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Abstract 

The main objective of the present thesis was to evaluate the efficiency of 

various soil amendments intended for metal(loid) immobilisation in 

contaminated soils.  The two main studied materials, biochar (BC) and nano 

zero-valent iron (nZVI), were investigated individually or combined, modified, 

and originated from alternative sources. Although their metal(loid) retention 

efficiency has been well-established in laboratory solutions, knowledge gaps 

regarding their behaviour under various environmental conditions remained. 

Therefore, one of the aims of the current work was to answer questions about 

metal(loid) immobilisation efficiency and material functionality changes under 

relevant environmental conditions, i.e. different moisture content, flood, 

changing redox conditions, and increasing time. Keeping up with the current 

research trend concerning sustainability and circular economy, waste-derived 

amendments were also included in the presented experiments. Firstly, the 

efficiency of BC, nZVI, and a mixture of the two for the immobilisation of Zn, 

Pb, and Cd in contaminated soil was assessed under 60 and 100% of soil’s 

water holding capacity. Then, BC, nZVI and an nZVI-BC composite, were 

incubated from 1 up to 15 months in contaminated soil and their efficiency for 

Zn, Pb, Cd, and As retention over time was investigated. From these studies it 

occurred that nZVI was efficient for rapid but rather short-term immobilisation 

of Pb and As while BC seemed to be capable for long-term immobilisation of 

Zn and Cd along with soil pH retention. The promising behaviour of BC and the 

need for more sustainable remediation solutions lead to the use of sewage 

sludge as the source material for amendment production (sludgechar). Five 

sludgechars with variable compositions were pyrolysed and tested for their 

removal efficiency towards Cd, Co, Cu, Ni, Pb, Zn, As, Cr and Sb. Upon their 

efficiency for metal removal, the sludgechars were applied in five contrasting 

soils with different level and origin of contamination, variable soil use and 

properties. It was concluded that the efficiency of the studied sludgechars 

depends on all these factors. Redox fluctuations which typically occur in the 

field during flood events were simulated in the laboratory scale to investigate 

the amendment efficiency and metal(loid) mobility under such conditions. Our 

preliminary results highlight the effect of Eh and pH as the main factors 

controlling metal(loid) mobility followed by amendment efficiency. The 

presence of Fe and Mn oxides was considered as the most important 

immobilisation mechanism in all of the presented studies. 



 
 

Abstrakt 

Hlavním cílem této práce bylo zhodnotit účinnost různých půdních ošetření 

zaměřených na imobilizaci kovů/metaloidů v kontaminovaných půdách. Dva 

stěžejní studované materiály, biochar (BC) a nanočástice nulamocného železa 

(nZVI), byly zkoumány samostatně nebo v kombinaci, v modifikované verzi či 

za použití odlišných materiálových zdrojů. Ačkoliv se tyto materiály úspěšně 

osvědčily pro retenci kovů/metaloidů v laboratorních podmínkách, jejich 

chování v různých podmínkách životního prostředí nebylo doposud dostatečně 

prozkoumáno. Jedním z cílů této práce bylo tedy odpovědět na otázky týkající 

se účinnosti imobilizace kovů/metaloidů a změn ve funkčnosti materiálů v 

rozdílných podmínkách prostředí, tj. v závislosti na odlišném obsahu vlhkosti, 

zaplavení, redoxních podmínkách a v závislosti na čase. V souladu se 

současným trendem výzkumu v oblasti udržitelnosti a oběhového hospodářství 

byly do experimentů zahrnuty také materiály vyprodukované z odpadu. Nejprve 

byla vyhodnocena účinnost BC, nZVI a kombinace těchto dvou materiálů pro 

imobilizaci Zn, Pb a Cd v kontaminované půdě za stavu 60% a 100% maximální 

retenční vodní kapacity půdy. Následně byly BC, nZVI a kompozit nZVI-BC 

inkubovány po dobu 1 až 15 měsíců v kontaminované půdě, přičemž byla 

zkoumána jejich účinnost pro záchyt Zn, Pb, Cd a As v průběhu času. Z těchto 

studií vyplynulo, že nZVI je účinné pro rychlou, nicméně spíše krátkodobou 

imobilizaci Pb a As, zatímco BC se zdá být schopen dlouhodobě imobilizovat Zn 

a Cd a zároveň udržet pH půdy. Slibné chování BC a nezbytnost aplikovat nová 

remediační opatření z hlediska udržitelného rozvoje vedla k použití čistírenských 

kalů jako vstupního materiálu pro výrobu materiálu zde nazvaného sludgechar. 

Pět sludgecharů s odlišným složením bylo pyrolyzováno a testováno pro jejich 

účinnost v odstraňovaní Cd, Co, Cu, Ni, Pb, Zn, As, Cr a Sb. Na základě toho 

byly sludgechary aplikovány do pěti odlišných půd s různým původem a 

množstvím kontaminace, rozdílným využitím půdy a odlišnými vlastnostmi. 

Z výsledků vyplynulo, že účinnost studovaných kalů závisí na všech těchto 

faktorech. Dále byly simulovány výkyvy redoxního potenciálu v laboratorním 

měřítku, které v terénu typicky nastávají během povodní, se záměrem zjistit 

mobilitu kovů/metaloidů za těchto podmínek v závislosti na použitém materiálu. 

Naše předběžné výsledky zdůrazňují vliv Eh a pH jakožto hlavních činitelů 

ovlivňujících mobilitu prvků, která je dále ovlivněna i samotnou účinností 

jednotlivých materiálů. Přítomnost oxidů Fe a Mn byla ve všech prezentovaných 

studiích považována za nejdůležitější imobilizační mechanismus.   
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Problem outline 

Soil pollution is currently a major topic of global concern with multiple 

implications; 15 (!) out of the 17 sustainable development goals set by the 

United Nations to be achieved by 2030 are hindered by soil pollution. Possibly 

the biggest challenge when dealing with polluted soils is to manage 

contaminants that do not degrade but persistently stay in the environment 

while translocating. This is the case of inorganic contaminants, i.e. metals and 

metalloids. For this reason, immobilisation is a promising method to tackle 

metal(loid) pollution in soils. Materials which are analogues of compounds that 

naturally occur in the soils (e.g. Fe oxides and carbon-based sorbents) with 

known efficiency of scavenging risk metal(loid)s have already been used for 

soil remediation with encouraging results. However, questions regarding the 

behaviour of such materials in the long-term and under variable environmental 

conditions still remain and served as the motivation for the research presented 

in the current PhD thesis. 
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1.1. Metals and metalloids in the environment 

Metals have been so important for the human kind that certain eras are named 

after them, i.e. Copper Age (3500 – 2300 BCE), Bronze Age (3300 – 1200 BCE), 

Iron Age (1200 – 550 BCE). Gold and silver have been used as early as the 

Copper Age while mixing of Cu and Sn to create an alloy (known as bronze) 

led to the beginning of the Bronze Age. In total, eight metals (Cu, Au, Ag, Fe, 

Sn, Pb, Zn and Hg) are believed to have been utilised by ancient civilisations. 

Impressively, knowledge regarding the toxicity of metals already existed in the 

ancient times when Hippocrates described the symptoms of Pb poisoning 

(Murr, 2015).   

Metals and metalloids are naturally occurring in the environment in variable 

concentrations among the different geographical regions. Some of the 

metal(loid)s are essential for living organisms as micronutrients (B, Co, Cr, Cu, 

Fe, I, Mn, Mo, Se, and Zn) while others have no biological functions and thus 

considered toxic (As, Cd, Pb, and Hg) (Alloway, 2013). However, even the 

elements of the first group can be toxic if present in higher concentrations than 

needed. Therefore, they are called potentially toxic or risk elements. 

Potentially toxic elements exist in the earth crust and may be released into the 

environment when bedrock weathering takes place. This is a source of natural 

contamination. However, risk elements existing in the bedrock are mostly 

unavailable to biota and their release into environment is a timely geological 

procedure. On the contrary, metal(loid) release due to anthropogenic 

activities is higher, and metal(loid)s are more available, and therefore more 

toxic (Adriano, 2001). Atmospheric pollution is mainly owed to combustion 

processes and smelting but also natural sources such as volcanic eruptions 

share a part of the blame. Water pollution has its origins in mining, 

manufacturing, and municipal wastewater disposal. Although risk elements 

settle in the sediments after entering the aquatic ecosystems, volatilisation 

keeps some of them to the surface where they can evaporate. In addition, 

water cycling promotes the translocation of risk elements. Eventually, 

contaminants both from airborne and aquatic origin, are ending up in the soil 

(Kabata-Pendias, 2011). In total, the presence of risk metal(loid)s in soils has 

an impact on the environment and human health especially because the risk 

elements accumulate and eventually being transferred in the food chain. 

Metal(loid) toxicity has severe impacts on all living organisms because it 
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interferes with most metabolic and physiological processes. Some of the effects 

of toxic metal(loid)s on living organisms are mentioned later in this section. 

However, it is important to mention here that the total load of risk elements 

present in the soil is not an environmental hazard per se, but it depends on the 

actual availability of a risk element. 

1.1.1 Metal(loid) availability and speciation  

According to EPA (2007), the (environmental) availability refers to the total 

amount of a risk element available for physical, chemical and biological 

processes while bioavailability is the level of absorption of a bioaccessible 

metal into, onto or across the biological membranes of an organism. 

Bioaccessible are the amounts of available metal(loid)s that actually interact 

with an organism (EPA, 2007). Understanding the differences between total 

and bioavailable concentrations is of particular importance to effectively 

address metal(loid) contamination risks. Ultimately, what defines the fate, 

mobility, bioavailability, and toxicity of metal(loid)s in the environment is their 

speciation (Alloway, 2013). For instance, organic As and especially 

arsenobetaine is not considered carcinogenic to humans, while inorganic 

species such as trivalent and pentavalent As are (IARC, 2012). The term 

speciation is used to describe the amounts and kinds of the different forms in 

which an element exists. Different forms of the same element might have a 

completely different toxicity impact. In the solid state, the term “fractionation” 

(or “solid speciation”) describes the different forms or solid phase group in 

which a metal(loid) occurs, while in the dissolved state it is called “solution 

speciation” (Young, 2013). Three forms of metal(loid)s can be summarised 

based on their involvement in soil interactions: 1) inert metal(loid)s which 

interact in long periods (of years) usually by mineral weathering, organic 

decomposition or redox changes, 2) non-labile metal(loid)s that are bound 

strongly but not irreversibly to soil constituents and interacting slowly (in days 

to months), and 3) labile metal(loid)s which may interact instantly and 

reversibly with soil components being susceptible to changes in solution 

equilibrium (Young, 2013). The last form is the most crucial because the 

partitioning of a metal(loid) between the solid and solution phases is crucial for 

its bioavailability and mobility in soils (Rieuwerts et al., 1998).  
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1.1.2 Factors affecting metal(loid) availability and speciation in soils 

As it appears from the previous section, metal(loid) availability is key to 

estimating the toxicity of metal(loid)s in soil. Few factors can influence the 

availability and mobility of metal(loid)s in soil with pH being the most impactful. 

The main effect once pH rises is that the surface charge on sorption sites (e.g. 

soil Fe oxides) becomes more negative, thus promoting the adsorption of 

cationic metals. The competition for adsorption sites between metal cations 

and for H+ will decrease as there will be less H+ in the less acidic conditions. In 

addition, changes in metal(loid) speciation may occur due to the new formation 

of metal complexes and OH-, which can be less soluble (Young, 2013). On the 

other hand, the opposite effect is expected for metal(loid) anions: increased 

pH values, result in a decrease of positively charged soil surfaces to which 

metal(loid) anions are bound (e.g. Beesley et al., 2015). In addition, 

competition of OH- with metal(loid)s for sorption sites and the prevailing 

negative surface charges provoke anion release in the soil solution 

(Kumarathilaka et al., 2018). 

Although the redox potential (Eh) received less research attention than pH 

in the past, it is in fact one of the factors governing the pH and consequently 

metal(loid) availability in soils (Husson, 2013). The redox potential is a 

measurement of the tendency of a chemical species to be reduced (gain 

electrons) or oxidised (lose electrons). A typical example of redox fluctuation is 

soil flooding which impedes oxygen diffusion causing anaerobic conditions and 

thus causes Eh values to decrease (Frohne et al., 2011; Rinklebe et al., 2016 

and references therein). Subsequently, pH values increase in acidic soils due to 

the consumption of H+ by most reduction reactions (negative Eh-pH correlation) 

and the opposite phenomenon occurs when soil re-drying follows (Young, 

2013). In terms of metal(loid) availability in the environment, redox plays a key 

role by affecting metal(loid) speciation. In the case of As, which is a redox 

sensitive element, its speciation is key to its toxicity: under oxidising conditions 

and pH<2, the H3AsO4 form is the main As species and at higher pH values 

H2AsO-
4 and HAsO2-

4 prevail. In reduced conditions, H3AsO3 is the main form 

and is converted into H2AsO-
3 at lower pH and HAsO2-

3 at higher pH (>12) 

(Kumarathilaka et al., 2018). As presented in Fig. 1.1, water safety with regards 

to As content, is strongly influenced by As speciation. Overall, As3+ species are 

more toxic than As5+ and anions such as AsO2-, AsO4
3-, and H2AsO-

4 are the 
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most mobile in soils (Kabata-Pendias, 2011). In general, the availability of 

redox-sensitive elements in the environment is highly dependent on their redox 

state (Rinklebe, 2020). 

Figure: 1.1: Eh-pH diagram of As speciation in As-Fe-S-water system. ΣAs = 37.5 mg/L, mole 

ratio Fe/As =10. Blue part (<0.01 ppm of soluble As) represents the limit of As in potable water 

according to WHO (2022). Image reproduced from Huang (2016) under the licence CC BY 4.0 

(https://creativecommons.org/licenses/by/4.0/).  

Besides these major soil properties, soil components such as Fe/Mn oxides, 

organic matter, and layered silicates such as clays can strongly affect 

metal(loid) availability in soils (Rieuwerts et al., 1998).   

Fe and Mn hydr(oxides) 

The presence of Fe, Mn, and Al hydr(oxides) in soils is very common and they 

play a crucial role in metal(loid) availability. They are naturally occurring in soils 

in various shapes and sizes and occasionally found on the surface of clay 

minerals, in soil pores or as concretions and nodules. Their presence in 

oxidising conditions can strongly affect metal(loid) solubility (Rieuwerts et al., 
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1998). Their high specific surface area and negative charge are the main 

reasons for their increased efficiency in metal(loid) retention (Adriano, 2001).  

Iron oxides and hydroxides are products of weathering in soils and they 

are characterised by their mineral structure. Examples of distinct structure of 

different Fe oxides are presented in Fig. 1.2. In particular, ferrihydrite and 

schwertmannite are the ones considered poorly-crystalline while the rest, i.e. 

goethite, haematite, lepidocrocite, maghemite, magnetite, and wüstite are 

crystalline (Cornell & Schwertmann, 2003). The crystallinity and ageing of Fe 

oxides play a key role in their capacity for metal(loid) retention because 

different Fe oxides have different specific surface area. When used in soil 

remediation, Fe is applied in soils in the form of Fe0 or Fe precursors which are 

eventually oxidised to other Fe forms. The oxidation reactions of Fe0 in soils 

include (Komárek et al., 2013): 

Fe0 + 2H2O + O2 → Fe(II) + 4OH-                                          (1) 

 

Fe(II) + 2H2O + O2 → Fe(III) + 4OH-                                                 (2) 
 

Fe(III) + 2H2O → FeOOH + 3H+                                            (3) 
 

In general, the crystallisation of Fe oxides increases with time unless specific 

conditions hinder the process (e.g. pH). Iron oxides and hydroxides are 

excellent scavengers of both metals and metalloids which makes Fe-based 

amendments favourable tools for environmental remediation (Kumpiene et al., 

2019). The main mechanisms for metal(loid) retention by Fe oxides are: 1) 

surface adsorption, 2) solid-state diffusion and 3) binding and fixation inside 

the mineral particles (Kabata-Pendias, 2011). The efficiency of Fe oxides for 

metal(loid) binding is governed by redox reactions which control Fe speciation.  
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Figure 1.2: Octahedra of Fe (A) and crystal structure of different Fe oxides (B-D). Image 

reproduced from Moura and Unterlass (2020) under the license CC BY 4.0 

(https://creativecommons.org/licenses/by/4.0/). 

The hydr(oxides) of Mn are also secondary minerals important for 

metal(loid) retention in soils present in the wide range between MnIIO and 

MnIVO2. Like Fe oxides, they show distinct crystal structure which can be 

layered-like or tunnel-like (Fig. 1.3). Birnessite is the most common oxide of 

Mn in soils (Alloway, 2013; Komárek et al., 2013). The vast variety of minerals 

including Mn oxides existing in nature is partially owed to the multiple oxidation 

states that Mn can be found (Grangeon et al., 2020). The oxidation of Mn2+ is, 

by large, a product of bacterial or fungi reactions in soils (Sposito, 2008). Often, 

Mn oxides are associated with Fe oxides but they have been reported to be 

more efficient than Fe in the immobilisation of some metals and especially Pb 

(Rieuwerts et al., 1998). Also, Mn is reported to be more mobile than Fe and 

thus easily redistributed between different soil horizons during weathering 

(Grangeon et al., 2020). Yet, Fe oxides are considered more important 

metal(loid) scavengers in soil due to their increased occurrence compared to 

Mn (Komárek et al., 2013). Manganese oxides are susceptible to dissolution 

under reducing conditions (Alloway, 2013) which may provoke the release of 

previously retained metal(loids)s (Kumpiene et al., 2008). Except for the 

sorption, Mn oxides have the ability to change the speciation of redox sensitive 

elements (As, Co, Cr) and thus affect their availability. In the case of As, As(III) 

oxidation to As(V) decreases its toxicity but the opposite effect occurs for Cr 

(Kumpiene et al., 2008).  
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Figure 1.3: Octahedra of Mn (A), layered-like (B) and tunnel-like (C) Mn oxides. Image 

reproduced from Moura and Unterlass (2020) under the license CC BY 4.0 

(https://creativecommons.org/licenses/by/4.0/). 

