iron-peat
were below 0.2% of total Fe, as determined in the fresh sor-
bents (Table 1). In the first litre of eluate from the iron-sand
columns, the Fe concentration corresponded to 1.05% of the
total Fe concentration in the fresh sorbent, whereas the con-
centration later decreased and remained below the detection
limit throughout the experiment.

Table 1 Average metal (loid)
concentrations in the fresh and
spent sorbents ± standard devia-
tion, mg kg−1 dw (n = 3)

Material As Cr Cu Fe Zn

Fresh peat 21.2 ± 0.8 3.07 ± 0.12 < 0.2 12.316 ± 241 30.1 ± 3.1

Fresh iron-peat 21.1 ± 1.9 16.4 ± 1.2 28.2 ± 0.3 56.082 ± 1463 31.4 ± 2.8

Fresh iron-sand < 0.4 20.4 ± 2.3 32.1 ± 2.2 32.527 ± 1927 44.0 ± 5.5

Spent peat 451 ± 71 4132 ± 606 4374 ± 941 12.788 ± 354 4456 ± 447

Spent iron-peat 1010 ± 183 4036 ± 453 3960 ± 778 54.956 ± 2487 3374 ± 184

Spent iron-sand 123 ± 7 232 ± 18 256 ± 15 31.069 ± 1131 122 ± 17

Table 2 Average EC, Eh, and pH values in the eluates ± standard
deviation (n = 3)

Material EC, mS cm−1 pH Eh, mV

Start End

Peat 10.7 ± 0.4 5.5 ± 0.3 253 ± 4 147 ± 7

Iron-peat 10.9 ± 1.5 5.1 ± 0.3 291 ± 8 163 ± 2

Iron-sand 10.9 ± 1.2 5.2 ± 0.3 521 ± 5 308 ± 8
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Speciation of Cr

All Cr determined in the inlet solution appeared as Cr (VI).
The same was observed for the eluate samples after the first
5 days; Cr (III) was below detection limits. After 50 days of
the column experiment, eluates from spent peat contained
2.28 mg L−1 of total Cr and Cr (VI) corresponded to 84%;
eluates from iron-peat contained 1.31 mg L−1 of total Cr and
Cr (VI) was 65%; the Cr concentration in iron-sand eluates
was 4.44 mg L−1 and no Cr (III) was detected.

Characterisation of spent sorbents

Loss on ignition analysis showed that spent peat and iron-peat
sorbents contained 93.5 ± 0.5% and 83.3 ± 0.9% of VS, respec-
tively, whereas the VS fraction in iron-sand was < 1%. The
biochemical methane potential estimates the amount of landfill
gas produced during anaerobic degradation of organic waste
fraction in landfill. Over a time-span of 150 days, the control
produced 23–25 mL gas g−1 VS, whereas spent peat and iron-
peat produced significantly less gases (5–7 mL gas g−1 VS).

Total metal (loid) concentrations in the spent sorbents are
presented in Table 1.

Standardised batch leaching test

After the batch leaching test, the following Eh values were
measured: spent iron-sand at 174 ± 24 mV, spent peat at 188

± 22 mV, and spent iron-peat at 210 ± 37 mV. All leachates
had a slightly basic pH of 7.6 ± 0.3, and the EC values of the
spent peat and iron-peat leachates were similar (116 ±
13 μS cm−1), whereas that of iron-sand leachates was 6.8 ±
1.3 μS cm−1.

Metal (loid) concentrations determined in the leachates are
presented in Table 3. Percentage of the total adsorbed metal
(loid) concentrations (Table 1) is also presented in Table 3.
The concentrations are compared with the limit values set for
waste acceptance at different landfill types according to the
Council Decision 2003/33/EC.

Nearly 10% of the adsorbed As was leached out from the
spent peat sorbent, and the concentration in the leachate
exceeded limit values for waste acceptable at hazardous waste
landfills. However, leaching of Cr, Cu, and Zn remained <
1%, and was below the limits for non-hazardous waste land-
fills. Arsenic concentrations in the leachates of spent iron-peat
and iron-sand sorbents defined that they could be deposited at
landfills for hazardous waste. Iron-peat contained almost eight
times more adsorbed As than iron-sand, but leaching from
spent iron-peat was weaker. Leaching of Cr, Cu, and Zn from
spent iron-peat were < 0.2% from the adsorbed content. Iron-
sand leached significantly higher concentrations of Cu and Zn,
and these concentrations were even more significant for Cr
(1.6% from adsorbed). Leaching of Fe was minimal, especial-
ly in the case of iron-sand.

In addition to metal (loid) s, leaching of DOC was also
determined. The DOC value for spent peat was 589 ±

Fig. 1 Relative metal (loid) concentrations (C/C0) over the cumulative
L/S ratio during the column adsorption experiment. Error bars represent
the standard deviation of the mean (n = 3). Inset figures in (a) and (b)

show magnified curves at low concentrations of As and Cr. Straight
vertical line denotes guideline values for drinking water proposed by
WHO
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39 mg kg−1, and for spent iron-peat, it was 417 ± 75 mg kg−1.
Both values were below the limits for non-hazardous waste
landfills.

Metal (loid) leaching at reducing conditions

The gas composition analysis identified which samples had
other than landfill gases present in the bottles (Table 4). The
gas composition was only measured at the end of the low
redox leaching experiment. In the case of the spent peat, only
one replicate out of three (peat-1) had a CH4 atmosphere, but
O2 represented 5% of the total gas composition. The ratios
between N2 and O2 differed in all three replicates with the
spent peat, which indicates the possible occurrence of other
unidentified reactions. Methane was detected in all spent iron-
peat replicates, and there was no detectable O2. In the case of
spent iron-sand, only one replicate (iron-sand-3) contained
CH4, but O2 was also present at a high concentration of
11%. The ratio of N2 to O2 was similar in all bottles.

Determining the distinct gas composition in replicates of
the same sample provided valuable insights into the different
leaching behaviour of the analysed metal (loid)s. Changes in
pH, Eh, and EC throughout the low redox experiment are
presented in Fig. 2.

pH remained circum-neutral most of the time and showed
no obvious influence from the gas composition (Fig. 2a, d, g).

Redox potential was approximately 200–270 mV in peat-
based spent sorbent samples at the beginning of the experi-
ment (Fig. 2b, e), but it then gradually dropped to 40–60 mV
in replicates with a CH4 atmosphere. When O2 was present
(peat-2, -3), Eh remained at a level similar to that at the be-
ginning of the experiment, which indicated that a low redox
condition had not been reached. Only iron-sand-3 maintained
the CH4 atmosphere, whereas Eh decreased in all iron-sand
replicates (Fig. 2h).

Electrical conductivity in the spent peat and iron-peat sam-
ples was approximately 190–240 μS cm−1 at the beginning of
the experiment, and it increased continually thereafter
(Fig. 2c, f). However, peat-1 showed a significantly higher
EC than the other spent peat replicates. Spent iron-sand
(Fig. 2i) underwent an EC increase from 47 to 105 μS cm−1.

The DOC content was not affected by gas composition. For
spent peat, the DOC was 494 ± 4 mg kg−1, and for spent iron-
peat, it was 483 ± 20 mg kg−1.

Metal (loid) concentrations in the leachates during the low
redox experiment are shown in Fig. 3. The results are split
depending on whether CH4 (or O2) existed in the replicates
or not.

The concentrations of As (Fig. 3a) in all spent peat repli-
cates were above the acceptance level for hazardous waste
landfills (Table 3). After 200 days, 60% of the adsorbed As
had been leached out from the peat-1 replicate, but a substan-
tially lower amount (22%) of adsorbed As had been leached
out from peat-2 and -3 by the end of the experiment. Leaching
of As from the spent iron-peat was significantly lower than
that from spent peat at reducing conditions (peat-1); although
only 5.8% had been leached out at the end of the experiment, it
was above the limit of disposal in hazardous waste landfills.
Approximately 8% of the adsorbed As had been leached out
from iron-sand-3, whereas only 3.8% of the adsorbed As had
been leached at oxidising conditions (iron-sand-1, -2).

Leaching of Cr (Fig. 3b) from the peat-based spent sorbents
was significantly higher at reducing conditions (peat-1 and
iron-peat) in comparison with the peat-2, -3 replicates. In all
cases, Cr leaching continuously increased, and by the end of
the experiment, Cr concentrations of leachates were above the
limit of hazardous waste landfills. However, an opposite trend
was shown for Cr leaching from the spent iron-sand samples:

Table 3 Average metal (loid) concentrations (mg kg−1, dw) leached from the spent sorbent during standardised batch leaching test ± standard deviation
(n = 3), percentage [%] from adsorbed concentrations, and limit values for different landfill types (mg kg−1, dw)

Material As Cr Cu Fe Zn

Peat 42.8 ± 7.9 [9.5%] 3.71 ± 0.32 [0.1%] 7.17 ± 1.15 [0.2%] 11.4 ± 3.8 [0.1%] 2.36 ± 0.47 [0.1%]

Iron-peat 9.88 ± 4.6 [1.0%] 3.65 ± 0.94 [0.1%] 6.96 ± 2.83 [0.2%] 62.3 ± 24.2 [0.1%] 1.99 ± 0.85 [0.1%]

Iron-sand 2.38 ± 1.9 [1.9%] 3.82 ± 1.13 [1.6%] 2.28 ± 4.31 [0.9%] < 0.001 [< 0.0001%] 1.72 ± 2.01 [0.4%]

Non-hazardous waste 2 10 50 – 50

Hazardous waste 25 70 100 – 200

Table 4 Gas composition (%) in the low redox samples

Material CO2 O2 N2 CH4 N2/O2

Peat-1 31 5 32 33 6.40

Peat-2 13 13 72 1 5.53

Peat-3 20 6 74 0 12.3

Iron-peat-1 31 1 33 35 nda

Iron-peat-2 28 1 55 16 nd

Iron-peat-3 32 1 35 32 nd

Iron-sand-1 1 20 77 1 3.85

Iron-sand-2 1 21 76 2 3.61

Iron-sand-3 13 11 40 36 3.63

a Not detected
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concentrations were higher at the beginning of the experiment
than at the end. However, differences in Cr leaching between
samples with O2 (iron-sand-1, -2) and those without it (iron-
sand-3) were insignificant.

The amount of Cu leached (Fig. 3c) from spent peat and
iron-peat was very similar throughout all experiments, and the
presence of O2 in the sample had no large effect on Cu
leaching. However, Cu concentrations in the leachates

Fig. 2 pH, Eh, and EC changes
throughout the low redox
experiment. A, b, c—represent
triplicates with the spent peat; d,
e, f—represent triplicates with the
spent iron-peat; g, h, i—represent
triplicates with the spent iron-
sand

Fig. 3 Metal (loid) leaching from spent sorbents throughout the low
redox experiment. Peat-1, single replicate at reducing conditions; peat-
2-3, average of two replicates at oxidising conditions; iron-peat, average
of triplicate at reducing conditions; iron-sand-1-2, average of two

replicates at oxidising conditions; iron-sand-3, single replicate at
reducing conditions. Error bars represent the standard deviation of the
mean (n = 2–3)
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continually increased, and after 50 days, the Cu concentration
exceeded the limit of non-hazardous waste landfills. In the
case of iron-sand, Cu concentrations in leachates remained
at the same level throughout the experiment; however, the
Cu concentration in the leachate from iron-sand-3 was up to
seven times higher than those for iron-sand-1 and -2, and more
than 3% of the adsorbed Cu was leached out from iron-sand at
reducing conditions.

Leaching of Zn (Fig. 3d) from spent peat-based sorbents
increased throughout all experiments, and after 50 days, the
Zn concentration in leachates had already exceeded the limit
of non-hazardous waste landfills. Reducing conditions had no
effect on Zn leaching, but if based on Zn leaching only, spent
iron-sand could be considered suitable for disposal at landfills
for inert waste.