Organic matter 

Organic matter comprises of (mainly) plant products in variable stages of 

decay. Its content can significantly vary from 1% (sandy soils) to 90% (peat) 

depending on the soil type (Young, 2013). Organic matter plays a critical role 

in metal(loid) retention especially of airborne depositions. In addition to the 

retention of organic matter itself, the biota that is likely present on the surface 

of the soils can also accumulate metal(loid)s and thus increase the overall 

retention by organic matter (Rieuwerts et al., 1998). By the term “organic 

matter” mostly humus -the top 20 cm layer of soils- is implied although non-

humic substances also exist. Humus is comprised by C (50-60%), O (30-40%) 

and H and N in about 5% and represents the part of organic matter that has 

reached its maximum decomposition and resists to further decay (Alloway, 

2013). Humus is the most important fraction of organic matter contributing to 

soil fertility and, although not directly, in metal(loid) contaminated soils can 

also improve contaminant retention by e.g. decreasing bulk density of the soil, 

increasing water retention and more (Havlin, 2005). During humification 

process, the negatively charged phenol-, carboxyl and amino- functional groups 

are providing sites for binding. Thus metal(loid)s are bound to a variety of sites 

on humus by two or three bonds. The main components of humus that control 

metal(loid) binding are humic and fulvic acids. Those are strongly adsorbed on 

surfaces of Fe/Mn/Al oxides and in this way affect the metal(loid) mobility in 

soils in variable ways. In one hand, the formation of stable metal precipitates 

with soil colloids promotes metal(loid) retention. On the other hand, the 
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competition of anionic metal(loid)s with humic and fulvic acids for binding sites 

on Fe/Mn/Al oxides may result in metal(loid) release (Alloway, 2013). Finally, 

due to their mobility in soils, humic and fulvic acids can also influence the 

metal(loid) solubility and translocation in the soil profile (Kabata-Pendias, 

2011).    

Clay minerals 

Clay minerals are layered aluminosilicates having a sandwich shape made of Si 

tetrahedra and Al octahedra sheets (Fig. 1.4). The ratio of tetrahedra and 

octahedra sheets is defining clay minerals into three layer types (i.e. 1:1, 2:1, 

and 2:1:1). Clay minerals are abundant in soils and can be divided into five 

groups based on the isomorphic substitutions in the layer: kaolinite, illite, 

smectite, vermiculite, and chlorite (Sposito, 2008). Due to their natural 

occurrence and efficiency in metal(loid) retention of both anions and cations 

they have been used as a sorbents in contaminated water and soils (Otunola 

& Ololade, 2020). Their efficiency is strongly influenced by their layered 

structure, their high specific surface area, high cation exchange capacity and 

chemical and mechanical stability (Uddin, 2017). The most common clays used 

in remediation of metal(loids) are bentonite, montmorillonite and attapulgite. 

Particularly for Zn2+, the presence of muscovite along with clay minerals, was 

found to significantly affect its immobilisation in soil (Otunola & Ololade, 2020). 

Figure 1.4: Mineral structure of clay mineral according to the 2:1 layer type. Image adapted 

from Nakato & Miyamoto (2009) under the license CC BY 4.0 

(https://creativecommons.org/licenses/by/4.0/). 

 

https://creativecommons.org/licenses/by/4.0/
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1.2 Soil contamination as a global issue 

According the European Soil Data Center “soil contamination” is the 

occurrence of pollutants in soil above a certain level causing a deterioration or 

loss of one or more soil functions and also the presence of man-made chemicals 

or other alteration in the natural soil environment” (ESDAC). Soil pollution, 

describes the presence of chemicals and other substances out of place and /or 

above certain limits which has adverse effects on non-targeted organisms (FAO 

& ITPS, 2015). Soil pollution is considered a “silent” threat because it is invisible 

and odourless unlike air and water contamination which are easy to spot. Yet, 

soil pollution is considered more dangerous than other soil threats (e.g. soil 

erosion) because it is causing serious hazards to the environment and humans 

(FAO and UNEP, 2021). As mentioned in the very first paragraph of this thesis, 

soil pollution is currently affecting directly or indirectly 15 of the 17 United 

Nations sustainable development goals (SDG). The goals SDG 1 (zero 

poverty), SDG 2 (zero hunger), and good health and wellbeing (SDG 3) are 

hindered because soil contamination decreases the crop yield and quality and 

affects human health. The SDG 7 about clean energy and SDG 8 about decent 

work and economic growth are strongly linked to soil contamination because 

industrial activities releasing hazardous contaminants into soil account for a 

great part of world-wide soil contamination. The goals for sustainable cities and 

communities (SDG 10) and responsible consumption and production (SDG 11) 

are closely linked to contamination because the current thoughtless product 

consumption lead to the exploitation of natural resources (including metal(loid) 

extraction) and the generation of dangerous waste. Goal 12 for climate action 

is interlinked with soil contamination mainly regarding unsustainable agriculture 

strategies. Goal 6 about clean water and sanitation as well as life below water 

and life on land (SDGs 14 and 15) are severely affected by soil contamination 

due to the high mobility of contaminants in the environment and the continuous 

hazardous impacts of contamination. Even societal goals SDG 5 (gender 

equality), SDG 9 (reducing inequalities), SDG 16 (peace and justice) and SDG 

17 (partnership to achieve the goals) are hindered because soil contamination 

is affecting the global population unequally (FAO and UNEP, 2021). It is 

apparent from the above that soil contamination and soil pollution are 

bilaterally connected with key issues of global concern. Acting against soil 

contamination can directly assist the implementation of all SDGs.  
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1.2.1 Hazardous effects of meta(loid)s 

Effects on living organisms  

Risk metals and metalloids are harmful for the environment and all living 

organisms. Since they do not degrade, toxic elements accumulate in 

environmental compartments, translocate to other media, or enter the food 

chain and thus deplete all organisms. Depending on the metal(loid) type, the 

concentration and the affected organism, the effects of risk elements can vary. 

Nevertheless, a common hazardous effect of risk element accumulation is the 

generation of reactive oxygen species (ROS) which lead to oxidative stress in 

plants, animals and human cells (Okereafor et al., 2020). Oxidative stress in 

turn, depletes the biological molecules of organisms such as proteins and 

enzymes (Alengebawy et al., 2021). Risk elements can have poisonous effects 

on the soil microorganisms by disrupting the composition, size and enzymatic 

activities of soil biota (Alengebawy et al., 2021) while they inhibit (among 

others) the functions of growth, seed germination, and metabolism to plant 

species (Sall et al., 2020). They can cause chlorosis, root deformation, decrease 

in biomass, DNA damage and alter enzymatic activity in plants (Alengebawy et 

al., 2021). In aquatic organisms, toxic metal(loid)s can cause growth inhibition, 

tissue damage, respiratory problems, and death (Kakade et al., 2023). Humans 

accumulate toxic metal(loid)s by consumption of contaminated crops (90%) 

and inhalation of atmospheric particles (10%). Toxic metal(loid)s negatively 

influence cell organelles such as lysosomes, mitochondria and cell membrane 

and can alter the cell modulation (Das et al., 2023). They can damage the DNA 

structure and intervene in its functions and thus cause mutations or 

carcinogenesis (Tchounwou et al., 2012). Specific health effects to humans 

include cardiovascular disease, diabetes, neurological problems (caused by As), 

itai-itai disease and osteoporosis (from Cd), anaemia, renal dysfunction, stroke 

(from Pb) (Parida & Patel, 2023), nausea, metabolic syndrome, and increased 

chances of heart disease (from Zn) (Alengebawy et al., 2021). Exposure to 

toxic metal(loid)s can also increase the chances of infertility for women (J. Lin 

et al., 2023) while death caused by toxicity is not unlikely.  

Effects on soil  

Soil contamination by toxic metal(loid)s depletes key properties of soils (e.g. 

buffering, filtration and retention mechanisms, microorganism hosting, pH and 

more) which in turn might make soil unsuitable for agriculture, pasture, and 
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infrastructure (FAO, 2018; Rodríguez Eugenio et al., 2018) leading to decrease 

in crop production with detrimental economic effects. Increased concentrations 

of potentially toxic elements can affect the nutrient availability in soils especially 

when competing elements co-exist (e.g. Cu and Zn) (Alengebawy et al., 2021). 

Soil fertility and rate of organic matter decomposition are delayed in the 

presence of toxic metal(loid)s. Overall, soil contamination is a multifaceted 

threat affecting water, air, food, and eventually human health, but at the same 

time soil is the sink of other types of hazardous depositions from air and water. 

This could be called a soil contamination vicious cycle and it is schematically 

presented in Fig. 1.5.  

 

Figure 1.5: Representation of contaminant fluxes resulting/originating in soil contamination. 

Image reproduced from Palansooriya et al. (2020) 

(https://doi.org/10.1016/j.envint.2019.105046) under the licence CC BY-NC-ND 4.0 

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

In 2014, 340,000 contaminated sites existed in EU-39 but the estimation of 

potentially contaminated sites was 2.5 million (EEA, 2014). The updated but 

modest estimation for the potentially contaminated sites is 2.8 million (EEA, 

2022; Payá Pérez & Rodríguez Eugenio, 2018). Even within EU, estimation of 

the extent of urban soil contamination is challenging due to heterogeneity and 

https://doi.org/10.1016/j.envint.2019.105046
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data bias implying that there is a need for universal guidelines regarding 

contaminant thresholds, soil assessment methods and protocols for sampling, 

analysing and monitoring of soils (Binner et al., 2023).  

The main and most impactful human activities that contribute to soil 

contamination are mining and smelting of metal(loid)s (Carvalho, 2017; 

Palansooriya et al., 2020; Rodríguez Eugenio et al., 2018). Mining and smelting 

of ores have been taking place since ancient times due to the need for metal 

resources. The increased monetary value earned by metal(loid) exploitation as 

compared to other activities and the subsequent increase of the world GDP led 

to a financial dependency on mining industry with detrimental effects on the 

environment (Carvalho, 2017; Ericsson & Löf, 2019).   

 

1.3 Mining and smelting of metal(loid)s 

Metal(loid)s are useful in numerous applications: from agricultural tools to 

mobile phones, metal(loid)s are widely used in the industry and everyday life. 

For this reason, humans have been exploiting the natural metal(loid) resources 

by mining economically important ores since prehistoric times (Murr, 2015). 

According to the Mineralogical Society of America, mining an ore deposit is 

economically sustainable when the desired element concentrations in the ore 

are hundreds to thousands of times higher than their crustal abundance. Some 

elements in low concentrations are associated with minerals that are mined for 

other elements, but the material process results in a valuable byproduct (i.e. 

elements associated with Cu, Pb, and Zn ores). Elements such as Au, Ag, and 

the platinum group are so valuable that almost any mineral containing that 

element in sufficient grades can be mined. There are two major concerns 

resulting from mining: 1) the production of tailings which are waste possibly 

including toxic elements and 2) the exposure of ores to weathering, which 

might further mobilise the toxic metal(loid)s they contain (Carvalho, 2017; 

Punia & Bharti, 2023). Smelting is the procedure of obtaining a metal in its 

elemental form or as simple compound by heating its ore beyond the melting 

point usually with the presence of oxidising factors. The pollution pathways 

occurring from smelting are 1) the production of toxic waste including slags, 

tailings and combustion residues and 2) the atmospheric deposition of metal-
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rich particles to the adjacent soils (Xu et al., 2021). Today, even though the 

negative impacts of mining and smelting are generally known, the effects of 

the past activities are still present due to the long-lasting dissolution of smelter 

wastes into soils and the persistent nature of metal(loid)s (Ettler, 2016). 

Nonetheless, the wide variety of applications in which metal(loid)s are needed 

contributed to the steady increase of the mining and smelting operations with 

occasional peaks throughout time. Figure 1.6 represents in a comparable way 

the amounts of economically important ores that were mined in 2021. 

Figure 1.6: Graphical illustration of the amount of metals extracted by mining of ores in year 

2021. Source of image: https://elements.visualcapitalist.com/all-the-metals-mined-in-2021/. 
Source of data: USGS, Mineral Commodity Summaries (2022). 

1.3.1 Impacts of mining; an example from the Czech Republic 

A local example of severe soil contamination owed to post-mining activities is 

the district of Příbram in the Czech Republic. The area of Příbram has a long 

legacy of mining and smelting activities dating back to the 1311 (Dostál et al., 

2006). The main products were Ag and Pb which were mined from 1786 until 

2006, while in 1972 smelting gave its place to recycling old car batteries and 

other secondary Pb products (Ettler et al., 2004). In 1990s, the smelter 

company of Příbram was criticised for the environmental impact of its 

operations and after several improvements in the used technologies now it 

represents an exemplary company of recycling Pb waste using environmentally 

sustainable techniques (Dostál et al., 2006; Ettler et al., 2005). Yet, the long-

https://elements.visualcapitalist.com/all-the-metals-mined-in-2021/
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lasting mining and smelting activities in the district of Příbram have caused 

severe water and soil contamination in the vicinity of the old smelter which is 

still evident today (Ettler et al., 2001, 2006, 2009). The concentrations of main 

contaminants are alarming: Zn up to 4100 mg/kg, Pb up to 4230, Cd up to 42 

and As up to 330 mg/kg (Vítková et al., 2018). 

Experimental site 

Due to the severe metal(loid) contamination that is evident in the district of 

Příbram, the Department of Environmental Geosciences of the Czech University 

of Life Sciences Prague has set up an experimental site at the alluvium of the 

Litavka River (downstream from the Příbram smelter; see Fig. 1.7).The 

experimental site has been in operation since 2014 ensuring automatic 

measurements of meteorological and hydrological data. A fully equipped 

weather station takes measurements regarding air temperature, precipitation, 

global radiation, soil heat flux, wind velocity, soil moisture content, soil suction 

pressure, groundwater level, and pan evaporation. The data is collected every 

10 or 20 minutes and wireless transmission is enabled. From 2015, 9 soil 

microplots (1 m2 each) with different treatments (biochar and nZVI) were 

established. Finally, from 2019, two lysimeters; one filled with untreated soil 

and one with BC-treated soil were installed. A long-standing and complex 

research and many detailed investigations have been performed on this site 

not only regarding metal(loid) immobilisation (Hudcová et al., 2019, 2021; 

Jačka et al., 2018; Michálková et al., 2016; Teodoro et al., 2020a; 2020b; 

Trakal et al., 2011; Vaňková et al., 2021; Vítková et al., 2017, 2018; Wu et al., 

2019) but also regarding soil hydraulic properties (Jačka et al., 2018; Seyedsadr 

et al., 2022; Šípek et al., 2019). Therefore, this thesis represents a piece in the 

mosaic of this research. The soil samples that were used in many of the 

experiments conducted during my PhD studies primarily originated from the 

alluvium of the Litavka River (Chapters I, II, & V).  
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Figure 1.7: Map of the experimental site at the alluvium of the Litavka River, presenting the 

soil sampling area in the vicinity of the smelter at the Příbram District. Adapted from (Mitzia et 

al., 2020), Copyright Elsevier (2020).  

 

1.4 Instrumental approaches for investigating 

metal(loid)s in soil  

For some metals, their solid phase appearance (e.g. lustre of gold) or some of 

their properties (e.g. magnetism of iron) are reasons for their high economic 

value. When an ore contains precious or other important metals, it is vital to 

be able to distinguish them among other compounds and estimate potential 

impurities (Fig. 1.8). A powerful tool that can be used for this purpose is the 

electron microscope (together with specific detectors). In gold mining 

industry for instance, an electron microscope (especially if combined with 

automated analysis software) can assist in ore characterisation, provide 
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accurate chemical analyses, grain size analyses, spatial distribution of Au, 

provision of statistical data, and eventually minimise the time and financial risk 

of the operation (Burke et al., 2017; Costa et al., 2022; Lund & Lamberg, 2014). 

In the past century, different electron microscopes were developed aiming to 

investigate solid materials using high resolution imaging. Due to the property 

of metals to be conductive and thus promote the interaction with the electron 

beam, the electron microscopes were initially tested for metallurgical 

applications. Later on, electron microscopy was used in many other applications 

with the help of conductive materials attached to the specimen (Pansu & 

Gautheyrou, 2006). Today, SEM and EPMA are considered traditional methods 

used in mineral characterisation and ore processing (Lottermoser, 2017).  Apart 

from mining and metallurgical industry electron microscopes are used in 

geology, mineralogy, material science, soil science, biology and more fields. 

Because the microstructure influences the macroscopic properties of a material, 

it is important to investigate it in order to manufacture a material with desirable 

properties (Borrajo-Pelaez & Hedström, 2018).  

In the 1930s, the call for an instrument with a high resolution enabling the observation 

of details in the atomic level led to the development of first transmission electron 

microscope (TEM) by Knoll and Ruska in 1931. However, the poor resolution of the 

initial product urged the scientists into continuing the efforts for the development of a 

more powerful microscope. These efforts led Knoll to built the first scanning microscope 

in 1935 while von Ardenne improved the resolution of TEM and thus became 

responsible for the first scanning transmission electron microscope (STEM) in 1938. 

The first modern scanning electron microscope (SEM) with 50nm resolution and 

up to 8000x magnification was developed by Zworykin, Hillier and Snyder in 1942. After 

continuous developments, finally in 1965, the first commercial SEM was manufactured 

according to the prototype system built by Pease and Nixon. Another electron 

microscope, the electron probe micro analyser (EPMA) was patented in the 1940s.  

In 1949 Castaing described and built the first EPMA instrument which was later 

commercially introduced in the market (in 1956). Although historically the SEM and the 

EPMA were developed separately and they were considered as separate instruments, 

in fact they share similar technology (Goldstein et al., 2003; Schmitt, 2014). 

The basic principle of all electron microscopes lies in the interaction of an 

electron beam with the specimen that is being investigated (Pansu & 

Gautheyrou, 2006). In the case of SEM, the electron beam is focused by the 

help of electromagnetic lenses on a small spot on the surface of the specimen. 

The beam scans the sample using raster analysis. The measured spot can be 
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as low as 1 nm (Schmitt, 2014). The products of such interaction i.e. the 

backscattered electrons (BSE), the secondary electrons (SE), X-rays, 

and cathodoluminescence are recognised by the relevant detectors. For the 

creation of an image, the BSE mode uses the material contrast to reflect the 

atomic weights of the elements detected (the heavier the atomic weight the 

brighter the area) while in the SE mode, the topography of the sample is 

reflected thus areas closer to the detector are brighter and those further are 

darker (Schmitt, 2014). In Figure 1.8a for example, the heavier metal particles 

(i.e. Au) are clearly indicated in BSE mode by their brighter appearance while 

quartz is darker.  

Figure 1.8: Example of the usefulness of SEM/EDS in metallurgy: a) SEM image of particles 

containing Au and quartz and b) appearance of particle containing Au and quartz. Figure was 
reproduced from Craw et al. (2016) with the permission from the authors. 

In order to investigate the chemical composition of a specimen, SEM devices 

are equipped with energy dispersive X-ray spectrometer (EDS) detectors. 

The characteristic X-rays that are emitted by the beam  specimen interaction, 

can be used to define the composition of the specimen because every 

chemical element has its characteristic X-ray spectrum. Except for qualitative 

analysis, the EDS offers the advantage of quantitative analysis as well 

(Goldstein et al., 2003; Pansu & Gautheyrou, 2006; Schmitt, 2014).  
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1.4.1 Solid-state analyses in metal(loid) investigation 

Coupling of SEM with EDS is a robust method for the detection and 

quantification of chemical elements in soil specimens in a non-disruptive way. 

The combination of visual and chemical information can facilitate the detailed 

investigation of contaminated soil samples (Fig. 1.9) and give an insight 

regarding the possible mechanisms of metal(loid) binding in soil components. 

The structure and chemical composition of compounds present in the soil can 

be detected with a high level of precision in close related to the method of 

sample preparation (polished surface is required for highly precise results). 

However, for increased accuracy and quantitative analysis that will lead to a 

specific mineral phase identification and metal(loid) substitution determinations 

in their structure, EPMA is preferable. 

Figure 1.9: Image from SEM/EDS analysis of soil sample presenting BC particles, quartz and 

particles with high content in Pb and Mn. The particles show distinct brightness in the BSE mode. 
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Unlike SEM, the EPMA can perform sample analyses in the size of even 1 μm 

as implied by the name of the instrument. The detection limit of EPMA can be 

as low as 200 ppm (Berry et al., 2017). These specifications make EPMA a 

powerful tool for accurate quantitative analyses of samples and mineral 

mapping (Pownceby et al., 2007). Not only the chemical composition but also 

the structure can be estimated precisely with the help of EPMA, making the 

determination of mineral phases feasible (Pansu & Gautheyrou, 2006; 

Schmitt, 2014).  

Another method that is widely used for the determination of mineral phases in 

bulk sample is the X-ray diffractometry (XRD). The elastic scattering of XRD 

radiation enables the identification of the parameters of the crystal lattice and 

the geometrical distribution of the atoms in the crystal structure (Pansu & 

Gautheyrou, 2006). Unlike electron microscopes, XRD has the ability to 

distinguish the different phases of the same material and can perform 

qualitative and quantitative analyses (Schmitt, 2014). It can be used as a basic 

tool to determine major minerals in a solid sample however, XRD is not 

recommended for the investigation of non-crystalline solids (i.e. non-diffractive 

matrices) (Pansu & Gautheyrou, 2006).  

The common use of X-ray absorption spectra (XAS) in the field of 

geochemistry is based on the method’s ability to provide information about the 

oxidation state and geometry of a specimen tested in gas, liquid or solid forms 

(Zimmermann et al., 2020). In fact, XAS combines two interconnected 

methods: the X-ray absorption near-edge structure (XANES) in which after the 

absorption of a photon, an electron is excited from a core state to an empty 

state, and the X-ray absorption fine structure (EXAFS) which is found at higher 

energies than the XANES region. The XANES spectra can give insight into the 

oxidation state, the geometrical structure of the central atom examined, and 

its magnetic properties, while EXAFS may report quantitative results such as 

coordination number, distance of bonds, and local structure around the 

absorbed atom (Henderson et al., 2014; Yano & Yachandra, 2009). The 

methods are relatively common in the field of soil remediation in the last years 

as they can provide important information about elemental speciation and 

much more.   
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1.5 Solutions to the problem of metal(loid) 

contamination  

1.5.1 Soil remediation methods 

There are variable methods (Fig.1.10) to tackle metal(loid) contamination, all 

of which aim at the mitigation of their toxicity since metal(loid) degradation is 

unlikely. This is achieved either by decreasing the concentration of risk 

metal(loid)s or by decreasing their availability in soils. There are two large 

categories of remediation techniques: ex-situ and in-situ (Rehman et al., 2023). 

Ex-situ techniques are based on the extraction of the contaminated soil and 

its transfer to specialised facilities for remediation. Three categories of ex-situ 

techniques can be summarised: thermal, chemical and physical. Thermal 

methods aim at the vitrification of soils with toxic metal(loid)s in glasslike 

materials by the use of high temperatures. Chemical methods include 1) the 

solidification by the use of binding chemical substances and 2) soil washing 

which involves the use of chemicals that can remove toxic metal(loid)s from 

the soil. In the latter, the soil is replaced by clean sand and gravel while the 

extractant solution is treated as dangerous waste. Physical methods are the 

most commonly used method for soil remediation and involve the excavation 

of contaminated soil and its safe disposal and subsequent replacement with 

healthy soil. In-situ techniques are applied directly at the contaminated site 

and usually include physical, chemical, electrical, and biological techniques. 

Physical methods mostly implement covering of contaminated soils to 

separate them from the surrounding environment and groundwater. Chemical 

methods such as immobilisation involve the solidification and chemical 

stabilisation of metal(loid)s by the application of soil amendments. Chemical 

methods inhibit the mobility of metal(loid)s by changing their solid speciation 

and make them unavailable to biota while still present in the soil. Electrical 

methods target the electrokinetic behaviour of risk metal(loid)s; the anions and 

cations are separated by polarisation and then removed from the soil by 

electroplating or ion exchange. Biological methods make use of bacteria or 

plant species that are known to accumulate toxic metal(loid)s. 

Phytoremediation is a technique in which specific plant species accumulate 

toxic elements from the soil and then they are either removed by removing the 

plant leaves (phytoextraction) or they are immobilised in the vadose zone by 
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root accumulation or by immobilisation within the rhizosphere 

(phytostabilisation) (Bolan et. al, 2011).  

Figure 1.10: Different categories of soil remediation methods. Image reproduced from Gao et 

al. (2022) Copyright Elsevier (2022).   

The apparent variety of remediation methods implies that there are advantages 

and disadvantages of each method and also more and less appropriate 

methods for a specific site (Khalid et al., 2017). For instance, soil replacement 

is one of the most common methods for soil remediation from risk metal(loid)s 

until today (Ding et al., 2024; Rehman et al., 2023). The advantages of this 

method are the simple implementation, the immediate remediation effect, and 

the significant decrease in pollutant concentrations. However, replacement 

method severely disturbs the environment and generates a huge volume of 

waste which needs to be transferred, making it a costly operation. This 

approach is appropriate for rather small areas exhibiting heavy pollution and 

requires monitoring of the remediated land to avoid secondary pollution 

(Dhaliwal et al., 2020; Lima et al., 2017; Rajendran et al., 2022; Rehman et 

al., 2023; Song, Xu, et al., 2022). Hence, soil replacement is a conventional 

remediation method that works but is probably inappropriate in the large scale. 
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Over the last 20 years, chemical stabilisation or immobilisation has 

evolved as an alternative to soil excavation and refill (Kumpiene et al., 2019). 

Immobilisation is a remediation method based on rendering metal(loid)s less 

available/mobile usually by changing their chemical form or speciation although 

they are still present in the soil (W. Cui et al., 2023). Typically, the introduction 

of immobilising agents to the contaminated soil changes the most available 

fractions of metal(loid)s (i.e. exchangeable fraction) to more geochemically 

stable forms (i.e. stable minerals or precipitates) (L. Liu et al., 2018; Lwin et 

al., 2018). Additionally, in some cases, immobilising materials can alter the 

speciation of a metal(loid) from a more mobile and toxic form to a less harmful 

(e.g. Cr(VI) is reduced to Cr(III) by various reducing agents). The above 

mechanisms rely on the processes of adsorption, precipitation, ion exchange, 

complexation, and redox reactions (W. Cui et al., 2023; Lwin et al., 2018). 

Figure 1.11 schematically presents the mechanisms involved in immobilisation. 

Immobilisation has been extensively studied and even employed as a 

remediation method because of the critical advantages it offers (e.g. compared 

to landfilling) and also because of the plethora of stabilising agents already 

developed (W. Cui et al., 2023; Palansooriya et al., 2020). Unlike landfilling, 

immobilisation involves less mechanical disturbances to the environment and 

thus eliminates the cost of remediation while it can be the method of choice in 

large contaminated areas (W. Cui et al., 2023) and it is a method with a long-

term perspective (Rehman et al., 2023). Additionally, immobilisation is rather 

simple and rapid to implement (compared to invasive excavation methods), it 

is efficient for a wide range of contaminants, it may supply nutrients to the soil, 

and shows good social acceptance (Lwin et al., 2018). Except for the retention 

of metal(loid)s, soil amendments usually have other positive impacts to the soil 

properties with the most common and important being pH increase or water 

retention improvement. Furthermore, depending on the specific amendment, 

other properties such as Fe/Mn/Al oxides content, soil organic matter content, 

nutrient content, soil porosity, water holding capacity, cation exchange 

capacity, soil fertility and more, can be improved (W. Cui et al., 2023). It is not 

a coincidence, that traditional carbon-based fertilisers are among the most 

popular immobilising agents for soil remediation. Due to the advantages of 

immobilisation, and the variety of immobilising materials with encouraging 

results for soil remediation, this method was studied in the current PhD thesis.   
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Figure 1.11: Mechanisms employed during immobilisation for metal(loid) retention. Figure 

reprinted by (Lwin et al., 2018), © Copyright 2018, Informa UK Limited, trading as Taylor & 

Taylor & Francis Group, https://www.tandfonline.com.  

1.5.2  Amendments used for metal(loid) immobilisation in soils 

The use of various substances as immobilising amendments is based on their 

natural presence in soils. Currently, one of the most popular amendments for 

water and soil remediation is nano zero-valent Fe (nZVI) (H. Chen & Qian, 

2024; Rajendran et al., 2022) while the use of Fe oxides is overall quite 

common (Komárek et al., 2013; Kumpiene et al., 2019). A traditional soil 

improver used for hundreds of years is organic matter which makes carbon-

based materials and primarily biochar quite popular for soil remediation (P. 

Wu et al., 2023; Y. Wu et al., 2024). The key detail in both categories of 

amendments is that they naturally occur in the soils. Therefore, synthetic Fe 

oxides, nZVI, biochar, and combined materials of those, represent natural 

analogues of the substances that metal(loid)s are binding on. The application 
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of soil amendments that are not “alien” to the soils, implies a guaranteed 

efficiency (up to a certain extent), eliminates the environmental risks that can 

occur upon the substance introduction and is a more socially-accepted 

approach compared to the use of new and artificial compounds. For these 

reasons, the current PhD study emphasizes on the application of nZVI, biochar 

and modified materials based on those two products along with other pyrolysed 

organic materials.  

Nano zero-valent iron (nZVI) and Fe oxides 

Nano zero-valent iron (nZVI; nano Fe0) is nothing but metallic Fe particles of 

nano size (i.e. <100 nm). The increased efficiency of nZVI for environmental 

remediation along with its relative affordability made it a very popular 

treatment (Phenrat and Lowry, 2019 and references therein). Particles of nZVI 

have a strongly reducing nature that can alter the speciation (and thus 

toxicity) of some metal(loid)s. At the same time, nZVI exhibits high sorption 

capacity induced by both ZVI nanoparticles and the newly-formed Fe oxides 

that are produced by Fe0 oxidation (Filip et al., 2019). A key advantage of nZVI 

is the small size of its particles offering high specific surface area which 

makes nZVI 1) a great sorbent for both organic and inorganic pollutants with 

flexibility for use in multi-element contaminated sites and 2) eases its 

mobility in the soil (Grieger et al., 2019; Stefaniuk et al., 2016). Additionally, 

nZVI synthesis can occur in almost any laboratory therefore regarded simple 

and cost-efficient (depending on the synthesis method; see later in this section) 

(Mackenzie & Georgi, 2019). At last, nZVI application is considered to be low 

cost compared to conventional remediation methods both in terms of labour 

and energy (Grieger et al., 2019). It is evident from the above that nZVI is an 

efficient and versatile tool for soil remediation and especially valuable for the 

soils that are contaminated with variable risk metal(loid)s. On top of that, Czech 

Republic is one of the first countries in Europe to have used nZVI in field 

application (Mueller et al., 2012) and participated in the European project 

NANOREM (2013-2017). Commercial production of nZVI that has been used in 

numerous studies, takes place in the Czech Republic by NANOIRON, Ltd. 

Notably, until 2018 (i.e. commence of my PhD studies) most of the research 

implementing nZVI for metal(loid) remediation concerned mostly water and 

rarely soils (e.g. Galdames et al., 2017; Gil-Díaz et al., 2014; Vítková et al., 

2017). The behaviour of nZVI particles in the soil including potential 

interactions with soil compounds and long-term efficiency were still unclear. 
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Therefore, nZVI and certain modified nZVI products have been further 

investigated in the current PhD study. Application of the amendments in soils 

and for relatively long periods of time with the perspective to reveal the actual 

nZVI remediation potential is presented in Chapter III while the behaviour of 

nZVI products over time under changing moisture regime is presented in 

Chapters II & V.  

Synthesis methods of nZVI 

Although commercially available products were employed in the thesis, the 

nZVI synthesis is described below. Briefly, the synthesis of nZVI can be 

categorised in: bottom-up and top-down processes. Bottom-up synthesis, 

which is the most commonly used method for bare nZVI production, starts 

either from nano-sized Fe oxides, Fe-containing salts or other Fe-containing 

compounds and is based on the attachment of molecules or atoms of Fe0 

together. On the contrary, the top-down approach, implements larger scale 

particles and eventually transforms them to nano-scale particles by milling, 

etching and/or machining (Mackenzie & Georgi, 2019). Both of these methods 

are physical but chemical synthesis of nZVI can be also performed (e.g. 

reduction of dissolved Fe oxides by borohydride (BH4
-) or by H2 at high 

temperatures) (Stefaniuk et al., 2016). It is worth mentioning the evolving 

methods of obtaining ZVI from microorganisms, fungi, or various plant extracts 

(e.g. leaves, flowers, seeds) which have the ability to reduce iron ions to a 

lower valence state (Ying et al., 2022). This method shows promising potential 

for the production of nZVI at low-cost since it requires no energy and no 

reducing reagents and is therefore called “green nZVI synthesis”. Except for 

the bare nZVI multiple other products such as bimetallic nZVI materials or other 

modified products have been developed (Mackenzie & Georgi, 2019).  

nZVI activation 

For the purposes of this PhD study mainly bare nZVI was used however, due 

to its high reactivity, air-stable products were chosen (i.e. NANOFER STAR 

powder; Fig. 1.12a). In general, nZVI particles can be extremely flammable 

and reactive and thus unsafe. For these reasons, 1) the handling of nZVI in the 

form of a water slurry and 2) passivation of nZVI so that it is not immediately 

reactive have been developed (Ribas et al., 2017). NANOFER STAR is a product 

developed by NANOIRON Ltd. (CZ) which consists of an Fe0 core surrounded 

by a shield of Fe oxides (see Fig. 1.12c) resulting from the induced oxidation 
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of nZVI particles (passivation). According to the manufacturing company, the 

air-stable product offers convenient handling, cheaper transportation and less 

packaging since it is not pyrophoric while storage of a sealed container is 

practically for unlimited time (NANOIRON, Ltd., CZ). Although passivation 

guarantees the safety of the nZVI product, it introduces a new challenge which 

is the decrease of Fe0 reactivity and thus decreased efficiency for metal(loid) 

retention (Ribas et al., 2017). To overcome this obstacle, an activation 

procedure has been investigated by Ribas et al. (2017) and suggested as a 

solution to regain nZVI reactivity before application while Kašlík et al. (2018) 

suggested that the appropriate size of passivated nZVI layer can actually serve 

both the reactivity safety and offer immediate activation upon use without 

waiting for activation (typically 48h). However, the latter study concerned 

application in aqueous solutions where the interactions between Fe oxides and 

H2O can induce faster destruction of the Fe oxide shield. For the experiments 

conducted in this PhD study, the activation procedure as recommended by the 

manufacturer (NANOIRON, Ltd., CZ) and by Ribas et al., (2017) has been 

implemented prior to nZVI application in soils (for details see: Mitzia et al., 

2020, 2023).  
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Figure 1.12: Different representations of nZVI. a) NANOFER STAR nZVI powder, b) NANOFER 

STAR in soil as seen by SEM; BSE mode and C) NANOFER STAR as seen by TEM; nZVI particle 

with Fe oxide shield (image c adapted from Vítková et al., (2017), Copyright Elsevier (2017)).  