In the case of spent peat at reducing conditions (peat-1),
1.7% of Fe had been leached out at the end of the experiment
and Fe concentrations in the leachate had gradually increased.
Approximately 1.4% of Fe leached out from peat-2 and -3
during the first 50 days, and the levels remained the same level
for the continued duration. Iron-peat had a manifold higher Fe
content compared with the peat sorbent, but only 0.52% of Fe
had leached out by the end of the experiment. However, Fe
concentration in the leachates constantly increased. Iron con-
centrations in leachates from spent iron-sand were minimal
and remained below 0.01% of the total Fe content.

Speciation of As

Arsenic speciation was determined in the leachates, which
were obtained after completing the standardised batch
leaching test and after the final low redox experiment sam-
pling. Both MMA and DMA were found to be below the
detection limit in all samples. Concentrations of As (III) and
As (V) are presented in Table 5.

At reducing conditions (peat-1), As (III) corresponded to
approximately 33% of all the detected As species. However,
in the presence of O2 (peat-2, -3), the As (III) concentration
was below the detection limit and only As(V) was detected. In
iron-peat samples, the amount of As (III) corresponded to
approximately 30% of all determined As species.

The reducing conditions had no significant effect on As
speciation in iron-sand samples. Arsenate was dominant in
the leachates, and the concentration of As (III) was below
the detection limits.

Discussion

Efficiency of sorbents

Adsorbents used to clean metal (loid) contaminated water
need to be efficient and sustainable, which means that the cost

of treatment should be balanced to provide both environmen-
tal and social benefits. Replacing virgin materials with resid-
ual materials when producing adsorbents increases the sus-
tainability of the treatment. Therefore, adsorption onto low-
cost particulate media, such as peat waste, is an attractive and
inexpensive option for removing dissolved metals, especially
divalent cations (Brown et al. 2000). At least 100 kt of peat is
produced every year in Sweden (Statistics Sweden 2014), and
this is mainly used in the production of electricity and energy,
agriculture, horticulture, and water filtration. Peat residue is
mainly obtained while milling, pelletising, and making bri-
quettes from sod peat. However, as it usually exists as a fine
powder, it is difficult to use this waste material again in the
production line, as fine powders are difficult to handle and
create dust problems. Nevertheless, utilising peat residuals as
sorbents would decrease the volume of waste that needs
management.

The heat-treated peat used in this study shows a strong
potential for adsorbing divalent metal cations from contami-
nated solution. In the column adsorption experiment, the sorp-
tion capacity of Cu onto peat remained > 99% after processing
approximately 312 BV of the contaminated solution, which
indicates that the sorbent’s potential towards Cu had not been
exhausted. It is considered that the favourable pH of around 5
in the metal (loid) solution is the likely reason for the efficient
adsorption of Cu by peat (Ho et al. 1994). However, although
the average sorption capacity of Zn onto peat was
102 mg Zn kg−1 sorbent, the sorbent started to become
exhausted after processing 165 BV of the contaminated

Table 5 Speciation of As in the leachates (mg kg−1, dw) after
standardised batch leaching test and low redox experiment ± standard
deviation if possible (n = 2–3)

Material Concentration of species

As (III) As(V)

Standardised batch leaching test, L/S = 10

Peat 2.53 ± 0.27 6.18 ± 4.47

Iron-peat 1.57 ± 1.19 3.29 ± 2.22

Iron-sand < 0.001 0.069 ± 0.009

Low redox experiment

Peat-1a 18.6 37.3

Peat-2, -3b < 0.001 61.7 ± 36.1

Iron-peatc 7.84 ± 0.39 18.4 ± 5.7

Iron-sand-1, -2d < 0.001 0.274 ± 0.056

Iron-sand-3e < 0.001 0.178

a Single replicate at reducing conditions
b Average of two replicates at oxidising conditions
c Average of triplicate at reducing conditions
d Average of two replicates at oxidising conditions
e Single replicate at reducing condition
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solution. There could be two possible explanations for this:
first, the efficient adsorption of Zn on peat occurs at a pH
range of 7–9 (Brown et al. 2000), and the contaminated solu-
tion used in the column adsorption experiment had a pH of
about 5, which could be too low for substantial formation of
carboxylate complexes with Zn (Bonnet and Cousins 1987).
Second, it has been reported that competitive adsorption oc-
curs between Cu and Zn ions for adsorption sites on peat
(Duran-Jimenez et al. 2016).

The effective adsorption of Cr (VI) species onto peat is
known to be around pH 1.5–3.0, and the effectiveness de-
creases with an increase in the pH value (Sharma and
Forster 1993; Koloczek et al. 2018). In our case, more than
90% of inlet Cr was adsorbed onto peat-based sorbents at a pH
of about five throughout the column adsorption experiment.
From the decreasing Eh values that were determined in leach-
ates during the column adsorption experiment (Table 2), it can
be assumed that Cr (VI) was reduced to Cr (III). This obser-
vation was confirmed by the Cr speciation analysis, when a
significant part of Cr in eluates towards the end of column
experiment was determined as Cr (III). At a pH of above
3.7, the predominant species of Cr (III) are positively charged
ions, Cr3+, which are mostly adsorbed onto hydroxylic groups
present on the surface of peat (Koloczek et al. 5). In this
respect, a pH range of 4.0–5.5 is the most favourable for
efficient Cr (III) adsorption onto peat (Balan et al. 2009).

Adsorption of As onto peat was weaker than Cr, Cu, and
Zn. Although, peat adsorbed nearly 50% of inlet As through-
out the column adsorption experiment, a rapid loss of efficien-
cy was observed after 3 days. The interaction between As and
natural organic matter is a complex process and scientific lit-
erature provides several hypothesis about such binding mech-
anisms. For example, it is hypothesised that As can form co-
valent carbon-As bonds directly with organic matter
(Buschmann et al. 2006) or through organic functional groups,
such as hydroxyl groups (Warwick et al. 2005). It is widely
suggested that metal cations (e.g. Fe) act as bridges between
As and organic matter, forming ternary complexes (e.g.
Mikutta and Kretzschmar 2011; Mak and Lo 2011).
However, in Sundman (2014) and Sundman et al. (2015), it
is stated that it is hard to find spectroscopic evidence for the
existence of As(V)-Fe (III)-organic matter complexes even at
high Fe and As concentrations.

In this study, the adsorption of As substantially increased
when peat particles were coated with Fe. This increased ad-
sorption of As onto iron-peat can be explained by the increase
in the specific surface area (obtained by the BET method),
which is one of the most important factors affecting sorption;
the specific surface of iron-peat was by 1.8 times higher than
uncoated peat. Furthermore, As has a high affinity for
interacting with Fe hydroxides, and it is thus obvious that
the sorbent with the highest Fe content and the largest specific
surface area would have the highest As adsorption potential.

However, the adsorption of Cr, Cu, and Zn onto iron-peat was
slightly lower (up to 10–15%) than that of peat, and it is likely
that coating peat with Fe resulted in blocking some of the
organic groups. Nevertheless, the removal of cations remained
within an acceptable range.

Iron-sand had a lower specific surface area than iron-peat.
However, although the Fe content was also lower in iron-sand
(3.25 g kg−1 vs 5.60 g kg−1), the sorption capacity was similar
to that of iron-peat. Nevertheless, the lack of organic material
that could provide cation exchange sites resulted in the very
weak adsorption of Cr, Cu, and Zn.

In summary, Fe-coated peat sorbent showed properties that
ensure a high sorption potential, and it could thus be effective
for the simultaneous removal of metal (loid)s. These results
agree with those of our previous study (Kasiuliene et al.
2018), where it was pointed that adjusting the pH to the target
contaminant could provide even higher removal capacity.

The modification of peat with Fe compounds has gained
considerable scientific attention in recent years (Ansone et al.
2012; Oliveira et al. 2015). In addition to removing As, the
increased sorption of V group metalloids, such as antimony
and tellurium, by Fe-modified peat sorbents has also been
reported (Ansone and Klavins 2016). In contrast, the possibil-
ity of using waste-derived Fe sources for coating peat has
seldom been discussed. Two million tonnes of Fe waste was
produced in Sweden in 2015, and although the largest propor-
tion is reused as rawmaterial, approximately 20% is landfilled
(Jernkontoret 2012). Therefore, using waste materials rich in
Fe to coat peat (also waste-based) would not only reduce the
need to use virgin materials, but also would reduce the volume
of waste intended for landfill.

Landfilling spent sorbents

One of the main questions that arises when discussing adsorp-
tion is what management strategies should be applied with
respect to the spent sorbent. However, the management and
regeneration of spent sorbents are seldom addressed. If the
sorbent is used to adsorb oxyanion forming elements, such
as As, regeneration techniques are limited and/or expensive
(Verbinnen et al. 2015), and as As has a limited market, its
recovery is not preferred. Thus, landfilling As-containing
wastes has been the predominant management choice.

Iron-sand in this study was used as a control sorbent for
iron-peat. As shown in the column adsorption experiment,
both of the Fe-bearing sorbents adsorbed As to a similar ex-
tent. However, due to its large inert carrier proportion, iron-
sand generates a considerable amount of spent sorbent.
Because it could be disposed of at landfills for hazardous
waste (based on the results from the standardised batch
leaching test), and considering that the VS content in the
iron-sand was < 1%, landfilling could be the most reasonable
final sink.
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In contrast with iron-sand, peat-based sorbents had a high
VS content (up to 93%). However, landfilling waste with a
high organic loading can cause the undesirable production of
landfill gases, and the negative impact of landfill gas on the
greenhouse effect, which has been much addressed in scien-
tific literature (e.g. Lou and Nair 2009). For this reason, waste
with more than 10% of organic content is not accepted at
landfills in Europe. In certain circumstances, when type of
waste does not fulfil the acceptance criteria, determined in
the Council Directive 1999/31/EC, Annex II, and there is no
other viable utilisation option, landfilling can be allowed if
special permit is acquired. In this case, it is crucial to evaluate
degradability of suchwaste under anaerobic conditions. In this
study, BMP test, performed with spent peat and iron-peat,
showed that gas production was supressed compared with
the control inoculum samples. Microorganisms that are in-
volved in anaerobic processes are sensitive not only to toxic
metal (loid) s such as As, lead (Pb), or cadmium (Cd), but also
to excessive doses of essential microelements, such as Cr, Cu,
and Zn (Mudhoo and Kumar 2013). Furthermore, the DOC
values in the leachates from peat-based spent sorbents were
below the limit values for non-hazardous landfill wastes.
Therefore, landfilling such waste would not contribute to the
potential risks often related to highly biodegradable waste.

Based on the results of standardised batch leaching test,
spent iron-peat could be disposed of in hazardous waste land-
fills. However, as the concentration of As in the leachates from
spent peat was found to be above the limits for hazardous
waste landfills, the spent sorbent needs to be pre-treated prior
to landfilling. Although thermally treating As-rich waste is
complicated, because volatilisation of As can start at temper-
atures as low as 320 °C (Helsen et al. 2003), fabric filters and
electrostatic precipitators (that are present in modern waste
incineration plants) can remove more than 99% of particulate
matter (Jones and Harrison 2016). Given the high organic
matter content present in spent peat-based sorbents, thermal
treatment coupled with energy recovery could thus be a viable
option.