Mechanisms of metal(loid) retention  

The mechanisms that are used by nZVI for metal(loid) retention are mainly 

adsorption, (co)-precipitation, and redox reactions but the actual mechanisms 

employed in each case depend on the specific metal(loid) (Fig. 1.13). In 

particular, the Fe oxide shield of passivated nZVI particles comprises 

amorphous or poorly-crystalline oxides which provide perfect space for ion 

adsorption. Additionally, the Fe0 core is strongly reducing and thus three 

immobilisation scenarios can be derived based on the standard redox potential 

of the metal(loid) vs. nZVI. The first, includes metal(loid)s with E0 much more 
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positive than nZVI (incl. As and Cu) for which reduction and precipitation 

on or close to the nZVI surface are the most commonly implemented 

mechanisms. For the second, metal(loid)s with E0 slightly more positive than 

the E0 nZVI (incl. Pb) can be reduced and adsorbed. Finally, metal(loid)s with 

E0 similar or more negative than that of nZVI (inlc. Cd and Zn) can be mainly 

adsorbed by the Fe oxides on the nZVI surface or precipitate in the form of 

hydroxides (K. Li et al., 2023; O’Carroll et al., 2013). In addition, for anionic 

metal(loid)s such as Cr, the reduction of Cr(VI) to Cr(III), which is much less 

toxic, and its subsequent precipitation are a combined reduction – co-

precipitation mechanism (K. Li et al., 2023). In the case of As, whose 

speciation is the opposite of Cr in terms of toxicity, the reduction if As (V) to 

As (III) might be partially followed by: further reduction to As (0), by adsorption 

of As (III) on the nZVI surface, or oxidation of As (III) to As (V) while As (V) 

might also directly be adsorbed by the nZVI surface (K. Li et al., 2023). 

Additionally, the application of nZVI usually induces a pH increase which 

favours the adsorption of positively charged ions on the negatively charged 

nZVI surface (Filip et al., 2019). Since the soil studied in the present PhD study 

is an example of contamination by both cationic metals (Zn, Pb, Cd) and anionic 

metalloids (As), the use of nZVI for immobilisation was targeted. 

Figure 1.13: Immobilisation mechanisms employed by nZVI. Image adapted from Li et al., 

(2014) Copyright Elsevier (2014).  
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nZVI oxidation 

When nZVI is in contact with oxygen or water, naturally, corrosion occurs and 

thus the Fe0 is oxidised to other Fe forms, i.e. Fe oxides. In this case nZVI is 

acting as an Fe precursor to produce Fe oxides which are known to be great 

metal(loid) scavengers (e.g. Komárek et al., 2013; Kumpiene et al., 2019). The 

oxidation of nZVI is spontaneous, can happen in steps or directly and as shown 

in our study it is not necessarily proportional to time (Mitzia et al., 2023). 

Nevertheless, this exact transformation (i.e. oxidation) is the key to the 

efficiency of nZVI for metal(loid) immobilisation in soils (Komárek et al., 2013). 

Of course, the activation of nZVI particles prior to application (discussed earlier 

in this section) enhances the reactivity of the sorbent and speeds-up the 

oxidation procedure, yet the oxidation in soil happens in much slower pace than 

in water solutions. Different Fe (hydr)oxides have different structure and 

different properties. For instance, goethite (α-Fe3+O(OH)) is the most common 

stable Fe oxide in soils. Haematite (a-Fe2O3) is another stable Fe oxide which 

is often the end member of oxidation processes. Other common Fe 

(hydr)oxides include lepidocrocite, ferrihydrite, magnetite and maghemite. 

Lepidocrocite (γ-FeOOH) is a polymorph of goethite. Ferrihydrite (Fe2O3•nH2O) 

is a poorly-crystalline Fe oxide with variable composition (with respect to H2O). 

Magnetite (Fe3O4) which has both Fe(II) and Fe(III) oxides in its composition 

(FeIIFe2
IIIO4), owes its name to its magnetic properties. Maghemite (γ-Fe2O3) is 

a product of magnetite oxidation also with magnetic properties (Cornell & 

Schwertmann, 2003; Sposito, 2008). Goethite (Baragaño et al., 2020; Cui et 

al., 2017), maghemite and magnetite (Michálková et al., 2014; Michálková, 

Komárek, Veselská, et al., 2016), ferrihydrite and lepidocrocite (as products of 

Fe0 oxidation) (Kumpiene et al., 2021) have all been efficient in metal(loid) 

retention. Usually, the oxidation of Fe starts from poorly-crystalline and 

gradually evolves to more crystalline (i.e. stable) Fe oxides. In fact, the 

crystallinity of Fe oxides is a key parameter affecting the metal(loid) retention 

by Fe oxides and thus different Fe oxides can show different metal(loid) 

retention efficiency (e.g. Komárek et al., 2018). Consequently, the oxidation of 

nZVI in the soil is a crucial procedure which controls its ability for metal(loid) 

retention and is intended to occur. However, a careful assessment of the 

immobilisation state needs to be conducted in order to realise potential release 

of risk metal(loid)s in the long-term. The long-term immobilisation efficiency of 

nZVI products and the effect of time on Fe oxidation was one of the purposes 
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of my PhD study and was deeply investigated by Mitzia et al. (2023) which is 

presented in Chapter III.  

nZVI modifications 

Nano zero-valent iron has been extensively studied over the last years for its 

great potentials for metal(loid) immobilisation (Baragaño et al., 2020; Gil-Díaz 

et al., 2014, 2019; He et al., 2022; Hiller et al., 2021; K. Li et al., 2023; Teodoro 

et al., 2020; Vítková et al., 2018); yet, it has some functional drawbacks. The 

nano particles of Fe0 are strongly magnetic which results in their self-attraction. 

This leads to the formation of agglomerates of nZVI particles (Fig. 1.12b) and 

is the greatest limitation of nZVI because it limits its mobility in soils (Ken & 

Sinha, 2020; Phenrat et al., 2019). In addition, when nZVI particles are not 

passivated with a protective shield, the strong reactivity of nZVI can cause vivid 

reactions which are unfavourable. For these reasons, modifications of nZVI 

have emerged increasingly during the last years to create more stable and 

effective products (Phenrat & Lowry, 2019 and references therein; Trakal et 

al., 2019). Those include: coating of nZVI particles with other compounds 

(usually polymers), combining nZVI with other metals (bimetallic nZVI), 

impregnating nZVI on other compounds or support it on their structure, 

sulfidation, emulsion and more (Petala et al., 2022). Variable compounds from 

natural minerals such as bentonite and kaolinite to synthesised materials such 

as resins or carbon-based materials have been used to support nZVI (Ken & 

Sinha, 2020). Among them, biochar (BC) holds a special place because it is a 

low-cost material, non-toxic, allows combinations with other materials, and 

shows immobilisation efficiency for both organic and inorganic pollutants (S. 

Wang et al., 2019a). Therefore, the modification of nZVI with biochar can 

combine the advantages of both materials, limit the aggregation of nZVI and 

promote its mobility in soil. Encouraging results on nZVI-BC immobilisation for 

metals and metalloids were published before 2018 but the studies concerning 

soil remediation were scarce: Su et al. (2016) and Zhang et al. (2018) reported 

successful remediation of Cr(VI) contaminated soils, using a BC-nZVI 

composites. In addition, studies where nZVI and BC were co-applied in soil 

were also rare (Oleszczuk & Kołtowski, 2017; N. Zhang et al., 2017). Based on 

those, nZVI combined with BC (Mitzia et al., 2020) and supported by BC (Mitzia 

et al., 2023) were studied during my PhD for metal(loid) immobilisation in soil. 

Consequently, BC was also tested alone.  
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Biochar and organic amendments 

According to the International Biochar Initiative, “biochar is a solid material 

obtained from the thermochemical conversion of biomass in an oxygen-limited 

environment” (IBI). The use of biochar (BC) as a soil improver is linked to the 

Terra Preta (i.e. Amazonian Dark Earths; ADE), lands with increased fertility, 

high content of nutrients and organic matter (Lehmann, 2009). Although BC is 

not exactly an analogue of Terra Preta, research on BC production and 

utilisation was mainly initiated by the improved properties that ADE showed 

(Lehmann & Joseph, 2015). Based on this, BC can be considered a traditional 

fertiliser with proven efficiency to improve various soil properties as displayed 

in Fig. 1.14. Biochar application can influence soil properties such as fertility, 

water retention, cation exchange capacity (CEC), bulk density, soil pH, crop 

growth, NPK content, organic matter content, and microbiological activity 

(Beesley et al., 2010; Jien, 2019; Y. Zhang et al., 2021).  

Figure 1.14: Benefits of biochar use in soils. Image reproduced from Zulfiqar et al. (2022) under 

the licence CC BY-NC-ND 4.0 (https://creativecommons.org/licenses/by-nc-nd/4.0/).  

Additionally, in the last decades, BC has been also applied as a sorbent for 

contaminant immobilisation in water and soils (e.g. Ok et al., 2019; Y. Wu et 

al., 2024). Biochar has a variety of desirable properties including stable 
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organic matter content (resistant in mineralisation compared to natural 

organic matter), large specific surface area, increased cation exchange 

capacity, number of oxygen containing functional groups, high 

porosity, increased mineral content, and usually strongly alkaline pH, which 

make it a great sorbent for risk metal(loid)s in soils (Duwiejuah et al., 2020; 

Almatrafi, et al., 2022; Tack & Egene, 2019a; Y. Zhang et al., 2021)., Moreover, 

BC can be a low-cost material (depending on the feedstock), easily available 

and manageable (i.e. light-weight powder; Fig. 1.15a, no chemical reactivity) 

and with high social acceptance for use in environmental remediation projects 

(H. Lin et al., 2022). On top of those, the hospitable structure of BC (Fig. 

1.15b,c) make it an ideal candidate for impregnation with other materials. 

There are two ways in which BC can be an effective tool for risk metal(loid) 

immobilisation in soils: directly, by retention of contaminants (e.g. adsorption), 

and indirectly, by altering physico-chemical properties (mainly pH increase) 

that control metal(loid) availability in soils (Taraqqi-A-Kamal et al., 2021). 

Although the efficiency of BC for risk metal(loid) immobilisation is known and 

was well-documented until 2018 (Abbas et al., 2018; Ahmad et al., 2014, 2017; 

Anawar et al., 2015; Trakal et al., 2011), long-time studies investigating the 

efficiency and overall behaviour of BC in the soil were scarce (O’Connor et al., 

2018). Therefore, one of the objectives of the current PhD study, was to 

investigate the changes in BC efficiency over time and especially under 

changing conditions as presented in Chapters II, III & V.  
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Figure 1.15: Different representations of biochar. a) woody BC powder, b) BC structure as seen 

by SEM in BSE mode, and c) in SE mode. 

Pyrolysis conditions and feedstock 

Biochar can be produced from any sort of organic mater (wood, crop waste, 

manure, municipal waste and more) either by pyrolysis (i.e. thermochemical 

conversion in inert conditions) or by hydrothermal carbonisation (conversion of 

wet biomass to biochar) (Lee et al., 2019). During the production of BC, volatile 

gases and hydrocarbons (bio-oils) are also produced. Pyrolysis is the most 

common method of the two and is characterised by the temperature, the 

heating rate and the residence time. Thus, fast pyrolysis occurs at 400-600 °C, 
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with a rate of 300 °C/min and residence time between 0.5 to 10 sec. This kind 

of pyrolysis mostly produces bio-oil and a smaller load of BC. Slow pyrolysis on 

the other hand, occurs in temperatures from 300 °C to 800 °C, with heating 

rate between 5 and 10 °C and residence time ranging from minutes to hours. 

Slow pyrolysis produces around 35-50 wt. % BC (Lee et al., 2019). 

Hydrothermal carbonisation occurs in much lower temperatures compared to 

pyrolysis, namely 180-260 °C for 5 min to 6 h, and it is an ideal method for the 

conversion of wet biomass without the need to pre-dry it and shows high 

conversion efficiency (Lee et al., 2019). For metal(loid) immobilisation, two 

main factors of BC production play an important role in the properties of the 

final product: the pyrolysis conditions and the feedstock (Ahmad et al., 

2014). According to Zhao et al. (2013), BC’s surface area and pH are mostly 

influenced by pyrolysis temperature, while CEC, organic carbon, and mineral 

contents, and carbon sequestration capacity of biochar are primarily influenced 

by the origin of raw material. In particular, higher pyrolysis temperatures (i.e. 

>500 °C) usually result in BCs with more stable C content, higher specific 

surface area, higher ash content, and higher pH, all of which can promote 

cationic metal(loid) immobilisation in soils (Ippolito et al., 2020; Jin et al., 2016; 

Almatrafi, et al., 2022; Palansooriya et al., 2020; Tack & Egene, 2019b). 

However, for anionic metal(loid)s, higher pH values have the opposite effect 

and this may lead to BCs eventually causing mobilisation (e.g. Beesley et al., 

2015). Both mineral content (Ca, Mg, K, P, Fe, Mn) and the risk metal(loid) 

content (e.g. Cu, Zn, Pb, Sb) of BCs tend to increase at higher pyrolysis 

temperatures due to their content “magnification” after the removal of volatile 

compounds (T. Chen et al., 2014). Also, potential leaching of risk metal(loid)s 

contained in the BC feedstock, decreases with increasing pyrolysis temperature 

(X. Zhang et al., 2022). The CEC and the content of surface functional groups 

are lower at higher pyrolysis temperatures although some studies reported 

higher CEC at higher temperatures (Tomczyk et al., 2020). The surface groups 

on BC are of particular importance because they could either accept or donate 

electrons which makes a BC acidic or alkaline and hydrophilic or hydrophobic 

(Amonette, & Joseph, 2012). In terms of feedstock, woody BC might have 

lower pH than other materials likely due to the presence of P- and Ca- 

containing salts in the non-woody biomasses. Nevertheless, the presence of 

oxygen groups also plays a crucial part in the final pH with carboxyl ones, 

resulting in higher pH values (Tomczyk et al., 2020). Biochar produced from 

wood was reported to have higher specific surface area compared to BCs from 
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other raw materials, thus showing increased metal(loid) adsorption efficiency 

(Ippolito et al., 2020). Although higher specific surface area does not guarantee 

higher adsorption (Hudcová et al., 2022; Trakal et al., 2014), a higher surface 

area results in higher pore volume which promotes the mass transfer of 

metal(loid)s into BC pores and provides more active sites for binding (Agrafioti 

et al., 2014). Biochars produced from manures, crop-waste or sewage sludge, 

on the other hand, may have higher ash content and CECs and higher pH values 

compared to woody BCs but they exhibit lower specific surface area and less 

district porous structure (Ippolito et al., 2020). This is due to the higher ash 

content, which can result in blocking or clogging of the biochar pores and 

reduce the surface area and hinder the metal(loid) retention on their surface 

(Rangabhashiyam et al., 2022; Tomczyk et al., 2020). The mineral content of 

the final material is not only a significant factor in metal(loid) adsorption (Shen 

et al., 2018; P. Wu et al., 2023) but also for nutrient enrichment of soil (Ippolito 

et al., 2020).  

Biochar retention mechanisms 

Biochar induces metal(loid) retention through six main mechanisms (Abbas et 

al., 2018; Gao et al., 2022; Y. Wu et al., 2024): surface sorption, electrostatic 

interactions, ion exchange, precipitation, complexation and redox reactions 

(Fig. 1.16). Surface sorption occurs due to diffusion of metal(loid) ions on the 

biochar pores or due to van der Waals forces which lead to the formation of 

chemical bonds. Electrostatic interaction is governed by the point of zero 

charge (PZC) of the BC and the pH of the contaminant solution. Both the BC 

and the contaminants are charged and therefore electrostatic interactions occur 

between them. Based on this principle, when the pH of the surroundings is 

higher than the pHPZC of the BC, then BC surface gets negatively charged and 

thus attracting cations while when the pH of the surroundings is lower than the 

pHPZC of the BC, then anions are attracted. Especially for anionic species, 

electrostatic interaction is the main mechanism of their retention by BC. For 

ion exchange the differentiation between cationic and anionic species is 

crucial because this mechanism is based on the exchange of target 

contaminants with similarly charged ions located on the BC surface. Hence, the 

cationic species (usually metals) are exchanged by cations or protons on the 

BC surface and thus are immobilised. On the contrary, anionic species (e.g. As) 

cannot be exchanged. This is the main reason why BCs are generally not 

efficient for anion retention. The CEC of a biochar is a measurable property 
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that can show the potential of a BC for metal retention. Attention should be 

given to ion exchange because it can be reversible and thus result in 

contaminant release. The mechanism of precipitation is based on the 

formation of solids either on the surface or in the soil solution during the 

sorption process. The precipitates can be insoluble forms of a metal (since 

metals are usually immobilised in this way), thus presenting great stability. The 

mineral components of BC play a key role in the precipitates’ formation. 

Complexation involves the binding of metal(loid)s with specific ligands 

resulting in the formation of stable complexes. The complexation ability of a 

BC may increase over time due to the formation of more carboxyl groups on 

BC surface after BC oxidation. Due to the presence of redox active moieties on 

the surface of BC, redox reactions can also be initiated. Biochar can both 

receive and donate electrons and thus act as a “geobattery” (Klüpfel et al., 

2014; J. Yuan et al., 2022). This mechanism can be employed for the 

immobilisation of As and Cr; however, potential reversibility of the redox 

reaction can result in contaminant release. 

Figure 1.16: Metal(loid) immobilisation mechanisms employed by biochar. Image reproduced 

from Ahmed et al. (2021) under the licence CC BY-NC-ND 4.0 

(https://creativecommons.org/licenses/by-nc-nd/4.0/). 
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As mentioned earlier, biochar can indirectly affect the metal(loid) availability in 

soils by enhancing key soil properties. Among these factors, pH is universally 

acknowledged as the most significant because it controls metal(loid) availability 

(e.g. Ok et al., 2019). The pH increase that is usually an outcome of BC 

application in a contaminated soil, results in a decrease in metal mobility. On 

the contrary, an increase in pH values might (and usually does) have an 

adverse effect of the mobility of anionic metal(loid)s (such as As and Sb), which 

are more mobile at higher (>5) pH values mainly due to the decrease of 

positively charged binding surfaces (Beesley & Marmiroli, 2011). Although BC 

has been sometimes efficiently used for As immobilisation in soils (Kumar & 

Bhattacharya, 2022; Shaheen et al., 2019; J. Wu et al., 2020), more studies 

found that BC promotes or does not decrease As mobility in soils (Gao et al., 

2022; Vithanage et al., 2017; Zarzsevszkij et al., 2023; Y. Zhang et al., 2022). 

This finding calls for caution when taking decisions about the remediation of 

multi-element contaminated soils. In order to tackle the limited efficiency of BC 

for As immobilisation, modifications of BC products have been suggested 

(Trakal et al., 2019; Vithanage et al., 2017; Y. Wu et al., 2024). Among them, 

modification of BC with the incorporation of Fe oxides or nZVI (Fig. 1.17) has 

received positive feedback. A composite of nZVI and BC can have the 

advantages of both materials (e.g. high reduction ability, high CEC ability, pH 

increase) and at the same time, it minimises the negative effect of BC on 

metalloid mobilisation and the agglomeration tendency of nZVI as described 

before (Trakal et al., 2019; Y. Zhang et al., 2022). In general, nZVI-BC 

composites have been suggested as promising materials for metal and 

metalloid immobilisation in soils for the following reasons. They are non-toxic, 

with increased number of oxygen functional groups and surface sites and 

enhanced pore properties compared to BC alone. The Fe0 nanoparticles can be 

easily dispersed onto the BC matrix (Fig. 1.17b) which improves nZVI stability. 

At last, local BC sources can be utilised for their production thus promoting 

cost-efficiency (Trakal et al., 2019).  As previously discussed, a combination of 

BC and nZVI has been tested in the current PhD study (Chapters II, III & V). 

The BC products used in our experiments were commercially available by 

Carbon Terra (GmbH, DE) and LAC (Ltd., CZ). More details regarding their 

properties can be found in Mitzia et al. (2020, 2023). 

 



 
General Introduction  

 

40 
 

Figure 1.17: a) Production of nZVI-modified BC and b) SEM image of nZVI-BC particle. Image 

a) is reproduced from Trakal et al. (2019), Copyright Elsevier (2019). 

Waste-derived biochar 

Biochar can be a great cost-effective solution for metal(loid) immobilisation 

since, by default, waste materials are used for its production. This feature 

makes BC a sustainable product in terms of waste reuse and provides a plethora 

of options regarding feedstock. Sewage sludge-derived BC is a bright example 

of waste reuse with multiple environmental benefits. Sewage sludge is “any 

a) 

b) 
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solid, semisolid, or liquid residue generated during the municipal wastewater 

and sewage treatment process” (Wijesekara et al., 2016). The generation of 

sewage sludge is unavoidable and calls for immediate management to reduce 

the volume and sanitise the sludge, at least by removing the water (Fig. 1.18a). 

Ultimately, sewage sludge needs to be safely disposed which is a high-cost 

operation mainly due to necessary treatment, storage, transportation, and final 

disposal (Kacprzak et al., 2017). Furthermore, management of sludge is 

challenging due to the high loads that are produced and the variable 

composition sewage sludge can have depending on the original waste material 

(T. Liu et al., 2014). Sludge is rich in organic matter and typically contains 

increased amounts of nutrients such as Ca, K, N, Na, and P, but might also 

contain inorganic and organic pollutants and pathogens (Christodoulou & 

Stamatelatou, 2016). It is evident that appropriate treatment of sewage sludge 

is necessary as described in the European Regulation (EU, 1986). Pyrolysis, 

has been proved to decrease the available fraction of metal(loid)s (Agrafioti et 

al., 2013; Z. Cui et al., 2022; D. Li et al., 2022; X. Zhang et al., 2022) and 

minimise or completely remove the content of organic pollutants in sludge 

(Buss, 2021; L. Wang et al., 2020). On top of that, it can minimise the water 

content and thus the volume of sewage sludge. Therefore, the emerging idea 

of using sewage sludge as a feedstock for BC production can be considered a 

win-win situation in which sewage sludge is safely managed and a soil 

amendment is produced (Singh et al., 2020). Based on those, pyrolysed sludge 

(Fig. 1.18b) can be considered a sustainable soil improver with the ability to 

increase the organic matter, nutrient content (e.g. Fe enrichment; Fig. 1.18c), 

and the pH of the soil. For these reasons, sewage sludge has been implemented 

for soil remediation (Álvarez-Rogel et al., 2018; Chagas et al., 2021; Figueiredo 

et al., 2019; Grobelak & Jaskulak, 2019; L. Wang et al., 2020; Zhao et al., 

2023). From this perspective, sewage sludge is not only a waste but a potential 

resource for material recovery (Christodoulou & Stamatelatou, 2016) and 

circular economy (Khan et al., 2023). Lately, due to the benefits of the use of 

pyrolysed sludge, increasing research regarding the sustainable and safe use 

of sewage sludge-derived biochar (sludgechar) has been increasingly popular 

(Hušek et al., 2022; Khan et al., 2023; Mayilswamy et al., 2023; 

Rangabhashiyam et al., 2022). Due to the multiple environmental benefits of 

the reuse of sewage sludge, sludgechars have also been investigated for 

metal(loid) remediation in water and soils (Chapter IV). 
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 Figure 1.18: Images of sludge and sludge-derived materials: a) dewatered sludge without 

further treatment, b) pyrolysed sludge (sludgechar) and c) sludgechar as seen by SEM in BSE 

mode, polished thin sections. Image c) is adapted from Mitzia et al., 2024, Copyright Elsevier 

(2024).  
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Abstract 

The remediation of a soil contaminated with Zn, Pb and Cd was tested by using 

biochar (BC), nano zerovalent iron (nZVI) and a combination of these two (BC 

þ nZVI). Each amendment was individually applied to the soil at 2 wt%. We 

tested the influence of 1) the used amendments, 2) time, and 3) soil moisture 

conditions on the metal availability and soil physico-chemical parameters using 

various extraction methods, as well as soil pore water samplings. We found 

that metal availability was mainly affected by pH under the influence of time 

and water content. Among the tested treatments, BC was the most successful, 

resulting in the lowest amounts of the target metals in the pore water and the 

smallest temporal changes in metal concentrations and pH in the soil. The use 

of nZVI efficiently decreased water-extractable Pb in the short- and long-term. 

The BC þ nZVI treatment also yielded promising results regarding the 

immobilisation of the studied metals. Time provoked a general decrease in pH, 

which occasionally increased the available metal concentrations. Raising the 

soil water content increased the pH and subsequently lowered the available 

metal concentrations in the pore water. The mechanisms of metal stabilisation 

were further investigated by SEM/EDS. The results indicated that the used soil 

amendments enhanced the binding of Zn, Pb, and Cd on Fe/Mn/Al 

oxides/hydroxides, which in turn resulted in the stabilisation of the target 

metals. 

  



 
Chapter II 

 

47 
 

2.1  Introduction 

Biochar (BC) and nano zerovalent iron (nZVI) have become increasingly popular 

for environmental remediation. In particular, BC (i.e. a solid material resulting 

from the pyrolysis of organic matter), which has been traditionally used as a 

soil fertiliser, has recently been used for the remediation of soil from organic 

and inorganic contaminants (O’Connor et al., 2018). Remediation using nZVI 

has primarily been applied for groundwater remediation (Lefevre et al., 2016), 

but its use in soils remains scarce. The main mechanisms that are employed 

by these sorbents for pollutant decontamination are surface sorption, ion 

exchange, (co)-precipitation (Abbas et al., 2018; Kumar et al., 2018), and 

redox reactions (provided by nZVI as an electron donor) (Yirsaw et al. 2016). 

However, the application of such sorbents is not solely aimed at remediating 

contaminated soils, but also at enhancing soil functionality (Lwin et al., 2018), 

e.g. by promoting soil fertility (Ahmad et al., 2014) or by altering the pH, which 

is one of the key factors affecting metal mobility in soils (Houben et al., 2013; 

Pérez-Esteban et al., 2014). Moreover, the presence of soil organic matter, as 

well as Fe-, Mn-, and Al- oxides/hydroxides, plays an important role in metal 

sorption in soils (Neubauer et al., 2002; Sipos et al., 2018; Vítková et al., 2017, 

2018). 

Apart from the positive influence of the studied sorbents in soils, some 

drawbacks, such as the agglomeration of nZVI, calls for modified or combined 

materials (Trakal et al., 2019). Kaolinite, bentonite, mesoporous silica, 

activated carbon and biochar are some of the materials used to support nZVI 

particles (Dong et al., 2017). Biochar is cheap, simple to synthesise, non-toxic, 

and has the ability to make nZVI less unstable and more mobile in soils due to 

the distribution of nanoparticles in its structure (which prevents aggregation) 

(Tan et al., 2016). Therefore, BC has already been used for nZVI modification, 

yielding promising results for metal(loid) removal (Zhou et al., 2014; Yang et 

al.; 2018). However, most studies focus only on water or laboratory solutions. 

The co-application of BC and nZVI has rarely been tested in soils for the 

remediation of organic (Oleszczuk & Kołtowski, 2017) and inorganic (Zhang et 

al., 2017; Frick et al., 2019) contaminants.  

In this study, we applied commercial products of BC or nZVI and their 

combination in multi-contaminated soil samples and conducted various types 

of laboratory experiments and solid phase analysis. The sampling of pore 
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water, in addition to extraction results, was selected because it is non-

disruptive to the soil matrix and can estimate the concentrations of risk 

elements directly available for potential plant uptake (Moreno-Jiménez et al., 

2011). The objectives of the current work were mainly to assess the availability 

of metals in each soil treatment as a response to time and actual water content, 

and secondarily to investigate the mineral transformations in the soil after the 

amendment application. Studies dealing with the functionality of soil 

amendments as influenced by time and water conditions are scarce. However, 

these parameters can significantly affect the metal stabilisation efficiency of 

the amendments. Hence, research on this topic is highly important and we 

provide such information in this paper. 

2.2 Materials and methods 

2.2.1 Soil samples and soil amendments 

The soil that was used for this research was obtained from the alluvium of the 

Litavka River (Příbram District, Czech Republic, Fig. S2.1). The average annual 

temperature in the area is 7 °C and the average annual precipitation is 650−750 

mm (Šípek et al., 2019). The sampling site is in the close vicinity of the Příbram 

smelter (Fig. S2.1). Although Ag and Pb smelting ceased in 1972, the past 

industrial activity produced large amounts of slag and other waste material, 

which were dumped in the near-by areas (Fig. S2.1), raising concerns about 

water and soil contamination (Ettler et al., 2001). Basic characteristics of the 

studied soil can be found in Table 2.1. Available concentrations of Zn in the soil 

have been reported in our previous studies and vary from about 10 to 25 mg 

kg-1 in water extracts and between 360 and 480 mg kg-1 in CaCl2, Pb was found 

in much lower amounts, yielding up to 70 μg kg-1 in water leachates and 2 mg 

kg-1 in CaCl2, while average Cd concentration in water and CaCl2 leachates  is 

0.17 mg kg-1 and 10 mg kg-1, respectively (Hudcová et al., 2019; Michálková et 

al., 2016; Vítková et al., 2018). Various amendments (and their modifications) 

i.e. BC (along with phytoremediation) (Břendová et al., 2015), nZVI (Vítková et 

al., 2017, 2018), amorphous manganese oxides (Michálková et al., 2016), and 

layered-double hydroxides (Hudcová et al., 2019) have been successful in 

metal(loid) stabilisation in samples of this soil under specific laboratory 

conditions. Nevertheless, further research on novel sorbents and their 
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modifications that are (cost-)efficient in multi-contaminated areas under 

various soil moisture conditions, are required. 

Table 2.1. Basic characteristics of the studied soil (n = 3). 

 
  Soil characteristic Value 
  
  

pHH2O
a 5.98 

pHKCl
a 5.27 

  
Particle size distributionb Percentage 

  
Sand 75 
Slit 
Clay 

20 
5 

  
Aqua regia extracted mg/kg 

  

Al 
As 
Ca 
Cd 
Fe 
K 

Mn 
Pb 
Zn 

9100±219 
385±11 
1436±26 
31.6±1 

32974±629 
1529±43 
4695±99 
3854±121 
3082±83 

a According to ISO10390:2005 
b According to Vítková et al. (2017) 

The soil was sampled from the surface layer (0-25 cm), air-dried and sieved to 

<2 mm. The pseudo-total amount of metals/metalloids in the soil matrix was 

determined by microwave-assisted aqua regia extraction using the Multiwave 

PRO microwave reaction system SOLV (Anton Paar, Germany): about 0.25 g of 

each sample was digested, according to EPA 3051A (2007). In addition to the 

original protocol, 1 mL of H2O2 was added to the acid mixture (9 ml HNO3 + 3 

ml HCl) in order to enhance the soil organic matter decomposition. The samples 

were left to react overnight before being placed in the microwave oven. Prior 

to ICP OES analysis, the samples were diluted with deionised water to 50 mL, 

followed by filtration using 0.45 μm pore nitro-cellulose syringe filters.  

As amendments we used the following commercial products: 1) a certified 

biochar (Carbon Terra product; GmbH, Germany) made of 80% coniferous and 

20% deciduous wood chip pyrolysed at 700 °C for 36 h and 2) an air-stable 

nano zero-valent iron product (NANOFER STAR, NANO IRON, Ltd., Czech 

Republic). Both products were sieved to <0.5mm particle size. For the 
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activation of Fe0 nanoparticles, (i.e. removal of the Fe-oxide layer), vigorous 

mixing was conducted in 1) demineralised water (following the manufacturer’s 

recommendations) and 2) 0.02 M ammonium oxalate solution (for its ability to 

dissolve iron oxides), both in a 1:4 solid/liquid ratio. Mixing of BC in 

demineralised water was performed for uniformity. The BC-nZVI treatment was 

prepared by the addition of BC powder to the nZVI-water suspension (1:1 w/w) 

during mixing. The BC particles were occasionally covered or filled with nZVI 

particles (Fig. S2.2). A fresh suspension of each sorbent (i.e. nZVI in water, 

nZVI in ammonium oxalate, BC and BC+nZVI) was prepared immediately 

before its application to the soil. 

2.2.2.  Initial incubation  

The soil was individually amended with each sorbent (2 wt.%) in the form of a 

suspension. The portion was chosen based on several aspects: 1) stabilisation 

efficiency, 2) overall cost of future full-scale application, and 3) potential 

negative effects of nZVI on biota. Various amounts from 0.01 wt.% (Wang et 

al., 2016) to 10 wt.% of nZVI (Fajardo et al., 2018) have been reported and 

applied in soils. Vítková et al. (2017, 2018) used 1 wt.% of nZVI with a positive 

effect on Zn stabilisation and plant growth, but still with toxic levels of available 

Zn. However, negative or even toxic effects on microbial/fungal community and 

plants have been reported for nZVI-treated soil (Wu et al., 2018; Xue et al., 

2018). Therefore, 2 wt.% of nZVI was assumed as a balance between 

remediation efficiency, potential toxicity and cost. The rest of the amendments 

were applied in the same ratio for uniformity. A non-treated soil sample (i.e. 

control) was used for comparison. A total mass of 2 kg (including the 

amendment) was thoroughly homogenised, watered, and maintained at 60% 

of the soil water holding capacity (WHC) for 1 month to reach pseudo-

equilibrium conditions after the application of the amendments. The samples 

were kept in 6-L polypropylene containers, which were partly open to allow the 

air come inside, stored at ambient temperature (22−25 °C) and protected 

against direct sunlight. The soil samples were regularly manually mixed and 

watered so as to maintain 60% of WHC. After the incubation period, the soil 

was dried at 40 °C and sieved again. An aliquot of each soil sample was kept 

for subsequent analyses to evaluate the efficiency of the 1-month incubated 

treatments with regards to the immobilisation of the target metals (i.e. Zn, Pb 

and Cd).  
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2.2.3 Pot experiment 

A 60-day pot experiment was conducted in order to assess 1) the actual 

available concentration of metals and 2) the changes in metal concentrations 

as a function of time and water content. Approximately 270 g of incubated soil 

and a soil pore water sampler (Rhizon sampler, Rhizosphere Research Products, 

Netherlands) were placed in each pot (polypropylene, 0.42 L volume, conical 

frustum shape, r1=5 cm, r2=6.35 cm, h=7.5 cm). In total, 25 pots were 

prepared, i.e. 5 replicates of each treatment and 5 control samples. The pots 

were kept at ambient temperature (22−25 °C), regularly watered (without 

mixing and aeration), and pore water was collected after 10, 50 and 60 days 

from the re-equilibrated soil. The pots were initially maintained at 60% of the 

soil WHC. After day 50, watering was increased to reach 100% of WHC in order 

to simulate rainy events and waterlogging during floods in the area. Soil pore 

water was sampled using the rhizons and was immediately subjected to pH, 

Eh, and electric conductivity (EC) measurements and prepared for subsequent 

analyses. The soil from each pot was air-dried and further subjected to a set 

of extractions to compare the changes in metal concentrations before and after 

the pot experiment.  