The standardised batch leaching test showed that Asmostly
exceeded guideline limits in all three sorbents (Table 3).
During the test, ultra-pure water was used as a leachant and
aerobic conditions prevailed. However, landfills normally
have anaerobic conditions. The mobility of metal (loid) s is
governed not only by pH and the availability of sorption sites
present in the system, but also by redox conditions, and the Eh
in a landfill can drop as low as − 500 mV (Bozkurt et al.
2000). During the low redox experiment, it was possible to
obtain Eh value only as low as 47.7 ± 8.9 mV (Fig. 2b, e, h).
However, the mobility of redox-sensitive As was substantially
affected by the decreasing Eh values. At reducing conditions,
60% of adsorbed As leached out from spent peat (peat-1), and
‘only’ 22% leached out during oxidising conditions (peat-2, -
3). The several-fold increase in As leaching occurred because

As(V) is reduced to a more mobile and toxic As (III) at reduc-
ing environment (Corvin et al. 1999). This is consistent with
analysis conducted for As speciation (Table 5). Arsinite was
undetectable during oxidising conditions, but more than 30%
of total detected As was present as As (III) at reducing condi-
tions. During the low redox experiment, leaching of As from
Fe-bearing spent sorbents was significantly lower compared
with from spent peat, and the same behaviour was observed
during the standardised batch leaching test. These results in-
dicate that reductive dissolution of the main As-bearing
phases (Fe-Mn oxides), which is largely responsible for As
being released back to the leachate (Kumpiene et al. 2009),
was slower when the Fe concentration of the sorbent was
higher.

The amount of As leached from the spent iron-peat during
the low redox experiment exceeded the acceptable limit at
landfills for hazardous waste. This outcome is different from
the one obtained after the standardised batch leaching test. The
low redox experiment lasted 200 days, and the prevailing
reducing atmosphere may have caused decomposition of or-
ganic matter complexes (Bozkurt et al. 2000; Mikutta and
Kretzschmar 2011), possibly involving As as well. Only 6%
of the adsorbed As leached out from the spent iron-peat but
considering that iron-peat adsorbed 1.01 g As kg−1, treatment
of the leachate could become difficult. It would thus be nec-
essary to pre-treat the spent iron-peat as well.

Iron-sand adsorbed slightly more than 0.12 g As kg−1 sor-
bent during the column adsorption test. However, although,
nearly 8% of the adsorbed As leached out during the low
redox experiment, the spent sorbent could still be considered
a hazardous waste. However, as the As concentration in the
leachate gradually increased over the time, increased concen-
trations of As would eventually be released into the leachate
due to the dissolution of Fe hydroxides induced by the de-
creasing Eh.

The importance of microbial reduction of Fe hydroxides
and thus the release of As cannot be ruled out in a full-scale
landfill. Furthermore, the Eh in landfill can drop much lower
than the value it reached during the low redox experiment,
which would thus complicate treatment of the leachate.

The mobility of many other toxic metal (loid) s, including
Cr, Cu, and Zn, is usually low under conditions generally
found in mature landfills (Bozkurt et al. 2000). Therefore,
based on Cr, Cu, and Zn, leaching during the standardised
batch leaching test, spent peat, and iron-peat could be depos-
ited of at inert waste landfills. However, leaching of these
elements increased over prolonged contact with the leachant
during the low redox experiment, and in the case of Cu and
Zn, classification of landfill type shifted from the inert towards
the hazardous landfill type. In addition, leaching of Cr during
the low redox experiment exceeded the limit values for haz-
ardous waste landfills, and there was also an increased
leaching tendency of Cr, Cu, and Zn. Hydrolysis of organic

Environ Sci Pollut Res



matter, in particular hydroxylic groups, possibly occurring on
the surface of peat (Koloczek et al. 5), may have caused de-
sorption of positively charged Cr (III), Cu and Zn.

Concluding remarks

Peat effectively adsorbed Cr, Cu, and Zn, whereas approxi-
mately 50% of inlet As was detected in the eluent. Iron-sand
was effective only for adsorbing As, but Cr, Cu, and Zn were
poorly adsorbed. Only iron-peat showed the simultaneous re-
moval of all tested metal (loid)s. Therefore, a combination of
two active sorbents, peat and Fe, is necessary for a single-step
adsorption process. In addition, it would be beneficial to use
waste-based materials to prevent the use of virgin materials in
making the iron-peat sorbent and reduce the volume of waste
intended for landfilling.

Leaching of As was a decisive factor in determining the
landfill type for the spent sorbents. Based on the standardised
batch leaching test, spent iron-peat and iron-sand sorbents could
be disposed of at hazardous waste landfills. However, oxidising
conditions, which prevailed during the standardised batch
leaching test, could have led to an underestimation of redox-
sensitive As leaching. Substantially higher amounts of As
leached out from the spent sorbents at reducing atmosphere
compared with the oxidising one. Furthermore, the reducing
conditions caused As(V) to be reduced to the more-toxic As
(III): therefore, the potential of increased amounts of As(V) and
As (III) occurring in the landfill leachate is high. Decreasing Eh
potential affected leaching of Cr, Cu, and Zn to a lesser extent.
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Abstract
Hydrothermal carbonisation (HTC) is a wet and relatively low-temperature process where, under autogenous pressures, biomass
undergoes a chain of reactions leading to the defragmentation of organic matter. As well as its other uses (e.g. for producing low-
cost carbon-based nano-compounds), HTC is utilised for the treatment of wet wastes, such as manure and biosludge. This study
aimed to determine if hydrothermal carbonisation is a feasible treatment method for spent sorbents that are highly enriched with
arsenic, chromium, copper, and zinc. The chemical properties of hydrochar and process liquid were evaluated after HTC
treatment, where peat-based spent sorbents were carbonised at 230 °C for 3 h. Analysis of Fourier transform-infrared spectra
revealed that during HTC, the oxygenated bonds of ethers, esters, and carboxylic groups were cleaved, and low-molecular-
weight organic fragments were dissolved in the process liquid. A large fraction of arsenic (up to 62%), copper (up to 25%), and
zinc (up to 36%) were transferred from the solids into the process water. Leaching of these elements from the hydrochars
increased significantly in comparison with the spent sorbents.

Keywords Metals . Adsorption . Thermal treatment . Iron-peat . Post-sorptionmanagement . HTC

Introduction

Contamination of groundwater and surface waterbodies due to
natural and anthropogenic activities has been reported world-
wide. By their nature, contaminants may be organic or inor-
ganic. Inorganic contaminants include metals, such as chro-
mium (Cr), copper (Cu), and zinc (Zn), and metalloids, such
as arsenic (As). These metal(loid)s are commonly associated
with pollution and toxicity problems (Lafa et al. 2015; Küpper
and Andresen 2016). A common method to remove metal(-
loid)s from contaminated water is to adsorb them onto a reac-
tive media and then separate them from the solution. This

process can effectively be applied under a wide range of pH
conditions (Mohan and Pittman 2007; Lim et al. 2013). The
sorbents used can be of mineral or biological origin including
zeolites, industrial by-products, polymeric materials, and bio-
mass including agricultural, forestry, and fishery wastes
(Kurniawan et al. 2005). Although continuous improvements
are being made to achieve higher removal efficiencies, little
attention has been paid to the management of spent sorbents
loaded with adsorbed metal(loid)s. If sorbents are used to
adsorb oxyanion-forming elements, such as As, regeneration
techniques are limited and/or expensive (Verbinnen et al.
2015) and the recovery of As is not preferred due to a limited
market. Thus, the predominant management choice for such
spent sorbents is landfilling. Anaerobic conditions and a re-
ducing environment, as is common in landfills, can increase
the mobility of redox-sensitive elements, like As, thus creating
leachate treatment problems (Corvin et al. 1999). To over-
come this issue, treatments for spent sorbents are required
either as an alternative to landfilling or to reduce metal(loid)
leaching when waste is placed in landfill.

Thermal treatment plays a key role in modern waste man-
agement systems (Lombardi et al. 2015). Combustion, gasifi-
cation, and pyrolysis of combustible wastes are the most com-
mon processes available for thermochemical conversion. As
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an alternative to these processes, hydrothermal carbonisation
(HTC) opens up the possibility to treat wet waste streams,
without energy-intensive drying before or during the treat-
ment. Hydrothermal carbonisation is a wet and relatively
low-temperature (180–350 °C) process where, under autoge-
nous pressures, biomass undergoes a chain of reactions in-
cluding hydrolysis, dehydration, decarboxylation, condensa-
tion, polymerisation, and aromatisation (Wikberg et al. 2015).
This technology firstly was developed to convert biomass into
a more coal-like material. Recently, HTC has received atten-
tion as a method for producing low-cost carbon-based nano-
compounds used for soil fertilisation, amelioration, and car-
bon sequestration (Libra et al. 2011). Wet manure and
biosludge are common waste streams treated by HTC. The
method offers disinfection, odour improvement, and toxicity
reduction of many organic contaminants present in manure
and biosludge (Heilmann et al. 2014). Recent studies from
Lucian and Fiori (2017) and Volpe et al. (2018) showed that
HTC of biomass waste, such as olive oil mill waste, followed
by hydrochar pelletisation could represent an economic and
sustainable approach for the production of solid-densified bio-
fuels.

The composition of the raw material intended for HTC has
a decisive influence on the final product. The application of
HTC for complex waste streams, such as sorbents loaded with
metal(loid)s, is underexplored. Some studies have reported the
concentrations of metal(loid)s in biomass and associated
hydrochars (Reza et al. 2013) or have at least included some
discussion of their occurrence (Libra et al. 2011; Reza et al.
2014). However, biomass usually contains low levels of met-
al(loid)s, such as mercury (Hg), lead (Pb), As, Cr, Cu, Zn, or
selenium (Se), and, as such, does not necessarily pose envi-
ronmental risk (Reza et al. 2013). In contrast to clean biomass,
spent sorbents contain significantly higher concentrations of
contaminants. The behaviour of metal(loid)s under HTC con-
ditions is not fully understood yet and, consequently, further
utilisation of resulting hydrochars as soil additives is restrict-
ed. Yoshida and Antal (2009) showed that during flash
carbonisation, inorganic contaminants with high boiling
points (Pb, cobalt (Co), nickel (Ni), Cu, and Zn) remain in
the hydrochar, whereas those with low boiling points (As,
Hg, Cd, and selenium (Se)) are prone to elution. In addition,
during HTC, the degradation of organic matter and the redis-
tribution of organic groups can lead to the transfer of inorganic
components, including contaminants, from solids into the pro-
cess water (Krylova and Zaitchenko 2018). Therefore, it is
reasonable to expect that HTC can be used to remove hazard-
ous metal(loid)s from spent sorbents so that hydrochars can be
used as soil ameliorants without the risk of secondary
pollution.

The aim of the study was to determine the feasibility of
HTC as a treatment method for peat-based spent sorbents
(loaded with As, Cr, Cu, and Zn) to obtain a reusable

hydrochar fraction. For this, the chemical properties of the
hydrochar and the process liquid were evaluated after HTC
treatment.

Materials and methods

Obtaining spent sorbent

The following two peat-based sorbents were used in this
study: (1) heat-treated peat and (2) heat-treated peat coated
with ferric ferrous hydrosol. Details of the sorbent preparation
method and its efficiency can be found in Kasiuliene et al.
(2019). The sorbents were mixed with metal(loid) solution at
a liquid to solid (L/S) ratio of 4 and were left to dry at room
temperature. The solution contained 1 g L−1 of As and 4 g L−1

of Cr, Cu, and Zn. This was prepared by dissolving analytical
grade chemicals, namely NaH2AsO4 (Honeywell Riedel-de
Haën AG, 99%), K2Cr2O7 (VWR International, 99.9%),
CuCl2 · 2H2O (Merck, 99%), and ZnCl2 (Merck, 98%), in
ultra-pure water. Total metal(loid) concentrations in the spent
sorbents were determined using inductively coupled plasma
optical emission spectrometry (ICP-OES) (Optima 8300,
Perkin-Elmer) after wet digestion with aqua regia in a micro-
wave oven (CEM Mars 5) at 190 °C. Prior to ICP-OES anal-
ysis, subsamples were filtered through 0.45-μm cellulose fil-
ters. Detection limits were as follows: 0.002 mg L−1 for As,
0.001 mg L−1 for Cr and Cu, 0.014 mg L−1 for Fe, and
0.002 mg L−1 for Zn. Hereafter, the spent peat sorbent is
referred to as ‘peat’, while the spent iron-peat sorbent is re-
ferred to as ‘iron-peat’.