2.2.4  Chemical extractions 

In order to investigate temporal changes (before and after the pot experiment) 

in the stabilisation efficiency and the key soil parameters between the different 

soil treatments, single and sequential extractions were performed. 

Single extractions  

Soil samples (4 g, n = 3) were shaken for 3 h in suspensions of 1) deionised 

water and 2) 0.01 M CaCl2 (liquid to solid ratio of 10 mL g-1). The leachates 

were centrifuged (9000 rpm, 10 min), filtered (0.45-μm nitrocellulose syringe 

filters), measured for pH, Eh, and EC and prepared for further analyses 

(Quevauviller, 1998).  

Sequential extraction 

A mass of 1 g of each soil sample (n = 3) was subjected to sequential extraction 

according to Rauret et al. (2000) and analysed for metal concentrations. At the 

third step of the procedure, after the initial addition of 10 mL of 30% H2O2 
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(according to the protocol) no additional H2O2 was needed (in contrast with the 

protocol) based on our previous experiments. The final solid residues were 

dried and subjected to microwave-assisted digestion as described previously.  

Extraction of iron and aluminium oxides/hydroxides  

In order to better understand and describe the changes of metal binding 

mechanisms, the amount of amorphous and crystalline Fe oxides/hydroxides 

and Al oxides/hydroxides was assessed following the ISO 12782 (2012) group 

of standards. A mass of 2 g of each soil sample (n = 3) was used for each 

extraction.   

A solution of ascorbic acid (adjusted to pH 8) was prepared according to 

ISO12782-1. Forty mL of the final solution were added to each soil sample, 

after which the samples were shaken for 24 h at ambient temperature. 

Centrifugation (9000 rpm, 10 min), filtration (0.22-μm nitrocellulose syringe 

filters) and dilution of the samples for subsequent ICP OES analysis were 

conducted immediately after.  

Crystalline Fe oxides and hydroxides were extracted with dithionite (adjusted 

to pH 4.8) according to ISO 12782-2. Forty mL of this solution were added to 

the samples prior to shaking in an orbital shaker (60 °C, 210 min). After cooling 

down for 30 minutes, the samples were centrifuged, filtered, diluted and 

preserved for further ICP OES analysis (as previously discussed). 

Aluminium oxides/hydroxides extraction was conducted according to ISO 

12782-3, using 40 mL of ammonium oxalate/oxalic acid at pH 3 for each soil 

sample. The samples were shaken in a horizontal shaker for 4 hours and then 

centrifuged (5000 rpm 30 min). Approximately 10 mL of the supernatant were 

filtered using 0.22 μm nitrocellulose syringe filters after discarding the first 3 

mL. The final extractant was refrigerated until subsequent analysis. 

2.2.5 Instrumental analytical methods  

The concentrations of major and trace elements in all the tested solutions 

(acidified to a final concentration of 2% HNO3 before analyses) were 

determined by ICP OES (Agilent 730, Agilent Technologies, USA). Carbon 

contents were determined using a carbon analyser (TOC-L CPH, Shimadzu, 

Japan). The concentrations of anions (F−, Cl−, NO3
−, PO4

3−, SO4
2−) in the water 
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extracts and pore water samples were determined by ionic chromatography 

(Dionex ICS-5000+, Thermo Fischer Scientific). For the solid-state analysis, 

polished thin sections of the amended (incubated) soil samples were prepared 

and carbon-coated before analysis. A TESCAN VEGA3XMU scanning electron 

microscope (SEM) (TESCAN Ltd., Czech Republic) equipped with a Bruker 

QUANTAX200 energy dispersive X-ray spectrometer (EDS) were used for 

microscopic investigations. The actual voltage was set to 15 kV, and 

occasionally to 20 kV. 

2.2.6 Data treatment 

The results were statistically tested using the software Statistica (version 

13.4.0.14, Tibco Software Inc.). The non-parametric Mann-Whitney U test was 

used to test the statistical significance (p<0.05) of the results after determining 

that the data did not have a normal distribution. Possible correlations were also 

determined using Pearson coefficient (p<0.05).  

As a complementary method to the analytical results, the PHREEQC-3 

geochemical code (Parkhurst & Appelo, 2013) was used to determine the 

speciation of metals and predict the potential solubility-controlling phases. The 

T_H database was used for all the calculations. See also Hudcová et al. (2019) 

for input details. 

2.3  Results and Discussion  

2.3.1  Soil pore water changes - pot experiment results 

The interpretation of the pore water results indicates that apart from the used 

sorbents themselves their indirect effects (i.e. pH buffering, promotion of metal 

sorption on soil minerals) also played an important role in metal availability. 

The BC-treated soil samples yielded the highest pore water pH values among 

all the treatments in all the samplings, while also yielding the lowest metal 

concentrations for all 3 target metals (Fig. 2.1). Significant (p<0.05) negative 

correlations were observed between pH values and metal concentrations in 

pore water: pH–Zn (r=–0.79), pH–Pb (up to r=–0.82) and pH–Cd (r=–0.76). 

Similar correlations were reported by Vítková et al. (2018) with results from the 

same soil. Consequently, pH was suggested as the key factor affecting metal 
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availability in soil pore water (i.e. the highest pH values were connected to the 

lowest metal concentrations). On the 10th day of the pot experiment, the 

treatment efficiency with regards to the stabilisation of Zn and Cd was as 

follows: BC > Control > BC+nZVI > nZVIoxal > nZVI, whereas on the 50th and 

60th days: BC > BC+nZVI > nZVI > Control > nZVIoxal (Fig. 2.1). It is important 

to note that the insufficient stabilisation of Zn and Cd by nZVI (observed on the 

10th day) was only temporary. Lead, on the other hand, was stabilised by nZVI 

even during the first 10 days, while in general, the BC–bearing treatments were 

the most efficient in terms of Pb immobilisation (Fig. 2.1). However, Pb was 

generally detected in very low amounts compared to the other metals because 

of its limited availability. This was clear from the sequential extraction results 

(Fig. S2.3). Furthermore, according to the PHREEQC calculations, Pb in pore 

water was suggested to be in its most mobile form (free Pb2+ ion), in 

percentages ranging from 44–53% on the 10th day of the pot experiment to 

73–78% on the 50th day and 65–76% on the 60th day, which was significantly 

(p<0.05) lower compared to 83–95% for Cd2+ and 86–96% for Zn2+ (Table 

S2.1). Consequently, Pb was the least available among the 3 studied metals as 

expected.   
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Figure 2.1: Changes in selected soil pore water parameters as a function of time and soil 

moisture conditions (the water content was 60% of WHC during the first 50 days, followed by 

an increase to 100% of WHC until the 60th day, n = 5). Bars with the same letters indicate non-

significant differences; asterisks indicate significant (p<0.05) differences from the control soil.  

The decrease in pore water pH observed on the 50th day of the pot experiment 

in all the samples (Fig. 2.1) is believed to be the main reason behind the 

increased availability of all the studied metals (Rieuwerts et al., 1998). The 

PHREEQC results indicated that, on the 50th day of the pot experiment, all 3 

target metals were found in their free ionic form (i.e. Zn2+, Pb2+ and Cd2+, 

respectively) at higher rates than those of the 10th day (Table S2.1). Moreover, 

close-to-zero saturation indices of smithsonite (ZnCO3) and otavite (CdCO3) 

indicated that metal carbonates were the principle solubility-controlling phases 
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on the 10th day of the pot experiment (Table S2.2). The drop of pH on the 50th 

day resulted in the dissolution of metal-bearing phases, such as smithsonite, 

similar to what was suggested by Van Damme et al. (2010).  

The significant (p<0.05) differences in Zn and Cd concentrations induced by 

the increased water content (60th day) that were observed in all the treatments 

except the control (Fig. 2.1), suggest that the actual moisture conditions are 

crucial when assessing the sorbent functionality. However, the speciation of Cd 

and Zn remained the same independently of the actual soil water content 

(Table S2.1). When it comes to Pb, the percentages of Pb2+ dropped from 73-

78% to 65−67% for the amended samples after the moisture content was 

increased, while no particular change in Pb speciation was determined in the 

control (Table S2.1). The higher portions of Pb2+ in the control soil pore water 

samples (44% on day 10 compared to 75−76 % on days 50−60) corresponded 

to a progressive increase in the available Pb concentration (Fig. 2.1). This 

behaviour was related to the decrease in pore water pH from 5.45 on the 10th 

day to 4.93 and 4.95 on the 50th and 60th days, respectively (pH–Pb r=−0.72 

on the 50th and r=−0.82 on the 60th days). In contrast, the pH values of all the 

amended soil samples increased again after reaching full saturation (day 60; 

Fig. 2.1). Consequently, due to the strong correlations of metal mobility with 

pH, the water-content related effects on the amendment buffering activity are 

essential for the metal immobilisation process. 

The time- and pH-dependent availability of Cd and Zn in soil pore water has 

been previously reported for amended and non-amended soils (Beesley et al., 

2010; Tye et al., 2003). However, studies related to temporal fluctuations in 

soil water content are scarce (Yang et al., 2019), and even so, interactions 

between water content and sorbents in soils are rarely investigated. Recently, 

Salam et al. (2019) reported that soils, amended with several types of BC and 

incubated at different moisture conditions, yielded a higher pH increase at 

higher water contents (compared to lower water contents). Changes in soil 

water content may have a strong impact on redox reactions in soil, which in 

turn affect 1) metal mobility and 2) the behaviour of functional groups on the 

surface of BC (Yuan et al., 2017; El-Naggar et al., 2018). Moreover, Yang et al. 

(2008) found that the decrease of Cr(VI) in nZVI-amended soils was higher 

when the water/soil ratio was higher. The same effect can be observed for the 

reaction between nZVI and soil, which induces an Eh decrease followed by a 
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pH increase (Shi et al., 2011). Higher water contents in soils may decrease Eh 

and subsequently increase pH (Salam et al., 2019) due to the well-known 

negative correlation between pH and Eh (Rinklebe et al., 2016a, 2016b). In our 

study, pH was negatively correlated with Eh (r=−0.72), however, no strong 

correlations between Eh (Fig. 2.1) and metal concentrations were determined 

in pore water.   

Both the experimental and modelling results indicated significant temporal 

changes. In particular, the dissolution/precipitation of Fe/Mn phases was the 

most critical factor affecting metal sorption. The absence of Fe in the pore 

water samples of all the treatments on the 50th and 60th days (Fig. 2.1) could 

be a result of enhanced precipitation of new Fe phases. Ferrihydrite was 

predicted to be the most probable (Table S2.2), and Fe(III) species prevailed 

in the tested solutions (Table S2.1) according to PHREEQC. At the same time, 

the sorption of metals on Fe–oxides was confirmed by SEM/EDS (Fig. 2.3) and 

is discussed below. Moreover, the observed Mn release (Fig. 2.1) from the 

nZVI- and nZVIoxal-treated samples was proportional to the low stabilisation 

efficiency of these treatments. In contrast, BC-containing samples yielded the 

lowest values of dissolved Mn and the lowest risk metal concentrations in pore 

water. Correlations between the amount of available Mn and the 3 studied risk 

metals in pore water were determined as follows: Mn−Zn r=0.94, Mn−Pb 

r=0.84 and Mn−Cd r=0.96, indicating that the dissolution/precipitation of Mn 

played an important role in terms of metal stabilisation. Iron and Mn form 

important mineral phases in soils, represented by a small particle size, low 

solubility and a high surface reactivity (Sposito, 2008), making them great 

scavengers of risk elements (Komárek et al; 2013; Kumpiene et al., 2008). No 

Mn oxides were predicted as solubility-controlling phases in the pore water, 

except for rhodochrosite (MnCO3) (Table S2.2). The role of rhodochrosite in 

the remediation of a metal-contaminated soil has been discussed previously 

(Michálková et al., 2016). 

Dissolved organic carbon (DOC) concentrations generally decreased over time 

(Fig. 2.1), while a significant pH−DOC correlation was determined (r=−0.85, 

p<0.05), indicating that pH was also the main driver of carbon release. The soil 

treated with BC, a material known for its ability to sequestrate organic carbon 

(Anawar et al., 2015), had the lowest amounts of DOC in the pore water. The 

organic matter content of soils correlated with a lower risk-metal availability 
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(e.g. Kwiatkowska-Malina, 2018), further supporting the role of BC in metal-

stabilisation. 

2.3.2 Extractability of metals in H20 and CaCl2 

The availability of target elements in soil was assessed using extractions in H20 

and CaCl2 before the pot experiment, i.e. using soil incubated for 1 month, and 

after the pot experiment, i.e. after exposure to additional watering and different 

moisture contents over time. Thus, the temporal changes in the elemental 

composition and physico-chemical parameters in soil were determined (Fig. 

2.2). The results indicated that not only the applied sorbents, but also the time-

dependent incubation conditions played an important role in the metal 

immobilisation processes. 

Regarding the different soil treatments, ZnH2O was significantly (p<0.05) 

stabilised by nZVI and nZVIoxal before the pot experiment (Fig. 2.2A), probably 

due to the significant correlation of pHH2O−Zn (r=–0.76, p<0.05). In contrast, 

BC and BC+nZVI yielded the lowest amounts of Zn (Fig. 2.2I) in the CaCl2 

extraction, but no correlations with pH were determined in that case. After the 

pot experiment, Zn concentrations were significantly (p<0.05) stabilised by all 

the treatments in both extractions, but BC yielded the lowest values (Fig. 2.2A, 

I). Significant correlations of pHH2O−Zn (r=−0.86 to r=−0.96 at p<0.05) 

indicated the key role of pH on metal availability in soils. Cadmium 

concentrations in water were generally low (up to 0.7 mg kg-1), and they were 

lower in the soil treated with nZVI and nZVIoxal, but only temporarily (before 

the pot experiment), while BC and BC+nZVI treatments yielded minimal 

concentrations of Cd after the pot experiment (Fig. 2.2C). The lowest amount 

of CdCaCl2 was noticed in BC-treated soil, followed by BC+nZVI-treated soil, both 

before and after the pot experiment (Fig. 2.2K). Again, pH seemed to be an 

important driver of Cd availability, yielding pH−Cd correlations between 

r=−0.75 and r=−0.87. Water-extracted Pb was significantly (p<0.05) lower 

than that of the control in the samples treated with nZVIoxal, BC and BC+nZVI, 

while no stabilisation was noted for CaCl2-extracted Pb before the pot 

experiment (Fig. 2.2B, J). After the pot experiment, almost all of the used 

treatments in both extractions yielded significantly (p<0.05) lower amounts of 

Pb, except for BC in the H2O extraction (Fig. 2.2B, J). Although the total 

percentages of Pb2+ generally increased over time according to PHREEQC, the 
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control samples consistently had significantly (p<0.05) higher amounts 

compared to the treated ones (Table S2.3). It should be noted that, despite 

the nZVI treatment yielding higher amounts of PbH2O than the control soil before 

the pot experiment, this amount decreased over time (Fig. 2.2B). The 

fluctuations in Pb availability are believed to be due to the DOC–Pb correlation 

(r=0.63, p<0.05), which points out the well-known affinity of Pb for soil organic 

matter (Jensen et al., 2006; Kennou et al., 2015; Vodyanitskii et al., 2014). 

It is known that nZVI is oxidised upon contact with water in soil, and as a result 

the potential contaminants are reduced to achieve an oxidation–reduction 

equilibrium (Galdames et al., 2017). Therefore, the strongly reducing nature of 

nZVI, which is one of the main mechanisms of its efficiency (Stefaniuk et al., 

2016), might cause the dissolution of soil organic matter. As a result, Pb may 

become more available due to its complexation nature. This was clearly 

observed in the results of the BCR extraction, where a higher portion of 

exchangeable Pb and a lower % of Pb bound to organic matter were found in 

the nZVI-treated samples compared to the control and BC-treated samples (Fig. 

S2.3). Although the samples treated with nZVI yielded the highest DOCH2O 

values before the pot experiment, this effect was mitigated over time (i.e. after 

the pot experiment; Fig. 2.2F). Concerning the nZVIoxal treatment, the results 

indicated that nZVI was efficiently activated as the oxide layer was dissolved 

by stirring with ammonium oxalate solution and the stabilisation of metals was 

fast (Fig. 2.2A, C). At the same time, the presence of oxalates seems to limit 

the extensive leaching of DOC in the nZVIoxal-treated soil (Fig. 2.2F). 
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Figure 2.2: Changes in metal availability, pH, Eh and DOC before and after the pot experiment, 

expressed using H2O and CaCl2 single extractions (n = 3). Bars with the same letter indicate 

non-significant differences; asterisks indicate significant (p<0.05) differences from the control. 

It can be assumed that the functionality of the amendments was highly 

dependent on temporal changes in soil water content. Time-dependent solid 

phase changes (aging) and metal availability changes in soils are affected by 

temperature, pH, moisture content, drying-rewetting cycles and the total metal 

concentrations (Lock & Janssen 2003). Yet, pH is the most crucial factor 

determining how profound the effect of aging would be on metal availability 

(Lock & Janssen 2003). Several studies have reported that aging of 
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contaminated soils (amended or not) results in contaminant decrease (e.g. 

Lacalle et al., 2018; Venegas et al., 2016), which is generally related to a pH 

increase. However, the pH in our study decreased significantly (p<0.05) over 

time. Particularly, the range of pH values was 5.27–6.20 before and 5.09–5.81 

after the pot experiment (Fig. 2.2G, O). However, the BC-treated samples had 

the most stable pH values over time. In addition, significant (p<0.05) 

correlations between metals and pH were determined both before (r=−0.75 to 

r=−0.76) and after (r=−0.82 to r=−0.96) the pot experiment. The Eh values 

ranged from 404 to 491 mV before and from 436 to 468 mV after the pot 

experiment, yielding occasionally significant (p<0.05) differences (Fig. 2.2H, 

P). Negative correlations of Eh with the studied metals were present in the soil 

extracts (r=−0.61 to r=−0.77), both before and after the pot experiment. It is 

known that variations in Eh can influence the release of metals in soils (Frohne 

et al., 2011). 