Hydrothermal carbonisation

Triplicates of peat and iron-peat were placed into Teflon ves-
sels and mixed with ultra-pure water at L/S = 5. Sealed vessels
were heated to 230 °C at a rate of ~ 1.75 °C min−1 using a
CEM Mars 5 microwave oven. The target temperature was
maintained for 3 h. After cooling down, vessels were disman-
tled and the contents were filtered through 10-μm pure cellu-
lose filters. The solids remaining on the filter were rinsed with
ultra-pure water at L/S = 5. Hereafter, the solids obtained from
the peat and iron-peat are referred to as ‘P-hydrochar’ and ‘IP-
hydrochar’, respectively, and the process liquid—including
the main filtrate and the rinsing water—is referred to as ‘P-
liquid’ and ‘IP-liquid’, respectively.

Characterisation of the process liquid

The electrical conductivity (EC) (CDM 10, Radiometer
Copenhagen), pH (pH 340, WTW), and redox potential (Eh)
(CDM 10, Radiometer Copenhagen) of the process liquid
were measured after being separated from the hydrochars.
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Density was measured as the mass to volume ratio.
Subsamples were analysed with ICP-OES for metal(loid)s.
A total organic carbon analyser (TOC-L series, Shimadzu)
was used to determine the dissolved carbon (DC) content of
the process liquid. The detection limits for dissolved organic
carbon (DOC) and for dissolved inorganic carbon (DIC) were
4 μg L−1.

Characterisation of the spent sorbents
and hydrochars

The air-dried spent sorbents and hydrochars were analysed for
total solids (TS) and ash content following standard proce-
dures (ISO 11465:1993). Their calorific values were deter-
mined using a combustion calorimeter (IKA C 200).
Ultimate analysis for carbon (C), hydrogen (H), nitrogen
(N), sulphur (S), and oxygen (O) content was carried out using
a CHNS-O elemental analyser (Eurovector EA3000).

Batch leaching tests (L/S = 10) were carried out following
standard procedures (EN 12457/2 2002). Briefly, triplicates of
each sample were leached with ultra-pure water for 24 h using
an end-over-end rotator, which were then filtered through
0.45-μm nitrocellulose filters and immediately analysed for
EC, pH, and Eh. Metal(loid) content was determined with
ICP-OES.

A three-step sequential extraction protocol (EUR 19775
EN) proposed by the EC Standards, Measurements and
Testing Programme was applied to the spent sorbents and
hydrochars. The protocol is described in detail by Sutherland
(2010). Briefly, the exchangeable fraction was obtained after
extraction for 16 h with 0.11 M acetic acid (Merck, 100%)
solution; the reducible fraction was obtained after extraction
for 16 h with 0.1 M hydroxylammonium chloride (Merck,
99%) solution at pH 2.0; the oxidisible fraction was obtained
after a 3-h step-wise extraction with hydrogen peroxide
(Merck, 35%) in a heated water bath at 85 °C, followed by a
1-h extraction with 1.0 M ammonium acetate (VWR
International, 98.6%) solution at pH 2. The sequential extrac-
tion was finished by extracting the residual fraction with aqua
regia at 190 °C for 10 min. The extractions were performed in
triplicate and the extracts were filtered through 0.45-μm nitro-
cellulose filters, acidified (except the residual fraction), and
analysed with ICP-OES.

Identification of organic groups

Fourier transform-infrared (FT-IR) spectroscopy data on the
finely powdered spent sorbents, their respective hydrochars,
and the process liquids were collected using a Frontier FT-IR
spectrometer (Perkin-Elmer). The FT-IR spectrometer was
equipped with a DTGS (deuterated triglycine sulphate) detec-
tor and the samples were probed using a single reflection
UATR diamond/Zn Se. The spectra were obtained from 50

co-added scans with a resolution of 4 cm−1 and a zero-filling
factor of 2.

Statistical analysis

The data were processed using an analysis of variance
(ANOVA) test using Minitab 18 software. A post hoc two-
sample t test (p > 0.05) was applied to differentiate between
sample means.

Results and discussion

The main characteristics of HTC products

Initially, 8.0 ± 0.0 g TS of peat and iron-peat were used for
carbonisation. After the experiment, 4.9 ± 0.2 g and 5.7 ±
0.1 g of P- and IP-hydrochars were recovered, respectively.
Thus, 36% and 25% of solids from peat and iron-peat were
transferred to the process liquid and gas phase.

The main properties of P- and IP-liquids are given in
Table 1. Both process liquids had a high content of DOC.
This was an expected outcome because due to increasing tem-
perature as well as pressure, biomass is more accessible to
water, which leads to the degradation of the physical biomass
structure (Allen et al. 2001). Furthermore, a slightly acidic pH,
as determined in the process liquids, was a likely result of low-
molecular-weight organic acids (e.g. acetic and lactic acids)
that are usually produced during biomass hydrolysis (Berge
et al. 2011). A high content of DOC led to low Eh values and
density values below unity, while EC values were up to eight
times higher in comparison with the EC of drinking water. In
general, the more water that is provided for the HTC process,
the greater the C loss per mass unit of raw material. This not
only lowers the yield of hydrochar but also results in a con-
centrated process liquid that requires further treatment (Libra
et al. 2011). Bearing in mind that peat and iron-peat were
loaded with As, Cr, Cu, and Zn, elevated concentrations of
these elements were expected in the process liquid. To avoid
large volumes of the (possibly contaminated) process liquid

Table 1 Properties of the process liquids (average ± standard deviation,
n = 3)

Analytes P-liquid IP-liquid

pH 5.9 ± 0.3 5.7 ± 0.1

EC, mS cm−1 9.8 ± 1.2 5.5 ± 0.5

Eh, mV 25.8 ± 8.1 14.6 ± 10.6

Density, g L−1 956 ± 14 952 ± 10

DC, mg L−1 7046 ± 228 7561 ± 397

DOC, mg L−1 7038 ± 223 7558 ± 396

IC, mg L−1 4.6 ± 1.3 3.0 ± 1.3
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being produced, the L/S ratio was kept low (L/S = 5) to ensure
the prerequisite of dry solids being submerged in water.
Theoretically, the amount of water that is necessary to ensure
carbonisation reactions is very small and some authors even
propose that the water produced during deoxygenation reac-
tions with organic matter can be sufficient for hydrolysis
(Landais et al. 1994). If spent sorbents are to be hydrothermal-
ly carbonised directly after adsorption (with a moisture con-
tent up to 70%), the addition of water, and thus the production
of process liquid products, could be minimised.

Table 2 shows the contents of total solids and ash, the
results of the ultimate analysis, and the calorific values of
the spent sorbents and their respective hydrochars. Solid yield
(mass ratio of hydrochar to rawmaterial on a dry weight basis)
from peat was 64% and the yield from iron-peat was 75%.
Both of these values were within the range of yields reported
in other studies (Funke and Ziegler 2010; Libra et al. 2011;
Reza et al. 2013; Krylova and Zaitchenko 2018); yields were
in the range of 39 to 90%. Recent study from Lucian et al.
(2018) suggests that formation of solids due to back-
polymerisation of the organic molecules from the process wa-
ter can further increase the hydrochar yield at higher temper-
atures of around 260–280 °C. However, varying experimental
conditions (i.e. temperature, L/S ratio, reaction time, raw ma-
terials, their particle sizes, and pH of the media) do not allow
direct comparison. Many researchers use the term ‘reaction
severity’ which refers to higher temperatures and/or longer
reaction times. With increasing reaction severity, hydrochar
is produced with a high C content but at low yield. First reac-
tions involved in HTC are observed already at 100 °C, but for
substantial hydrolysis, a temperature of about 180 °C is nec-
essary. Even higher temperatures (about 220 °C) are required
to hydrolyse cellulose (Funke and Ziegler 2010). Therefore,
slightly higher than the latter temperature was chosen for the
HTC experiment in this study (230 °C) to ensure a complete
hydrolysis of the main peat constituents. Typical published
reaction times vary between 1 and 72 h. However, the effects
of the reaction time for HTC are largely unknown. A reaction
time of 3 h in this study was chosen bearing in mind practical
aspects in case the experiment would be scaled-up where long

reaction time would mean additional costs. Shorter reaction
time and/or lower temperature could imply incomplete
carbonisation.

After the HTC treatment, the total solids and ash content
increased as well as the calorific value. The calorific value of
P-hydrochar was 33% higher than peat and that of IP-
hydrochar was 35% higher than iron-peat. The hydrochars
had significantly lower O/C and H/C ratios compared with
the spent sorbents. The O/C ratio dropped from 0.86–0.89 to
0.37–0.44, while H/C dropped from 0.13–0.14 to 0.09. The
contents of S and N were little affected by carbonisation.

Gases also evolve during HTC, and yet gas measurements
are seldom reported. It is often restated that (i) carbon dioxide
is the main gas evolving during HTC followed by minor frac-
tions of carbonmonoxide andmethane and (ii) gaseous phases
increase with increasing reaction temperature. Depending on
the experimental setup, gas formation can scatter between 3
and 20% of the total carbonisation products (Funke and
Ziegler 2010; Reza et al. 2013; Krylova and Zaitchenko
2018).

FT-IR spectra

Figure 1 shows the FT-IR spectra of the studied spent sor-
bents, hydrochars, and process liquids. Spectra of the spent
sorbents and their respective hydrochars were similar and ex-
hibited variable relative intensities typical of humic-like ma-
terials (Senesi and Steelink 1989). Awide band between 3600
and 3200 cm−1 was ascribed to the stretching of O–H bonds
and the two distinct absorption bands between 3000 and
2800 cm−1 were attributed to the asymmetric stretching of
the aliphatic C–H bonds of alkenes (3050 cm−1) and alkanes
(2950 cm−1), respectively. The absorption band at 1600 cm−1

was assigned to C=O stretching of carbonyl functional groups.
The absorption bands between 1600 and 1450 cm−1 stemmed
either from C=C vibrations in aromatics or from C=O vibra-
tions in carboxylic (COO–) groups. The absorption bands at
approximately 1300 cm−1 were assigned to C–N vibrations of
amines and amides, and to nitro compounds (NO2). The ab-
sorption band observed at 1040–1070 cm−1 was assigned to

Table 2 Properties of the spent
sorbents and hydrochars (average
± standard deviation, n = 3)

Analytes Peat P-
hydrochar

Iron-peat IP-
hydrochar

Total solids, % 89.2 ± 0.1 96.3 ± 0.6 93.4 ± 0.1 98.4 ± 3.6

Ash content, % 9.9 ± 0.3 13.7 ± 4.4 15.4 ± 0.2 18.2 ± 0.1

Calorific value, MJ kg−1 19.7 ± 1.2 29.5 ± 2.7 18.8 ± 0.8 28.9 ± 8.7

C, % 41.9 ± 0.7 60.5 ± 0.1 42.6 ± 0.5 55.2 ± 0.3

H, % 6.0 ± 0.1 5.6 ± 0.1 5.6 ± 0.1 5.3 ± 0.2

N, % 2.6 ± 0.1 3.1 ± 0.1 2.6 ± 0.1 2.8 ± 0.1

O, % 37.7 ± 0.8 22.6 ± 0.5 37.0 ± 0.1 24.5 ± 0.4

S, % < 1 < 1 < 1 < 1
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C–O stretching, which is representative of ether, ester, and
carboxylic functional groups.