The interactions between soil redox potential and metal concentrations are not 

single-directional though; Eh and pH are also affected by redox active elements 

in soils or elements occurring in high concentrations (Husson, 2013). Metal 

concentration variations are strongly related to soil solid phase–solution 

interactions (Rieuwerts et al., 1998; Roberts et al., 2005). The solubility of 

metals in soils is on one hand controlled by the mineral source and the potential 

for metal adsorption on soil constituents and on the other hand by dynamic soil 

properties such as pH and redox potential, soil water content and soil-metal 

interaction duration (Young, 2013). Consequently, the efficiency of soil 

treatments over time may be affected by multiple interactions in the soil matrix 

and by changes in the water content, which in turn can provoke an Eh-pH 

fluctuation (as already discussed), and finally, pH is expected to define metal 

availability. 

The role of major elements in metal behaviour cannot be neglected. In 

particular, the significant (p<0.05) correlations that were observed between 

the studied metals and Mn before and after the pot experiment (Mn–Zn, 

r=0.70−0.86, Mn–Cd, r=0.76–0.94 and Mn–Pb, r=0.73–0.87) imply that Mn 

dissolution was connected with metal availability. Moreover, although MnH2O 

levels were similar in all the soil samples before the pot experiment, BC and 

BC+nZVI were the only treatments that retained the same Mn levels afterwards 

(Fig. 2.2E). Additionally, significant sorption on Mn oxides was observed in the 
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BC–based samples by SEM/EDS (Fig. 2.3), although no Mn oxide precipitation 

was suggested by PHREEQC (Table S2.4). In contrast, the nZVI–containing 

samples yielded the highest amounts of dissolved Mn (Fig. 2.2E, M) similarly to 

the pore water results (Fig. 2.1), where rhodochrosite was the main solubility-

controlling phase (Table S2.4). Vítková et al. (2018) also reported excessive 

Mn release in nZVI treated soil samples. Iron solubility in H2O was also higher 

in the nZVI-treated samples than in the rest of the treatments, which did not 

occur in the case of the nZVIoxal samples (Fig. 2.2D). The PHREEQC calculations 

showed that Fe(III) was the prevailing form for all the treatments and 

suggested the precipitation of secondary Fe3+-bearing phases (Tables S2.4, 

S2.5). A temporal increase in the values of DOCCaCl2 was observed (Fig. 2.2N) 

without any correlations between DOC and pH or the studied metals. However, 

an explanation could be found in the significant DOCH2O–Fe correlation (r=0.81, 

p<0.05), confirming the well-known affinity of Fe for organic matter (Lindsay, 

1991).  

2.3.3 Mineralogical investigations  

The solid-state analysis of the amended soil samples (after 1 month of 

incubation) showed that Mn and Fe oxides and oxyhydroxides were the major 

scavengers of metals in the studied soil. In particular, BC often occurred as a 

particle covered by Mn oxides containing up to 30 wt. % Pb (Fig. 2.3A) or as 

stand-alone BC particles with adhering soil particles. Up to 0.5 wt. % Zn and 

Pb were detected on the BC surface. This observation clearly corresponds to 

the sequential extraction results of the BC–containing soil samples, yielding 

higher percentages of Pb bound to oxides compared to the nZVI–treated 

samples (fraction B, Fig. S2.3). In addition, various soil Fe, Mn or Fe-Mn oxides 

containing Pb and Zn were observed by SEM/EDS within all the amended 

samples (Fig. 2.3). The sorption of target metals on Mn-oxides was often 

observed in the soil that was treated with BC (with or without nZVI) (Fig. 2.3A, 

C); however, no precipitation of common Mn oxides/hydroxides was predicted 

by PHREEQC (Table S2.2), which showed strongly negative saturation indices 

values. On the other hand, Nelson et al. (1999) highlighted the importance of 

amorphous biogenic Mn oxides in controlling Pb adsorption, compared to 

common crystalline Mn oxides and even to Fe oxides. Various soil Fe-oxides, 

with up to 10 wt. % Zn, were detected in the nZVI-treated soil sample (Fig. 
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2.3B) and numerous Mn-oxides containing up to 20-30 wt. % Pb and up to 4 

wt. % Zn were also found. 

From these results, we can assume that the presence of nZVI in soils had a 

strong indirect effect on metal behaviour based on the reduction of Mn from 

primary Mn or Fe-Mn phases (observed by SEM), followed by the formation of 

secondary Mn and Fe oxides, which was further responsible for metal sorption. 

Vítková et al. (2018) studied the same soil and concluded that the main 

mechanisms of metal stabilisation using nZVI were sorption on Fe-oxides and 

on primary or secondary Mn-phases. However, nZVI often forms aggregates, 

which limit its functionality for sorption. Indeed, no target metals were detected 

on the surface of the nZVI aggregate (Fig. 2.3B). The agglomeration of nZVI is 

one of its major and well-known disadvantages, causing lower mobility of the 

product in soils and possible clogging of soil pores (Stefaniuk et al., 2016; Xue 

et al., 2018). Consequently, pure nZVI may initiate attenuation processes in 

soils rather than work as an actual sorbent. 
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Figure 2.3: Backscattered electron images (SEM analysis) of the amendments incubated in the 

studied soil with their corresponding EDS spectra. A) BC-treated soil, up to 3 wt.% Zn and 5 

wt.% Pb found on Fe oxides, up to 30 wt.% Pb found on Mn oxides; B) nZVI-treated soil, Fe 

oxides with up to 10 wt.% Zn, no target metals were found on the Fe aggregates; C) BC+nZVI-

treated soil, Fe-Mn oxides with up to 2 wt.% Zn and 20 wt.% Pb. 

Silicates containing up to 11 wt. % of Zn and up to 9.5 wt. % of Pb were 

detected in the amended samples. Moreover, the occasional sorption of up to 

2.5 wt. % of Cd on Al–oxides was observed by SEM/EDS (data not shown). The 

concentration of dissolved Al resulting from ISO extraction 12782 (Fig. S2.4) is 

indicative of the amount of Al oxides/hydroxides in the soils, and furthermore, 

Al(OH)3 was predicted by PHREEQC to precipitate and thus might be partly 
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responsible for metal sorption under the given conditions (Table S2.4). The 

main retention mechanism after the BC+nZVI treatment was sorption on soil 

Fe, Mn or Fe-Mn oxides (Fig. 2.3C). Manganese oxides containing up to 28 

wt.% Pb and up to 4 wt.% Zn were observed. Aggregates of nZVI with partly 

formed secondary Fe-oxides were noticed, but aggregation was limited 

compared to the nZVI-only treated sample. 

Recent studies confirmed that a synthesised nZVI-BC composite improves the 

functionality of nZVI and prevents the formation of Fe aggregates (Han et al., 

2015; Deng et al., 2018). Biochar-supported nZVI products have been reported 

as having successfully remediated Cr(VI) in soils (Su et al., 2016; Zhang et al., 

2018), however, most studies implementing nZVI-BC products concern 

(laboratory) aqueous solutions, which does not have to be representative of 

natural conditions in the field. The use of BC to support Fe0 particles has the 

potential to enhance the functionality of nZVI, yet this strongly depends on the 

actual characteristics of the BC that is used (Wang et al., 2019). Moreover, the 

synthesis of the nZVI-BC composite is cost-efficient if biomass is pre-treated 

with nZVI particles before pyrolysis and the thermal conversion is performed 

together (Trakal et al., 2019). Experiments using different types of BC 

composites are currently being performed in our laboratories. 

2.4 Conclusion 

Although the efficiency of commercial products such as BC and nZVI for 

remediation is well documented, their behaviour under changing soil conditions 

has been scarcely studied. Moreover, our results show that the combination of 

different methods and approaches (chemical analysis, solid phase analysis, 

geochemical modelling) is crucial in predicting the behaviour of metals in 

amended soils to avoid any misleading interpretations of contaminant 

immobilisation. 

In general, BC-containing treatments were the most efficient with regards to 

metal stabilisation and pH conservation. Their immobilisation efficiency was 

more pronounced over time, showing a more stable response compared to the 

other amendments. In contrast, nZVI treatments were more rapid; showing 

short-term metal stabilisation in the soil. In this regard, a combination of these 

two amendments may ensure the functionality and applicability for both short- 
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or long-term soil remediation. Therefore, testing of nZVI composite materials 

or easily available modified nZVI products is strongly recommended.  

Temporal changes imposed by constant watering and by an increase in soil 

water content provoked shifts in the pH values, which influenced metal 

availability, amendment functionality and mineral phase transformations. 

Based on the mineralogical analyses, the main stabilisation mechanisms were 

different for each of the target metals, i.e. sorption on Fe oxides for Zn, sorption 

on Mn oxides for Pb, and sorption on Al oxides for Cd. It was thus assumed 

that sorbent application may enhance weathering and the transformations of 

the primary Fe/Mn/Al phases present in the soil, followed by the immobilisation 

of risk metals through sorption on the newly formed (hydr)oxides. The 

presence of various scavenging mechanisms may further ensure efficient 

stabilisation of metals under a wide range of environmental conditions (e.g. soil 

moisture content). 
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2.5 Supplementary Information 

 

Materials and Methods 

Figure S2.1: Map of the studied area indicating the main sources of pollution. 
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Figure S2.2: Picture of biochar particle combined with nano zero-valent iron (BC+nZVI) 

obtained from SEM/EDS analysis  
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Abstract 

The long-term behaviour of stabilising amendments for soil remediation is 

rarely being tested. Therefore, we conducted time-dependent experiments 

using contaminated soil from a post-mining area. The soil was individually 

incubated for 1, 3, 12 and 15 months with 1) biochar (BC), 2) nano zero-valent 

iron (nZVI) and 3) a composite of nZVI and BC (nZVI-BC). Two experimental 

designs were realised: 1) mixing of the soil with the amendments and 2) 

applying the amendments as a layer between the soil and silica sand. With this 

dual approach, both the immobilisation efficiency and the solid phase 

transformations of the amendments were investigated under the effect of time. 

Solid-state (SEM/EDS, XAS, XRD) and liquid phase (pore water sampling, soil 

extractions) analyses were employed for a holistic assessment of the 

amendments. The three tested amendments demonstrated different 

efficiencies for metal(loid) immobilisation in this soil. Biochar and nZVI-BC were 

mostly efficient for long-term immobilisation, especially for Zn and Cd, while 

the efficiency of nZVI was instant but rather short-term and preferably towards 

Pb and As. The oxidation of nZVI was not directly proportional to time, and the 

nZVI products, such as lepidocrocite, ferrihydrite, and magnetite, were 

identified in the same proportions regardless of Fe0 oxidation. Implications of 

natural attenuation were also noticed in the control soil. However, 

enhancement of the contaminated soil with amendments is still recommended 

since the important metal(loid) scavengers (Fe and/or Mn oxides) in the soil 

occurred at least 2 times more often after the amendment application. 
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Environmental significance statement 

The efficiency of amendments for immobilisation of metal(loid)s in soil may 

change over time, resulting in release of contaminants, and recent studies have 

focused mainly on short-term laboratory experiments. Therefore, the long-term 

behaviour of soil amendments needs to be assessed, especially when using 

nano zero-valent iron (nZVI), which inevitably oxidises and transforms to 

various Fe phases. We found that the immobilisation of Zn, Pb, Cd and As 

fluctuated over time. The transformation of nZVI (i.e. oxidation) was not 

directly proportional with time. Our results provide a wider view of the 

amendment performance in reasonable time steps and environmental 

conditions. This study is useful for understanding the long-term behaviour of 

amendments and their actual perspectives for soil remediation. 
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3.1 Introduction 

Chemical stabilisation or immobilisation is a widespread remediation method in 

which the amendments immobilise inorganic contaminants, e.g. metals and 

metalloids, in soils (Derakhshan Nejad et al., 2018). It is therefore necessary 

to study the long-term behaviour of such amendments and ensure not only 

their remediation efficiency but also their environmental safety (Tauqeer et al., 

2021). Currently, nano zero-valent iron (nZVI) and biochar (BC) are the most 

common materials used for metal(loid) immobilisation in water and soil 

(Lefevre et al., 2016; Almatrafi, et al., 2022; Wang, et al., 2022; Y. Wang et 

al., 2020). However, a considerable number of studies have addressed the 

potential toxic effects of nZVI on living organisms (Anza et al., 2019; Castaño 

et al., 2021; Tang et al., 2021; Vanzetto & Thomé, 2022; Xie et al., 2017), 

while some researchers have recently focused on the possible negative impacts 

of BC (e.g. desorption of potentially toxic elements from BC) (Godlewska et al., 

2021; Sun et al., 2021; Taraqqi-A-Kamal et al., 2021). Due to the tendency of 

nZVI to agglomerate, modifications (including nZVI supported by BC) have 

been proposed (Ken & Sinha, 2020; Trakal et al., 2016a; S. Wang et al., 2019b) 

to mitigate this tendency and enhance the product’s remediation efficiency. 

Most importantly, the long-term behaviour of soil amendments is rarely studied, 

although there may be release of inorganic contaminants previously retained 

by BC (J. Wang et al., 2021a) and nZVI (Calderon & Fullana, 2015; Danila et 

al., 2020). In addition, studying Fe solid speciation after nZVI and nZVI 

composites application is of key importance in terms of immobilisation 

efficiency because the large range of Fe oxyhydroxides that can be produced 

(depending on chemical conditions) (Bae et al., 2018) may influence and 

change the availability and partitioning of inorganic contaminants (Shi et al., 

2021). 

To solve the gap in the knowledge concerning the behaviour of nZVI, BC and 

nZVI-BC in the long term, we performed experiments of more than 1 year 

duration using an interdisciplinary approach. We combined X-ray diffraction 

(XRD) to determine the existing crystalline Fe phases and X-ray absorption near 

edge structure (XANES) to quantify the solid speciation of Fe. Scanning electron 

microscopy was used to observe the potential visual changes of the 

amendments and to better understand the metal(loid) distribution and affinity 

to mineral phases. Finally, the chemical composition of the soil and solution 
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enabled us to understand the metal(loid) immobilisation/release dynamics. The 

objective of this study was to investigate both the metal(loid) immobilisation 

efficiency of BC, nZVI and nZVI-BC and the time-induced changes in the solid 

and liquid phases. Our main hypotheses were that 1) a longer incubation time 

results in more efficient metal(loid) immobilisation and 2) a longer incubation 

time increases the transformation rate of nZVI through the oxidation process 

and the formation of secondary Fe (oxyhydr)oxides. This study provides 

information about the long-term behaviour of amendments, especially nZVI, 

and highlights the importance of amendment-supported natural attenuation. 

3.2 Materials and Methods 

3.2.1 Studied soil and amendments 

The soil used in the present study originated from the alluvium of the Litavka 

River (Příbram District, Czech Republic). Detailed information about the 

contaminated area has been extensively reported (Ettler et al., 2001; Mitzia et 

al., 2020; Vaněk et al., 2008). The soil is sandy and heavily contaminated by 

Zn, Pb, Cd and As due to former long-lasting mining and smelting activities 

(Mitzia et al., 2020; Vítková et al., 2017, 2018). Concentrations of specific 

elements and other basic characteristics of the studied soil can be found in 

Table 3.1. The soil was collected from 0 to 25 cm, air-dried and sieved (< 2 

mm) before further manipulation. 

Three different soil amendments were applied (Table 3.1): 1) an air-stable 

powder product of nZVI (NANOFER STAR, Nano Iron, Ltd., Czech Republic), 2) 

a woody BC (a mixture of pine and spruce wood saw-dust pyrolysed at 700 

°C), and 3) a composite of nZVI-BC containing 33 wt.% Fe and 67 wt.% C. The 

nZVI-BC composite was prepared by pyrolysis (700 °C) of mixed pine and 

spruce saw-dust biochar pre-treated with an Fe precursor (haematite powder, 

α-Fe2O3) (Semerád et al., 2021). Both BC and nZVI-BC were purchased from 

LAC, Ltd., Czech Republic. The activation of the used amendments was 

necessary before their application to soil. For details about the activation 

procedure see the Supplementary Information (SI). 

.  
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Table 3.1 Characteristics of the studied soil and amendments (tested in triplicate). 

Soil samples 

 

Sorbents 

      
      

pHH2O
a       5.98 

pHKCl
a            5.27  nZVI BC nZVI-BC 

Element concentrationsb (mg kg-1) 

 pHH2O
a 6.86 10.0 11.3 

As 

Cd 

Fe 

Mn 

Pb 

Zn 

385±11 

31.6±1 

32974±629 

4695±99 

3854±121 

3082±83 

CECc 

(cmol kg-1) 2.91 4.63 14.5 

SBET
d 

(m2 g-1) 25 351 203 
a According to ISO 10390 (2005)29 

b According to EPA 3051A (2007)30. 

c Cation exchange capacity 31. 

d Specific surface area (BET method). 

3.2.2 Acid neutralisation capacity 

To evaluate the potential for pH buffering of each amendment, the acid 

neutralisation capacity (ANC) was determined according to protocol EN 14997. 