Compared with the spent sorbents, the hydrochar sam-
ples exhibited higher relative intensities of absorption
bands assigned to O–H, C–H bonds, C=O, C=C, and C–
N bonds (4000–1100 cm−1). In contrast, C–O bands
assigned to ethers, esters, and carboxylic groups (1070–
1040 cm−1) showed higher absorbance in spectra from the
spent sorbents prior to HTC. According to Funke and
Ziegler (2010), during HTC, hydrolytic reactions break
ester and ether bonds. In addition, carboxylic groups can
be rapidly eliminated above 150 °C, yielding carbon di-
oxide and carbon monoxide. This is in line with the spec-
tra of the process liquid samples. A distinctive band at
3650 cm−1 was assigned to O–H stretching bonds in mo-
nomeric alcohols and carboxylic acids. Two typical bands
between 3000 and 2800 cm−1 were associated with ali-
phatic C–H groups and indicated the presence of low-
molecular-weight degradation fragments in the process
water. A band at approximately 1400 cm−1 was associated
with C=O stretching of esters, while two sharp bands at
1250 cm−1 and 1050 cm−1 resulted from C–O stretching
of ethers and carboxylic groups. In general, the results
obtained from the FT-IR spectra support those published
elsewhere (e.g. Funke and Ziegler 2010) showing that the
cleavage of easily oxygenated groups (i.e. ester, ether, and
carboxylic groups) results in the presence of low-
molecular-weight compounds (i.e. monomeric alcohols
and carboxylic acids) in the process water.

Behaviour of metal(loid)s

Data for metal(loid) behaviours with respect to the evolve-
ment of gases during HTC are scarce. In this study, it was
assumed that the maximum HTC temperature (230 °C) was
too low to initiate volatilisation of As, Cr, Cu, and Zn.
Therefore, all metal(loid) content should have been distributed
between the hydrochars and process liquids.

Table 3 shows the metal(loid) concentrations in the leach-
ates after the standardised batch leaching test along with the
spent sorbents and hydrochars; the total metal(loid) concen-
trations and the amounts that were leached out (%) are shown
as well. The average pH, EC, and Eh values in the leachates
are presented in Table 4. The metal(loid) fractionation in the
spent sorbents and hydrochars is shown in Fig. 2.

Arsenic

The concentration of As in iron-peat was 2.4 times higher than
in peat. We have previously reported that the adsorption of As
increases by several times when peat is coated with Fe hy-
droxides (Kasiuliene et al. 2018, 2019). The improved effi-
ciency of the iron-peat sorbent is attributed to a greater Fe
content and a larger specific surface area. In this study, despite
the high loads, only 0.1% of the adsorbed As leached from the
iron-peat. In contrast, about 7% of the As leached from the
peat, which was above the limit (25 mg kg−1) for waste being
accepted at landfills for hazardous waste. Peat had a larger
fraction of exchangeable As (12%) and a smaller fraction of

5001000150020002500300035004000

Wavenumber, cm-1
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Iron-peat

P-hydrochar

IP-hydrochar

P-liquid
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Fig. 1 The FT-IR spectra on spent sorbents and their respective hydrochars and process liquids
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residual As (6.2%) in comparison with iron-peat, where only
1.2% of all of the As was exchangeable and more than 55%
was in the residual fraction (Fig. 2). When HTC was used as a
treatment method for the spent sorbents, a large fraction of As
was transferred to the process liquid; approximately 62% of
the As was found in the P-liquid and approximately 35% was
found in the IP-liquid. The leaching of As from the P-
hydrochar was lower in comparison with the leaching from
peat, 4.6% versus 7.1% respectively. However, the exchange-
able As fraction in the P-hydrochar was actually higher than in
the peat. Leaching from the IP-hydrochar was more than 100
times higher than from iron-peat, which coincided with a sig-
nificant gain in the exchangeable fraction.

The interactions between As, Fe, and organic matter are
complex and the effect of increasing temperature and pressure
during HTC might have induced several reactions, which
were possibly responsible for the increased leaching of As.
Firstly, the oxidisible fraction of Fe in both hydrochars in-
creased, whereas the reducible fraction decreased (Fig. 2).
Such changes could be an indication that after HTC, Fe be-
came strongly bound to organic matter, and the consequent
competition for Fe sorption sites resulted in increased leaching
of As (Cornell and Schwertmann 2004). The existence of
stable Fe-organic matter complexes that are non-reactive to-
wards As was also confirmed by Sundman (2014) and
Sundman et al. (2015). Secondly, As is a redox-sensitive ele-
ment. The redox potential determined in the process liquids
after HTC was about 15–26 mV (Table 1), while Eh in the
spent sorbent leachates after standardised batch leaching

(Table 4) was 250–280 mV. During HTC, the concentration
of dissolved O2 was almost zero due to increasing reaction
severity, so it is possible that As(V) could have been reduced
to As(III) and released into the process liquid. This could
explain why the reducible As fraction became smaller in the
hydrochars. McNeill et al. (2002) also reported speciation
changes from As(V) to As(III) as an adverse consequence of
water boiling.

Chromium

The total content of Cr was similar in both spent sorbents
(Table 3). The limit for Cr content for the acceptance of wastes
at hazardous landfills is 10 mg Cr kg−1. Leaching of Cr from
peat was below this limit, while that of iron-peat was slightly
above the limit. After HTC, > 99% of Cr remained in the
hydrochars. The sequential extraction revealed that due to
HTC, exchangeable and reducible fractions of Cr disappeared
and all Cr in hydrochars was bound to organic matter (Fig. 2).
A likely reason for this is that under reducing conditions,
chromate Cr(VI) was reduced to Cr(III) and, under favourable
pH conditions of 5.0–5.5 (Table 4), this resulted in the effec-
tive adsorption onto organic matter (Balan et al. 2009). Due to
the HTC treatment, the leaching of Cr from both hydrochars
was minimal.

Copper and zinc

Both spent sorbents had a similar Cu content (Table 3). The
concentrations of Cu in the leachates were also similar and did
not exceed limit values for waste being accepted at landfills
(50 mg kg−1). The oxidisible Cu fraction was largest in the
spent sorbents (Fig. 2), corresponding to approximately 70%
of all the Cu.

Peat had a higher content of Zn compared with iron-peat
(Table 3). A higher concentration of Zn was also present in the
leachate from the iron-peat. It is possible that due to the Fe
coating in the iron-peat, the organic groups involved in the

Table 3 Total metal(loid) concentrations (mg kg−1) in the spent sorbents and hydrochars, and concentrations (mg kg−1) in the leachates (average ±
standard deviation, n = 3), and percentage of the total concentrations

Analytes Peat % P-hydrochar* % Iron-peat % IP-hydrochar* %

Total As
Leachate As

411 ± 52
29.4 ± 0.5

7.1 288 ± 145
13.1 ± 1.3

4.6 993 ± 50
0.53 ± 0.16

0.1 700 ± 31
41.5 ± 3.1

5.9

Total Cr
Leachate Cr

3673 ± 215
8.9 ± 0.1

0.2 3324 ± 183
0.01 ± 0.00

0.01 3821 ± 114
11.6 ± 0.2

0.3 3299 ± 112
0.01 ± 0.00

0.1

Total Cu
Leachate Cu

3697 ± 76
27.9 ± 0.6

0.8 3227 ± 72
111 ± 6

3.5 3795 ± 58
39.9 ± 0.5

1.1 3348 ± 135
135 ± 3

4.0

Total Fe
Leachate Fe

20,133 ± 1593
3.4 ± 0.2

0.02 14,965 ± 957
0.80 ± 0.01

0.01 63,295 ± 2659
38.5 ± 0.3

0.1 57,104 ± 6453
0.80 ± 0.01

0.01

Total Zn
Leachate Zn

3728 ± 92
6.9 ± 0.4

0.2 3493 ± 127
222 ± 6

6.4 2823 ± 69
32.2 ± 1.7

1.1 2802 ± 98
272 ± 1

9.7

*Sum of concentrations from different fractions

Table 4 pH, EC, and Eh in the leachates after the standardised batch
leaching test (average ± standard deviation, n = 3)

Analytes Peat P-hydrochar Iron-peat IP-hydrochar

pH 4.7 ± 0.1 5.6 ± 0.2 5.3 ± 0.1 5.6 ± 0.1

EC, μS cm−1 170 ± 11 810 ± 300 171 ± 32 690 ± 120

Redox, mV 250 ± 21 185 ± 2 280 ± 1 191 ± 1
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adsorption of Zn were blocked (occupied) by Fe ions (Brown
et al. 2000). Despite this, leaching of Zn from the iron-peat—
as well as from the peat—was low and did not exceed limits
for waste to be accepted at landfills for non-hazardous waste
(50 mg kg−1). Similar to Cu, the oxidisible fraction of Zn was
the largest, accounting for approximately 56% in both spent
sorbents (Fig. 2).

After HTC treatment, approximately 15% of the Cu and
25% of the Znwere transferred to the process liquid from peat,
and about 22% of Cu and 36% of Znwere transferred from the
iron-peat. The sequential extraction revealed that the
oxidisible fraction of Cu significantly decreased in the
hydrochars (Fig. 2). Oxidisible fraction of Zn almost disap-
peared. The exchangeable fractions of Cu and Zn increased
substantially. As a result, the concentrations of Cu in the
hydrochar leachates were up to four times higher than in the
spent sorbents leachates, and for Zn, this difference was up to
32 times. Divalent metals, such as Cu and Zn, usually form
outer sphere complexes by reacting with hydroxylic and car-
boxylic groups of organic matter (Brown et al. 2000;Manceau
and Matynia 2000). The FT-IR spectra (Fig. 1) revealed that
these organic groups were primarily targeted during the hy-
drolysis of organic matter and were released into the process
water. Due to the cleavage of easily oxygenated organic
groups, it is likely that Cu and Zn were released into the
process water either still bonded to low-molecular-weight
compounds, such as monomeric alcohols and carboxylic
acids, or as free ions that could later react with organic frag-
ments and remain in solution (Berge et al. 2011).

Treating spent sorbents

Landfilling waste with a high organic matter content can cause
undesirable production of landfill gases that contribute to the

greenhouse effect. Therefore, waste with more than 10% or-
ganic content is not accepted at European landfills. However,
when waste does not fulfil the criteria outlined in the Council
Decision 2003/33/EC (Annex II), and if there is no other via-
ble utilisation option, landfilling can be allowed if a special
permit is acquired. As well as with other wastes, leaching of
metal(loid)s might become a limiting factor for waste accep-
tance. In the case of spent peat and iron-peat sorbents, neither
could be accepted at landfills for hazardous waste. Leaching
of As exceeded the limit values for peat, and leaching of Cr
was above the limit in iron-peat. The spent sorbents would,
therefore, require treatment prior to landfilling.

One of the reasons for applying HTC is the possibility of
treating spent sorbents directly after contaminated water puri-
fication, while it is still wet. Additionally, carbonisation reac-
tions and defragmentation of organic matter have been shown
to improve the dewaterability of hydrochars (Libra et al.
2011). Although it was not evaluated in this study, such an
improvement would be important on an industrial scale. More
importantly, the potential to valorise hydrochar, as produced
from spent sorbents (i.e. waste material that needs manage-
ment), could be a notable improvement from the perspectives
of socio-economics and circular economies.

However, the results obtained in this study show that HTC
was ineffective at desorbing a sufficient proportion of metal(-
loid)s from spent sorbents to produce a clean hydrochar that
could be used as a soil amendment without environmental
risks. The treatment resulted in the process liquid and the
hydrochar both having high loads of Cu, Zn, and, in particular,
As. The leaching of As, Cu, and Zn from hydrochars was
increased significantly compared with the spent sorbents,
meaning that the hydrochars would not be accepted at landfills
for hazardous waste without pre-treatment. Given the high
caloric value of hydrochars, further management could be
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Fig. 2 Metal(loid) fractionation in the spent sorbents and hydrochars. Error bars represent the standard deviation of the mean (n = 3)
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implemented via combustion. Although thermal treatment of
As-rich waste is complicated because volatilisation of As can
start at temperatures as low as 320 °C (Helsen et al. 2003),
fabric filters and electrostatic precipitators (as are present in
modern waste incineration plants) can remove more than 99%
of particulate matter (Jones and Harrison 2016). Further man-
agement of the process liquid could also be implemented
through various metal(loid) chemical precipitation methods
(Fu and Wang 2011). Nevertheless, together these processes
imply higher management costs for spent sorbents, meaning
that direct combustion without HTC might be a better option.
This would lead to a significantly reduced volume andmass of
waste that needs to be managed.

In this study, the presence of As was a limiting factor
for the reuse of the hydrochar. Arsenic does not belong to
a group of essential microelements in soil, and applying
As-containing materials back into the environment is not
an option. Contrary to this, Cr, Cu, and Zn are essential
micronutrients, and in the case of their depletion in soil,
the development of plants might be disrupted. Therefore,
the notion of producing hydrochar from specially de-
signed spent sorbents should be further investigated.
This would open up the possibility of improving soil fer-
tility by simultaneously adding organic C and essential
micronutrients.

Conclusions

Peat-based spent sorbents underwent defragmentation of or-
ganic matter during HTC. Due to the cleavage of the easily
oxygenated bonds, concentrations of low-molecular-weight
fragments increased in the process liquid. Reducible fractions
of As, Cu, and Zn decreased, while exchangeable fractions
significantly increased in the obtained hydrochars.
Consequently, large fractions of As, Cu, and Zn were trans-
ferred from the solids into the process water. However, the
treatment was ineffective at desorbing a sufficient proportion
of metal(loid)s (As in particular) from the spent sorbents to
produce a clean hydrochar that could be used as a soil amend-
ment without environmental risks. Due to the treatment,
both process liquid and hydrochar became enriched with
metal(loid)s meaning that further treatment of these two
phases would be resource-demanding.

The leaching of As, Cu, and Zn from the hydrochars
was significantly increased compared with the spent sor-
bents, which meant that the hydrochars would be unac-
ceptable for disposal even in landfills designed for haz-
ardous wastes.

Based on our results, the application of HTC to treat peat-
based spent sorbents loaded with As, Cr, Cu, and Zn to pro-
duce a clean hydrochar for soil amelioration, or to ensure safe
landfilling, does not appear to be feasible.
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Abstract. Groundwater bearing multi-element contamination with arsenic (As), 
chromium (Cr), copper (Cu) and zinc (Zn) was treated with a sorbent prepared by 
coating iron (Fe) oxides onto peat. Arsenic has a limited market therefore; regeneration 
of the spent sorbent was/is not feasible. Meanwhile, landfilling of As-wastes can cause 
landfill leachate treatment problems, because under reducing conditions prevailing at 
landfills, As(V) is reduced to As(III) – a toxic and more mobile form. In this study, 
incineration was explored as a management option to treat spent sorbent, loaded not only 
with As but also with Cr, Cu and Zn. The first aim of the study was to evaluate leaching 
of these metal(loid)s from ashes and compare it with the leaching from the spent sorbents 
before the incineration. The second aim was to evaluate the leaching behaviour when 
spent sorbent was co-incinerated with a calcium (Ca)-rich lime. To achieve these aims, 
obtained ashes were subjected to leaching test, sequential extraction and X-Ray 
Diffraction (XRD) analysis. After the incineration, ash content ranged from 9% to 19% 
of the initial mass of the spent sorbents. Leaching of As, Cu and Zn was reduced as 
compared to spent sorbents before the thermal treatment due to high incineration 
temperatures and/or co-incineration with lime. However, leaching of Cr increased and 
it was hindering landfilling of the obtained ashes because the limit value for disposal at 
landfills for hazardous waste was exceeded by fifty times. Co- incineration a 10% lime 
additive decreased the leaching of Cr significantly due to formation of water-insoluble 
Ca-Cr compounds. 

Keywords: heavy metals, arsenic, lime, incineration, iron-coated peat, thermochemical 
equilibrium  

1. Introduction 

Increased concentrations of As in groundwater can occur via natural and anthropogenic 
ways. The natural sources are mainly geogenic. The anthropogenic ones include mining 
and smelting of As-rich materials, use of As-containing pesticides, wood preservation and 
glasswork, etc. Metals, like Cr, Cu or Zn often occur at elevated concentrations as co-
contaminants (Townsend et al., 2004). Transport of the contaminants in soil is influenced 
by various processes, such as diffusion, adsorption and precipitation. Downward 
movement of contaminated water and dispersion within an aquifer can spread 



contamination over a very wide area. Once the aquifer becomes contaminated, the 
purification is very complicated and sometimes not even possible (Boulding, 1995). Using 
contaminated groundwater is a health hazard for humans due to toxic effect and spread 
of diseases. Since, treatment of contaminated groundwater before it reaches deep-laying 
aquifer is of crucial importance, various biological/biochemical, chemical and physico-
chemical technologies can be applied for this purpose (Hashim et al., 2011; Mudhoo et 
al., 2012; Azimi et al., 2017) 

Adsorption is one of the well-established conventional methods used to remove 
metal(loid)s from contaminated water. A few examples of the sorbents with a high 
adsorption capacity are activated alumina, granular ferric hydroxide, iron (Fe) oxide 
coated sand, activated carbon, clay minerals, zeolites, etc. (Sarkar and Paul, 2016; Carolin 
et al., 2017; Uddin, 2017). However, due to different chemical characteristics, multi-
element contaminated waters usually require more than one single treatment to reduce 
the risk caused by all present contaminants. This have two important implications. Firstly, 
it leads to the generation of spent sorbents loaded with metal(loid)s. Given the increased 
health concerns related to the presence of As and metals in the drinking water, and due 
to more stringent regulations, it can be expected that even greater amounts of spent 
sorbents will be generated in the future. Today, there is a lack of appropriate management 
and disposal methods for waste loaded with metal(loid)s, and with As in particular. 
Secondly, production of highly efficient commercial sorbents, like activated carbon, silica 
gel, alumina, etc., requires usage of virgin materials, which can be unsustainable from the 
environmental point of view and costly. 

To tackle these issues, we combined two highly efficient sorbents, namely peat and Fe 
oxides, into one sorbent (iron-peat), which can simultaneously remove cationic (Cu, Zn) 
and anionic (As, Cr) contaminants from contaminated water (Kasiuliene et al., 2018; 
Kasiuliene et al., 2019a). Thus, the amount of the generated spent sorbent is lesser in 
comparison to amounts generated in the case when several sorbents would be used. 
Furthermore, both peat and Fe oxides were waste-based materials (by-products), which 
already needed management. Therefore, the return of these materials back to society 
could have a positive effect from the circular economy point of view as well as being 
cost-effective. The necessity to coat peat with Fe oxides in order to achieve simultaneous 
removal of several contaminants was proved by using only non-coated peat or only Fe 
oxides (coated on sand), which were then effective only for certain elements, but not for 
all the investigated elements (As, Cr, Cu, Zn) simultaneously. The efficiency of the iron-
peat was attributed to the increased Fe content, larger specific surface area and presence 
of organic matter (Kasiuliene et al., 2019a). 

After the sorbent is exhausted and it is not possible/feasible to regenerate/recycle it, then 
it becomes waste and requires management. A common practise to dispose of wastes-
loaded with As is landfilling. Arsenic has a very limited market and regeneration of this 
element is expensive and/or complicated. However, when oxidized wastes loaded with 
As are placed in reduced environment, such as landfill, release of As into landfill leachate 
can drastically increase due to reductive dissolution of Fe oxides and microbial activity 
(Ghosh et al., 2004; Kumpiene et al., 2009; Clancy et al., 2013). In the case of iron-peat, 
the spent sorbent couldn’t be disposed at landfills for hazardous waste because leaching 



of As and Cr exceeded limit values (Council Decision 2003/33/EC). Furthermore, when 
the leaching of metal(loid)s was tested under the reducing conditions, leaching of As was 
substantially higher (up to 40%) than that under the oxidising conditions. It was also 
determined that about one third of As(IV) was reduced to As(III). Although, leaching of 
Cu and Zn was less affected by the reducing environment, there was an indication that 
in the long-term perspective, elevated concentrations of these metals could be expected 
in the landfill leachate along with As (Kasiuliene et al., 2019a).  

Due to the fact that, peat has a high calorific value, thermal treatment could be a viable 
option to treat peat-based spent sorbents. In general, thermal treatment of waste plays a 
key role in modern waste management systems. It is a preferred alternative in solid waste 
management since landfilling is becoming more difficult due to high costs, diminishing 
land availability and, stricter regulations (Veli et al., 2008). Main thermal treatment 
methods include incineration, gasification and pyrolysis where energy is produced in a 
form of fuel, gas or power, and preferably from a “clean” biomass. Incineration of waste 
offers several advantages over traditional landfilling, such as hygienization, destruction of 
organic pollutants and reduction of solid waste after incineration (Lundholm et al., 2007). 
In the case of our spent sorbent, As could be concentrated in a relatively small body of 
ashes and disposed at a landfill (as well as removed from society). However, landfilling 
ashes, which contain high amounts of potentially leachable elements, without any pre-
treatment, could still pose environmental risk.  

Immobilisation is one of the conventional methods used to treat metal(loid)-
contaminated soils and among other immobilising agents, like phosphorus (P) 
compounds, Fe or manganese (Mn) oxides, materials rich in Ca are also being used (Bolan 
et al., 2014). As reported by Travar et al. (2015), formation of poorly soluble Ca-As 
minerals such as calcium arsenate, weilite and jahnbaumite were responsible for the 
immobilisation of As in the contaminated soil, where Ca-rich waste product derived from 
air pollution controller in an incinerator was added. In the same study, it was reported 
that addition of Ca had a slight mobilising effect on Cr and Cu. Lundholm et al. (2007) 
explored the potential to stabilize As, Cr and Cu while co-incinerating CCA-wood 
mixed with peat which had high content of Ca and aluminum (Al). It was reported that 
As and Cr forms refractory phases with Ca: Ca3(AsO4)2 and CaCrO3, CaCr2O4 
respectively. In the case of Cu, stable forms were obtained due to the increased content 
of Al, e.g. CuAl2O4. The overall conclusion was that, addition of Ca-rich peat has a 
potential to reduce volatilization of As and Cr during incineration (Lundholm et al., 
2007). 

The first aim of the study was to evaluate leaching of As, Cr, Cu and Zn from ashes and 
compare it with the leaching from the spent sorbents before the incineration. The second 
aim was to evaluate leaching of the same metal(loid)s when spent sorbent was co-
incinerated with a Ca-rich additive. To achieve these aims, obtained ashes were subjected 
to leaching test, sequential extraction and XRD analysis. Thermochemical equilibrium 
calculation (TECs) was used to interpret the experimental findings and understand which 
phases could have an effect on a long-term metal(loid) stability during the final deposition 
of the ashes.  



2. Materials and methods 

2.1. Spent sorbents 

Heat-treated peat: i) uncoated and ii) coated with ferric ferrous hydrosol, was used for a 
simultaneous adsorption of As, Cr, Cu and Zn from contaminated solution. Details about 
sorbent preparation and adsorption experiment can be found in Kasiuliene et al. (2019b). 
Briefly, the sorbents were mixed with metal(loid) solution at a liquid to solid (L/S) ratio 
of four and then dried out at room temperature. The solution containing 1 g L-1 of As 
and 4 g L-1 of Cr, Cu and Zn, was prepared by dissolving analytical grade chemicals, 
namely NaH2AsO4 (Honeywell Riedel-de Haen AG, 99%), K2Cr2O7 (VWR 
International, 99%), CuCl2·2H2O (Merck, 98%), and ZnCl2 (Merck, 98%) in 0.1 M 
KNO3 solution (Merck, 99%). Hereafter, the spent iron-peat sorbent is referred to as 
‘iron-peat’, spent peat sorbent is referred to as ‘peat’. Elemental composition of the spent 
sorbents was determined using inductively coupled plasma optical emission spectrometry 
(ICP-OES) (Optima 8300, Perkin-Elmer) after wet digestion with aqua regia in 
microwave oven (CEM Mars 5) at 190 °C. Batch leaching test (L/S=10) was carried out 
as described in the standard “Characterization of waste – Leaching Compliance test for 
leaching of granular waste materials and sludges” (SS-EN 12457-4). Total metal(loid) 
concentrations in the spent sorbents and the leached out concentrations are presented in 
Table 1.  

Table 1. Total metal(loid) concentrations (mg kg-1) in the spent sorbents and the leached out 
concentrations (mg kg-1) ± standard deviation of the mean, n=3 (Kasiuliene et al., 2019b) 

Sample As Cr Cu Fe Zn 
Peat, total 411±53 3673±215 3697±76 20133±1593 3728±92 
Peat, leach 29.4±0.5 8.9±0.1 27.9±0.6 3.4±0.2 6.9±0.4 
Iron-peat, total 993±50 3821±114 3795±58 63295±2659 2823±69 
Iron-peat, leach 0.53±0.16 11.6±0.2 39.9±0.5 38.5±0.3 272±1 

2.2. Addition of lime  

A liming by-product composed mainly of Ca carbonate (CaCO3) and Ca hydroxide 
(Ca(OH)2) was added to iron-peat prior the incineration experiment. The by-product 
derives while producing pulp for paper industry (Mewab, Sweden). The lime was dried 
at 105 °C and crushed with mortar to obtain a homogenous powder. Then based on the 
dry weight of the iron-peat (Kasiuliene et al., 2019b), 10% of lime was mixed into the 
spent iron-peat. Hereafter, the mixture of iron-peat with lime is referred to as ‘IP-lime’. 
Elemental composition analysis and leaching test were performed with IP-lime following 
the same procedures as for the spent sorbents. pH of the lime was measured in a water 
suspension at a 1v:1v ratio. 

2.3. Incineration  

Spent sorbents were incinerated in a high temperature furnace (Entech Energiteknik AB, 
Sweden) at two temperatures: 850 °C and 1100 °C. Such temperatures are defined in the 
Directive on the incineration of waste (Directive 2000/76/EC) for non-hazardous and 



hazardous waste, respectively. Known amounts of sample were placed into alumina 
crucibles and then heated up to target temperature at a heating rate of 10 °C min-1; 
dwelling time was half an hour. After cooling, ash content was determined 
gravimetrically. Ashes were kept in glass jars until further analysis. Ashes obtained after 
incineration of spent peat, iron-peat and IP-lime at 850 °C are referred to as ‘peat 850’, 
iron-peat 850’, and ‘IP-lime 850’. Ashes obtained after incineration at 1100 °C are 
referred respectively. 

2.4. Thermal properties of the spent sorbents 

Prior incineration, calorific value of the spent sorbents including the mixture with lime 
was determined using a combustion calorimeter (IKA C 200).  

Thermogravimetric (TG) analysis  was carried out on Netzsch thermal analysis STA 409 
instrument with simultaneous TG measurement with sensitivity ±1 μg (TGA), coupled 
with differential thermal analysis (DTA). The analyses were performed using alumina 
crucibles under synthetic air atmosphere. The sample was heated from room temperature 
up to 1100 °C with a heating rate of 10 °C min-1. Thereafter, an isothermal stage was 
kept for 20 min. A constant flow rate of 200 ml min-1of synthetic air was used during the 
analyses. 

2.5. Characterization of ashes 

Metal(loid) leaching from ashes was determined after the batch leaching test at L/S=10 
(SS-EN 12457-4). Obtained values were compared with the leaching limit values 
applicable for the acceptance of waste at landfills (Council Decision 2003/33/EC). 

Total metal(loid) concentrations were determined after four acid-extraction at the 
accredited laboratory (ALS Scandinavia).   

X-Ray Diffraction analysis was performed in Helmholtz Institute Freiberg (HIF), 
Germany. Ash samples were wet milled with ethanol to reach a grain size of about 4 µm. 
Measurements were done with a PANalytical Empyrean diffractometer (Malvern 
PANalytical, Kassel, Germany) equipped with a Co-tube (λ = 1.789 Å), a Fe filter, 
automatic divergence slit to provide constant irradiated area on the sample (12 x 15 mm²) 
and a PIXcel 3Dmedipix area detector. Samples were measured in the 2θ range of 5-80°. 
The system was operated at 35 kV and 35 mA. The NIST standard 660 C was prepared 
and measured in the same manner (except for the milling). For qualitative phase analysis 
the High Score Plus software and ICDD (International Centre of Diffraction Data) PDF-
4 (2019) database were used. For quantitative phase analysis, the Rietveld method was 
employed using SiroQuant. 

  



A sequential extraction procedure adopted from Tessier et al. (1979), where the first step 
was modified after Bódog et al. (1996), was applied to the spent sorbents and the ashes. 
Briefly, the exchangeable fraction (I) was obtained after extraction for 16 h with 1.0 M 
ammonium acetate (VWR International, 98.6%) solution at pH 6.5; the acid-soluble 
fraction (II) was obtained after extraction for 5 h with 1.0 M sodium acetate (Merck, 
99%) solution at pH 5.0; Fe-Mn oxide fraction (III) was obtained after a 6 h extraction 
with hydroxyl-ammonium chloride (Merck, 99%) solution at pH 2 in a heated water 
bath at 96 °C; the oxidisible fraction (IV) was obtained after 1 h extraction with hydrogen 
peroxide (Merck, 35%) in a heated water bath at 85 °C. The sequential extraction was 
finished by extracting the residual fraction (V) with aqua regia at 190 °C for 10 min. The 
extractions were performed in triplicate and the extracts were filtered through 0.45-μm 
nitrocellulose filters, acidified (except the residual fraction), and analysed with ICP-OES. 

2.6. Thermochemical equilibrium calculation  

The TECs were carried out using the i) FToxid database, which contains molten oxide- 
and solid oxide solutions, and ii) the FactPS database, which includes thermodynamic 
data for pure-stoichiometric gas and solid phases.  

Elemental composition of the spent sorbents and the ashes was used as input. Elements, 
considered important for TECs were: silica (Si), aluminium (Al), Ca, Fe, potassium (K), 
As, Cr, Cu, and Zn. Concentrations of carbon (C), hydrogen (H), nitrogen (N), oxygen 
(O) and sulphur (S), obtained during the ultimate analysis on the spent sorbents 
(Kasiuliene et al., 2019b) were used to simulate a gaseous environment under the typical 
oxidizing conditions at incineration facilities.  

3. Results and discussion 

3.1. Waste volume reduction 

Ash content after incinerating peat, iron-peat and IP-
lime at 850 °C and 1100°C is presented in Fig. 1. 
Table 2 presents average total concentrations of As, 
Cr, Cu, Fe and Zn in the ashes. Incinerating spent 
sorbents at higher temperatures resulted in a lower ash 
content. Thus, higher content of As, Cr, Cu and Zn 
was concentrated in a smaller waste body. The 
obtained ash content ranged from about 9% to 19%. 
Addition of inorganic compounds (Fe oxides and 
lime) decreased the calorific value of the spent 
sorbents (i.e. fuel) and increased the ash content. Peat 
without any modifications had a calorific value of 
19.7±1.2 MJ kg-1, which decreased to 18.8±0.8 MJ kg-

1 when peat was coated with Fe oxides, and decreased 
even further to 17.31±2.1 MJ kg-1 when lime was 
mixed in.  

Fig. 1. Ash content of 
incinerated spent sorbents. 
Error bars represent standard 
deviation of the mean, n=14 



Determined calorific values of the spent sorbents were within the range of calorific values 
typical for peat (13.6-25.4 MJ kg-1)(Lehtovaara and Salonen, 2012). Although in this 
study, incineration of spent sorbents was sough as a way to reduce waste volume, waste-
to-energy technology should also be explored because it not only provides renewable 
source of energy, but also utilizes potential of recycling solid wastes (preferably with a 
high organic content) (Kothari et al., 2010). In this study, both peat and ferric ferrous 
hydrosol (for the coating of peat) were waste-based materials. In addition to that, lime, 
which was used to reduce leaching of contaminants from ashes, was also an industrial 
residue. Therefore, process where waste-based materials were utilised to clean out a 
contaminated water, followed by co-incineration of several waste materials at the same 
time is very advantageous from the circular economy- and from the environmental point 
of views. 

Table 2. Total metal(loid) concentrations (g kg-1) in ashes ± standard deviation of the mean, 
n = 3 

Sample As Cr Cu Fe Zn 
Peat 850 4.9±0.3 29.9±1.0 34.3±2.1 115±5 24.3±0.8 
Peat 1100 5.9±0.2 35.3±0.9 35.9±0.7 91±3 25.3±0.6 
Iron-peat 850 5.6±0.3 23.4±1.1 25.1±1.1 109±1 15.9±0.7 
Iron-peat 1100 6.2±0.2 25.4±0.5 26.3±0.1 93±1 17.9±0.7 
IP-lime 850 3.1±0.1 17.5±1.6 21.3±1.2 122±9 14.7±1.2 
IP-lime 1100 3.8±0.2 18.6±1.5 18.9±0.8 132±7 14.4±0.9 

3.2. Metal(loid) leaching from ashes 

It is stated in the literature (e.g. Lundholm, 2007), that incineration of As-containing-
wastes is not desired due to low volatilisation temperature of As. Volatilisation of pure 
As2O5 can start at about 600 °C, whereas much lower volatilisation temperature was 
reported (320 °C) when a mixture of As2O5 with sawdust started to smoulder. In addition 
to that, Zn also belongs to a group of semi-volatile elements, which usually are depleted 
in bottom ash and enriched in fly ash (Lundholm, 2007). However, TG analysis, 
performed in this study, showed that volatile substances containing metal(loid)s did not 
evolve during the incineration. It is likely that the metal(loid) content present in the spent 
sorbents was too low for substantial metal(loid)-gas formation. Therefore, it was assumed 
that the entire content of As, Cr, Cu and Zn was present solely in ashes. However, it was 
not possible to explain what have caused losses of Fe during incineration of peat and iron-
peat at 1100 °C; the concentration was higher in ashes obtained at 850 °C. 

Figure 2 presents As, Cr, Cu and Zn concentrations in the leachates from ashes after the 
standardized batch leaching test at L/S=10. The latter test is also a compliance test, which 
confirms type of landfill where the waste could be disposed of. Based on contaminant 
concentrations detected in leachate, waste can be deposited at landfills for i) inert, ii) non-
hazardous, and iii) hazardous wastes. In previous studies (Kasiuliene, 2019a; Kasiuliene, 
2019b), it was concluded that spent peat and iron-peat cannot be landfilled at landfills for 
hazardous waste. Leaching of As, which intensified manifold under reducing conditions, 
was one of the main factors hindering the landfilling.  



Leaching limit values that apply for waste acceptable at landfills for hazardous waste are 
as follow: 25 mg kg-1 of As, 70 mg kg-1 of Cr, 100 mg kg-1 of Cu and 200 mg kg-1 of Zn 
(Council Decision 2003/33/EC).  

As shown in the Fig. 2, leaching of As from ashes in all cases was below the limit value. 
Incinerating spent sorbents at higher temperature slightly reduced the leaching of As from 
ashes, but addition of lime had a substantially higher effect. Leaching of As from IP-lime 
ashes was by 30 times lesser as compared to the leaching from iron-peat ashes.  

Concentration of Cu in the leachates was about 1 mg kg-1, which corresponded to 1% 
of the limit value. Incineration of spent sorbents at different temperatures as well as 
addition of lime did not have a significant effect on the leaching of Cu. 

Leaching of Zn was also below the limit value. But because Zn is usually more water-
soluble than Cu (Kabata-Pendias, 2011), incinerating spent sorbents at higher 
temperature reduced leaching of Zn from ashes about two times as compared to leaching 
from ashes obtained at lower incineration temperature. Co-incineration with lime 
reduced leaching of Zn from IP-lime ashes by three times as compared to iron-peat ashes. 

Among the analysed metal(loid)s, Cr exhibited the most intensive leaching from the ashes 
of the spent sorbents. Concentration of Cr in leachate from peat 850 ashes was almost 50 
times above the limit value. Although, leaching of Cr from ashes was significantly reduced 
by higher incineration temperatures, it was still exceeding the limit value several times. 
At the given experimental conditions, leaching of Cr was reduced below the leaching 
limit value by co-incinerating spent sorbent with lime. 

In all cases addition of lime together with higher incineration temperature had positive 
synergistic effect on metal(loid) stability in the ashes. It is likely that increased addition of 
lime would decrease the leaching of As and Cr from ashes even further. However, at the 
given experimental conditions, co-incineration of spent sorbents with 10% lime additive 
increased the ash content by 6-7% as compared to the ash content without lime 
treatment. Therefore, increased utilisation of lime should be taken with caution, because 
it might result into high loads of ashes, resulting from the inorganic lime. In addition to 
that, facilities for incinerating hazardous waste at 1100 °C are less abundant in Sweden 
and in Europe. Therefore, transportation prices would increase the overall treatment 
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Fig. 2. Average metal(loid) concentrations in ash leachates. Error bars represent standard 
deviation of the mean, n=3 



price and would have a negative effect on environment. For this reason, a compromise 
between slightly increased incineration efficiency, treatment costs and impact on 
environment needs to be carefully considered.  

3.3. Metal(loid) distribution in ashes 

Figure 3 presents distribution of metal(loids) in different fractions found in ashes. It was 
anticipated that fractionation of As, Cr, Cu and Zn will be in line with the results from 
the standardized batch leaching. However, this was true in the case of Cr, Cu and Zn, 
but not for As. The main trend for Cr and Zn was that in ashes obtained at higher 
temperature, exchangeable fraction was smaller, while the residual fraction was larger as 
compared to the ashes obtained at lower temperature. Decrease in exchangeable (water-
soluble) fraction explains why Cr and Zn leached out less from ashes obtained at 1100 
°C during the standardized batch leaching test. Exchangeable fraction of Cu in all cases 
corresponded to less than 5%, thus leaching of Cu during the batch leaching test was 
negligible. Contrary to Cr and Zn, fractionation of As was contradictory to the results 
from the batch leaching test. Ashes obtained at lower incineration temperature in all cases 
had smaller fraction of the exchangeable fraction, whereas the residual fraction was always 
larger as compared to ashes, obtained at higher temperature. Although, in the 
standardized batch leaching test, significantly less As leached out from ashes obtained at 
1100 °C. Thermochemical equilibrium calculations (Supplementary fig. A1) revealed 
that at temperatures below 650 °, As was mostly found in complexes with Ca, whereas 
K-As complexes became dominant with the increasing temperature. However, sequential 
extraction analysis indicated that As was associated with Ca after incineration of spent 
peat and iron-peat at 850 °C. As expected, when the incineration temperature increased 
to 1100 °C, K-As complexes were formed. Because Ca-As are less soluble than K-As 
(Rochette et al., 1998; ), smaller fraction of the exchangeable- and larger fraction of the 
residual As was found in the ashes obtained at lower temperatures. This is in line with 
the fractionation of Ca determined by sequential extraction (Fig. 3). Ashes obtained at 
higher temperature had slightly larger fraction of the exchangeable Ca and larger residual 
fraction. In addition to that, the Fe-Mn oxide fraction of Ca was also larger in ashes 
obtained at 850 °C as compared to ashes obtained at 1100 °C. Despite all this, presence 
of Ca-As were not detected during the XRD analysis, most likely because Ca-As 
appeared to be in an amorphous phase rather than crystalline. In peat and iron-peat ashes, 
the amorphous phase ranged between 16-31% (Supplementary fig. B1-B4). The 
amorphous phase was slightly lower in ashes obtained at higher temperature.  

In Kasiuliene et al. (2018) it was reported, that in the spent iron-peat sorbent, As was 
adsorbed mainly onto ferrihydrite, but in this study, the XRD analysis showed that 
hematite was the dominant Fe-bearing mineral in ashes (Supplementary fig. B1-B4). 
Therefore it is probable that upon Fe oxide transformation from ferrihydrite to hematite, 
a share of As was disassociated from hematite and together with Ca went to the 
amorphous phase. It was shown in Zhu et al., (2006), that solubility of Ca-As is pH-
dependant and the least soluble compounds forms at pH values ranging between 11 and 
13. In addition to that, it was shown that Ca-As compounds that precipitated under low 
pH (3-5) had more of a crystalline structure as compared to Ca-As compounds obtained 
at higher pH. This is in in line with our study as it was not possible to detect crystalline 
Ca-As structures during the XRD analysis. Furthermore, since the solubility of Ca-As is 



low under high pH values, it explains the low leaching of As during the standardized 
batch leaching test, because pH in the leachates for all samples was ranging between 10 
and 11. While the association of As with either K or Ca was compatible with the 
enhanced As extraction in the exchangeable fraction, ammonium acetate solution at 
much lower pH environment (6.5).  
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In the IP-lime ashes, Ca was mainly found in the Fe-Mn fraction. The TECs indicated 
a gradual increase of Ca2Fe2O5 formation upon increase of CaO in the system 
(Supplementary fig. A2). This was confirmed by XRD since Ca2Fe2O5 corresponded to 
42-55% in the IP-lime ashes in the difractogram (Supplementary fig. B5, B6). Very likely, 
that Ca incorporation into the Fe oxide structure altered the interaction between As and 
Fe, promoting the mobilisation of As. This was confirmed by sequential extraction (Fig. 
3), where As, found in the Fe-Mn oxide fraction (III) present in IP-lime prior 
incineration, disappeared from the IP-lime ashes. Instead the exchangeable fraction of As 
increased. On the other hand, the amorphous phase in the IP-lime ashes increased (up to 
43%) as compared to iron-peat ashes, which was poorly water-soluble at pH value of 
about 12, present during the standardized batch leaching test.  

Sequential extraction (Fig. 3) revealed that Cr in the spent sorbents was mostly bound to 
organic fraction, which became oxidized during incineration, thus a large fraction of Cr 
became water-soluble. Thermochemical equilibrium calculations showed, that water 
soluble K-Cr oxides were dominant at temperatures below 800-900 °C (Supplementary 
fig. A3). As the temperature continued increasing, melt fraction associated with Cr 
increased as well as formation of corundum (Supplementary fig. A4). For this reason, Cr 
was leaching less from ashes obtained at higher temperature. Because of the increased 
CaO content, corundum was no longer detectable in IP-lime ashes. Instead, TECs 
predicted that Cr was mostly found in the form of water-insoluble CaCr2O4 spinel 
(Supplementary fig. A5), which was in line with the substantially reduced leaching of Cr 
during the standardized batch leaching test. 

Sequential extraction showed (Fig. 3) that in peat and iron-peat ashes, despite the 
incineration temperature, almost all Zn was found in the residual fraction. However, 
more substantial differences were observed in the Zn leaching from ashes during the 
leaching test. Zinc was leaching more from ashes obtained at lower temperature, while 
the exchangeable fraction of Zn during the sequential extraction was very small. It is 
likely, that pH<6 prevalent during the sequential extraction hindered extraction of I-IV 
fractions of Zn. During the batch leaching test, higher pH (around 11) resulted into 
higher mobility of Zn. Co-incineration with lime decreased leaching of Zn from the IP-
lime ashes, due to formation of i) slag, and ii) water-insoluble spinel compounds with Fe 
(Supplementary fig. A1).  

Behaviour of Cu was very similar to that of Zn. As predicted by TECs, formation of slag 
and spinel compound with Fe (Supplementary fig. A1), were responsible for stabilisation 
of Cu in ashes and very weak leaching during the standardized batch leaching test. 

In summary, As was associated with ferrihydrite before the incineration and as it was 
transformed to hematite upon the increasing temperatures, As became associated with Ca 
in the poorly water-soluble amorphous phase, which then explained low leaching of As 
during the standardized batch leaching test. Formation of water-insoluble spinel of 
CaCr2O4 resulted into decreased leaching of Cr when iron-peat was co-incinerated with 
lime. In the case of Cu and Zn the formation slag and spinel with Fe resulted into a weak 
leaching from ashes. 

 



4. Conclusions 

Leaching of As from IP-lime ashes was by 30 times lesser as compared to the leaching 
from iron-peat ashes. Although leaching of Cu and Zn from spent sorbents was already 
below the limits for waste acceptable at landfills for hazardous waste, after incineration 
the leached out concentrations decreased even further. Leaching of Cr from ashes was 
manifold higher as compared to spent sorbents and was exceeding limit values by 50 
times. The increased leaching occurred because in spent sorbents a large fraction of Cr 
was associated with an oxidisible fraction followed by an immense transformation into 
exchangeable Cr during incineration.  

Addition of Ca-rich lime additive decreased leaching of all the investigated metal(loid)s, 
but the highest effect was observed in the case of Cr. Due to formation of water-insoluble 
spinel of CaCr2O4 it was possible to reduce leaching of Cr below limit values for waste 
to be accepted at landfills for hazardous waste.  

Through incineration, it was possible to achieve a major waste volume reduction. Ash 
content after the incineration was 9%-19%. Although the addition of lime decreased 
metal(loid) leaching from ashes, co-incineration with a higher portion of lime should be 
carefully considered, as it would increase the ash content. 
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Supplementary material  

Leaching of metal(loid)s from ashes of spent sorbent and stabilization effect of calcium-rich additive 

 

 

Fig. A1. Distribution of As (top left), Cr (top right), Cu (bottom left) and Zn (bottom right) 
in peat ashes as predicted by the thermochemical equilibrium calculations (TECs) within the 
temperature range of 500-1200 °C 



 

Fig. A2. Distribution of Ca with increasing addition of CaO to spent peat sorbent at 850 °C 

 

Fig. A3. Distribution of Cr with increasing addition of Fe oxides to spent peat sorbent 850 °C 



 

Fig. A4. Distribution of Cr with increasing addition of Fe oxides to spent peat sorbent 1100 °C 

 

Fig. A5. Distribution of Cr with increasing addition of CaO to spent peat sorbent 1100 °C 



 

Fig. B1. XRD spectra of peat ashes obtained at 850 °C 

 

Fig. B2. XRD spectra of peat ashes obtained at 1100 °C 



 

Fig. B3. XRD spectra of iron-peat ashes obtained at 850 °C 

 

Fig. B4. XRD spectra of iron-peat ashes obtained at 1100 °C 



 

Fig. B5. XRD spectra of IP-lime ashes obtained at 850 °C 

 

Fig. B6. XRD spectra of IP-lime ashes obtained at 1100 °C 



 



 