The procedure was conducted for i) pure BC, nZVI and nZVI-BC and ii) bulk 

control soil to compare the ANC of amendments versus the ANC of the 

contaminated soil. A mass of 5 g in duplicate was placed in a 100 mL 

polyethylene (PE) bottle, and 45 mL of demineralised water was added to 

ensure the maximum solid-to-liquid ratio (S/L) ratio of 1 g/10 mL. The 

suspensions were continuously agitated. Solutions of HNO3 (14 M and 1 M) of 

analytical grade were used to manually decrease the pH value from the starting 

pH (i.e. natural pH of the material) to pH ≤4 according to the protocol. 
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3.2.3 Pot experiment – experimental setup 

The studied amendments were individually applied at a ratio of 2 wt.% to a 

total of 200 g of soil. Two different experimental designs were realised: 1) the 

mixed design and 2) the layered design (Fig. 3.1). 

In the mixed design, 2 wt.% of each amendment was individually mixed with 

the soil and placed in a plastic pot (Fig.3.1A). This design was intended to 

simulate a real-world scenario where intensive and continuous soil–sorbent 

interactions occur. 

The layered design was realised by embodying a reactive barrier of the 

amendment directly into the soil without any separating media. As the sorbent 

represented an even layer between the contaminated soil (on the top) and 

silica sand (at the bottom), additional checking of any potential leaching 

through the sorbent layer was feasible by analysing the bottom-placed sand 

layer (Fig. 3.1B). A mass of 100 g of pure silica sand (ST 03/08 PH50, Sklopísek 

Střeleč, JSC, Czech Republic; 0.55-mm grain size, pH 7.2) was used in this 

case. The layered design aimed to elucidate the time-dependent mineral 

transformations of the solid-state by investigating the sorbent particles 

separately from the soil. In addition, we aimed to see the efficiency of a layer 

as a real reactive barrier that can potentially be removed from the soil. 

Therefore, another objective of using two designs was to define whether mixing 

the amendments with soil or applying them as a layer is more efficient for 

metal(loid) immobilisation. 

In both designs, four incubation time periods existed: 1, 3, 12 and 15 months. 

A pot with unamended soil (control) was included in each group. During the 

incubation time, the pots were regularly watered to maintain 70% of the soil’s 

water holding capacity (WHC). A common gardening geotextile was placed on 

the soil surface in every pot to protect it from dust deposits, prevent rapid 

water evaporation and ensure even soil moisture conditions during watering. 

In addition, for the pots of the mixed design of 3- and 15-month incubation, a 

rhizon sampler (Rhizosphere Research Products, Netherlands) was installed in 

the soil to collect pore water (Fig. 3.1A). 
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Figure 3.1: Setup of the pot experiment including the two designs with the same incubation 

time steps and soil amendments. 

3.2.4 Pore water sampling 

At the end of the 3- and 15-month incubation periods, pore water was collected 

using the rhizons from the mixed soil variants, and pH, Eh and conductivity 

were immediately measured. An aliquot was prepared for subsequent analyses 

(i.e. ICP‒OES and/or ICP‒MS, ion chromatography and carbon content 

analyses). For detailed information about the calculation of the concentrations 

see later in the text and in the SI. After pore water sampling, the pots were 

watered again and incubated for one more week to be ready for the wet soil 

extraction. 

3.2.5 Wet soil extraction 

Soil samples (in triplicate) from every pot of the mixed soil variant were 

subjected to single extractions using demineralised water according to 

Quevauviller (1998). The soil was sampled and extracted in a wet state (i.e. at 

70% WHC) without prior drying to better depict the available element 

concentrations that correspond to real (i.e. wet) conditions. It has been 

reported that drying and rewetting of soils can significantly affect C and N fluxes 

(Unger et al., 2010), microbial activity (Birch, 1958) and available element 
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concentrations (Paranaíba et al., 2020). To maintain a specific S/L for the 

extraction, the water volume that was already contained in the wet soil was 

included in the total liquid amount (i.e. amount of reagent + water). 

The amount of water in the soil samples was individually calculated based on 

the exact wet mass of each sample and the known WHC%. Therefore, 

demineralised water was added to the soil samples at a S/L ratio of 1 g/10 mL, 

including the soil water, and agitated for 3 h. After this, the sample suspensions 

were centrifuged at 9000 rpm for 10 minutes, and the supernatant was filtered 

using 0.45 μm nitrocellulose syringe filters. Immediately after filtration, the pH, 

Eh and conductivity were measured, and an aliquot was prepared for 

subsequent analyses. 

3.2.6 Total digestion of sand 

Samples of sand from the bottom of each layered pot were carefully separated 

from the sorbent layer. The sand samples were subjected to total digestion 

according to the EPA 3051a method (2007). In brief, 0.25 g of silica sand 

reacted with a mixture of 9 mL of HNO3, 3 mL of HCl and 1 mL of HF 

concentrated acids for approximately 30 minutes before being placed in a 

microwave unit (Multiwave PRO microwave reaction system SOLV, Anton Paar, 

Germany). After microwave digestion, the samples were cooled for 30 minutes 

and then poured into 60 mL Savillex digestion vessels. The vessels were placed 

on a hot plate for approximately 3 h at 150 °C for complete evaporation. The 

residues were then dissolved in 20 mL of 2% HNO3, filtered at 0.45 µm, and 

subjected to further analyses. All of the samples were tested in triplicate with 

procedural blanks. 

3.2.7 Instrumental analytical methods – solid-state analyses 

Scanning electron microscopy (SEM) coupled with energy 

dispersive X-ray spectroscopy (EDS) 

Scanning electron microscopy was applied to visualise the incubated 

amendment particles and to determine the elemental changes after the soil–

amendment interactions. A TESCAN VEGA3XMU scanning electron microscope 

(TESCAN Ltd., Czech Republic) equipped with a Bruker QUANTAX200 EDS unit 

was used. Both the samples of mixed soil-sorbent and samples of the sorbent 

layer were prepared for microscopic investigations, i.e. placed on an adhesive 
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carbon sticker on SEM pins and were carbon-coated right before the analysis. 

The voltage was set to 15 kV and occasionally to 20 kV. To evaluate the long-

term effects of the incubation with the tested amendments in detail, the soil 

samples from the 15-month incubation period were subjected to a full-frame 

SEM using a TESCAN MIRA3 GMU microscope (TESCAN Ltd., Czech Republic) 

with an Oxford Aztec X-MaxN 50 instruments EDS unit (see the details in the 

SI).  

XRD analysis 

For the determination of the crystallinity of the used amendments and their 

potential mineral transformations or secondary mineral formations during the 

incubation time, samples from the sorbent layer were collected and analysed 

using XRD. An XRD unit (D2 PHASER, Bruker, Germany) equipped with a 

LYNXEYE XE-T detector (CuKα radiation, 10 kV, 30 mA) was used. In the case 

of nZVI samples, a step of 0.02° s-1 in the 2θ range of 3°−90° was used. For 

the structural determination of nZVI-BC samples, the measuring step was set 

to 0.08° s-1 in the 2θ range of 3°−90°. The amorphous nature of BC samples 

was checked using a step of 0.1° s-1 in the 2θ range of 3°−90°. For the 

identification of existing phases, the DIFRAC. EVA V4 software and the ICDD 

PDF-2 database (2018) were used. 

X-ray absorption spectroscopy (XAS) 

The Fe solid speciation was determined using the Fe K-edge X-ray Absorption 

Near Edge Structure (XANES) spectra collected on the LUCIA beamline in the 

SOLEIL synchrotron facility (Paris, France) (Vantelon et al., 2016). The 

selection of reference compounds (i.e. Fe-bearing phases) was based on XRD 

results performed on the soil and layer samples and on expected Fe 

(oxyhydr)oxides during nZVI transformation (S. Wu et al., 2019). Therefore, a 

set of Fe (oxyhydr)oxides, such as ferrihydrite, lepidocrocite, goethite and 

magnetite, and Fe-phyllosilicates, such as muscovite and montmorillonite, were 

used as reference compounds. Samples and reference materials were prepared 

as pellets of finely ground and homogenised powder with cellulose. 

Additionally, the original Fe materials, i.e. nZVI and nZVI-BC amendments, 

were activated in slurry form just before their measurement. They were also 

used as references. The data were collected under primary vacuum (10−2 mbar) 

using a Si (311) double-crystal monochromator with a 2∗ 2mm2 beam size. An 

Fe metallic foil was used for the calibration of the monochromator by setting 
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the first inflexion point of XANES to 7112 eV. Spectra were collected in 

transmission (using a Si diode) and fluorescence modes (using a Bruker SDD 

mono-element 60 mm2) over an energy range of 7050 to 7300 eV. 

3.2.8 Instrumental analytical methods – liquid state analyses 

The concentrations of major and trace elements in pore water, extracts and 

digests were determined using an ICP OES unit (Agilent 730, Agilent 

Technologies, USA) and ICP MS (iCAP Q Thermo Fischer Scientific). Dissolved 

organic carbon contents (DOC) in the soil extracts and pore water were 

determined by a carbon analyser (TOC-L CPH, Shimadzu, Japan). The 

concentrations of anions (F−, Cl−, NO3
−, PO4

3−, SO4
2−) in the water extracts and 

pore water were determined by ionic chromatography (Dionex ICS-5000+, 

Thermo Fischer Scientific). 

3.2.9 Data treatment 

For the statistical treatment of results, the software Statistica (version 

13.4.0.14, Tibco Software Inc.) was used. In order to investigate the 

significance of the differences among the soil treatments, the nature of the 

data was first determined followed by adequate tests such as ANOVA (for 

parametric data) or Kruskal‒Wallis test (for non-parametric data). Afterwards, 

t-test and Mann‒Whitney U test (adjusted with Bonferroni correction) were 

used, respectively, to find the significant changes between different time-steps 

of the same soil treatment. The level of significance was set to p<0.05 for all 

these tests. To explore the potential correlations between different factors, the 

Pearson coefficient was used with a significance level of p<0.05. 

The Fe XANES spectra were extracted and treated using ATHENA software 

(Ravel & Newville, 2005). All the spectra (n=3) from each sample were merged 

and normalised by fitting the pre-edge with a linear function and the post-edge 

with a quadratic polynomial function. In addition, for the samples of control soil 

only, the average of the samples (n=10) was performed and used as “control 

soil” due to the significant similarity between the samples over time. The 

relative Fe solid speciation was obtained by linear combination fits (LCFs) using 

model compounds over the XANES spectra ranging from 7108 to 7158 eV 

without forcing the weights to sum up to 1. The quality of the fit was 
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characterised using the R factor. The accuracy of this LCF procedure was 

calculated to be±10%. 

To supplement the analytical results, the PHREEQC-3 geochemical code by 

Parkhurst & Appelo (2013) was used which enabled projections of metal 

speciation and solubility-controlling phases in the solutions of water extracts 

and pore water. The results were calculated using the T_H database. More 

information can be found in the SI. 

3.3 Results and discussion 

3.3.1 Investigations by SEM/EDS 

Samples from every time step of 1) the control soil, 2) the soil mixed with BC, 

nZVI and nZVI-BC, 2) the soil-sorbent interface from the layered pot design 

and 4) the separated sorbent layer from the layered pot design were 

investigated. The images from the control and the mixed variant were intended 

to visualise the risk element distribution and accumulation in the studied soil, 

while the images from the soil-sorbent interface and the sorbent layer were 

mostly indicators of the time-induced changes of the used amendments. In 

particular, solid phase changes of the Fe-based treatments (in which Fe0 

oxidation was expected) were better visualised.  

Control soil 

In control samples, Fe and Mn oxides containing Zn and Pb were usually 

present as stand-alone particles in the soil matrix or covering other soil particles 

(Fig. S3.1). Zinc was mostly accumulated on Fe oxides, while Pb was preferably 

accumulated on Mn oxides (Fig. S3.1A). However, Fe oxides also contained Pb 

in many cases, or mixed Fe and Mn oxides containing both metals were 

detected (Fig. S3.1F). Cadmium and As were also observed accumulating on 

Fe and/or Mn oxides, although not as often as Zn and Pb because of the low 

concentrations. During the SEM/EDS analysis of the control soil, a mineral 

formation with the composition of sphalerite (ZnS) was detected and captured 

(Fig. S3.2). Sphalerite is considered one of the primary minerals containing Zn 

in this soil, while galena (PbS) represents the primary Pb mineral, both 

originating from former mining activities (Ettler et al., 2006). 
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BC-treated samples 

Particles of BC were often detected inside the soil matrix (Figs. 3.2 and S3.3) 

in every incubation step. Numerous Fe and/or Mn oxides containing target 

metal(loid)s were found either covering the surface of soil or BC particles (Figs. 

3.2B, D and S3.3F) or as stand-alone particles adhering to BC (Figs. 3.2A, C 

and S3.3I) or dispersed in the soil matrix (Figs. 3.2D and S3.3E, G, H). Zinc 

was mostly related to Fe-Mn oxides. Lead was preferably accumulated on Mn 

oxides or alternatively on Fe-Mn oxides and was rarely found exclusively on Fe 

oxides (Fig. 3.2C). Arsenic was rarely detected (due to the generally low 

concentrations), and if so, it was related to Fe-Mn oxides (Figs. 3.2B, C and 

S3.3H). Notably, the SEM/EDS analyses revealed the elemental distribution of 

the studied elements and suggested a potential binding mechanism of Pb and 

As in the BC-treated samples. In particular, Figs. 3.2B, C and S3.3H show that 

the presence of Mn-Fe oxides, often covering the BC particles, was crucial for 

the accumulation of Pb and As. The increased affinity of Pb (Covelo et al., 2007; 

Negra et al., 2005) and As (Hiller et al., 2021) to Mn oxides in soil have been 

reported earlier. Complexation with functional groups on the BC surface, 

cation-𝜋 interactions, precipitation with BC minerals and ion exchange have 

been suggested to be the main mechanisms of cationic metal immobilisation 

by BC(Gong et al., 2022; Soria et al., 2020). The accumulation of metal(loid)s 

on Mn oxides might be due to specific adsorption on the Mn oxide surfaces or 

the negative charges that prevail (Negra et al., 2005). The pH increase  induced 

by the BC application in soil was reported to enhance cationic metal binding on 

Fe-Mn oxides due to less competition for H+ (F. Yang et al., 2021a) but might 

provoke anionic metal(loid) release (Abdelhafez et al., 2014).  
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Figure 3.2: Selected BSE images of BC-treated soil. The corresponding EDS spectra are 

indicated by number(s) (Fig. S3.7). Images A and D are taken from the mixed soil, images B and 

C are from the soil-BC interface. A) Fe-Mn oxides with up to 8.2 wt.% Zn and 9.1 wt.% Pb. B) 

Mn-Fe oxides (up to 1.7, 24 and 1 wt.% Zn, Pb and As, respectively). C) Fe oxides adhering to 

BC particle with up to 5 wt.% Zn, 10 wt.% Pb and 1.2 wt.% As. D) Fragments of Fe-Mn oxide 

particle (up to 3 and 12.5 wt. % Zn and Pb, respectively). 

nZVI-treated samples 

Regardless of the experimental design (mixed or layered) in the nZVI-treated 

samples, the presence of Fe oxides was dominant either as nZVI particles 

forming aggregates (Figs. 3.3A, B, C, E and S3.4F, I), covering the surface of 

soil particles (Figs. 3.3D, E and S3.4G, H), or as stand-alone particles (Figs. 

3.3A and S3.4H). As previously observed, Zn was preferably accumulating on 

Fe oxides and Pb on Mn-Fe oxides. Adsorption and co-precipitation of Zn and 

Pb on newly-formed Fe- and Al- (oxyhydr)oxides was previously confirmed for 

this soil amended with nZVI (Vítková et al., 2017). For metal(loid)s with E0 more 

negative than nZVI (such as Zn) sorption and complexation are the most likely 

immobilisation mechanisms by nZVI while for those with much more positive 
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E0 than nZVI (such as As) reduction and precipitation are more probable. For 

Pb, which has slightly more positive E0 than nZVI, sorption, precipitation and 

partial chemical reduction are preferred mechanisms (Gil-Díaz et al., 2014; 

Vítková et al., 2017).  

In the layered samples, nZVI remained intact in most of the cases, and visual 

signs of oxidation were noticed only at the soil-sorbent interface. According to 

the SEM images from the soil-sorbent interface (Figs. 3.3A and S3.4I) and the 

sorbent layer (Fig. S3.4F), the observed nZVI particles were bright (i.e. 

atomically heavier, containing >80 wt.% of Fe and < 20 wt. % O2) and 

contained either none or <1 wt.% of the target contaminants, although in some 

cases, Fe oxides with higher amounts of Zn, Pb and As were detected in the 

soil-sorbent interface (Fig. S3.4H). Gil-Díaz et al. (2014) and Hiller et al. (2021) 

also reported the presence of nZVI aggregates with high contents of Fe and 

occasional Pb and Zn contents. In contrast, in the mixed samples, the nZVI 

particles observed after 12 and 15 months of incubation (Figs. 3.3C, D) were 

less bright and contained increased amounts of Zn (up to 4 wt.%), Pb (up to 9 

wt.%) and As (up to 1.2 wt.%), indicating the scavenger role of the newly 

formed Fe oxides. In addition, various mixed Fe and/or Mn oxides containing 

variable amounts of Zn, Pb or As were commonly observed during SEM/EDS in 

the mixed samples (Figs. 3.3D, E, S3.4G). These findings imply that nZVI is 

getting oxidised over time (although the oxidation was found not to be directly 

proportional to time in the layered design (see earlier in text), and the oxidation 

products are responsible for risk element immobilisation (Hiller et al., 2021; Shi 

et al., 2021; S. Wu et al., 2019). 
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Figure 3.3: SEM images of the nZVI treatment with numbered EDS spectra (Fig. S3.8). Image 

A is taken from the soil-nZVI interface and images B–E are from the mixed soil. A) Mn-Fe oxides 

(3.8 and 16.2 wt.% Zn and Pb, respectively) and nZVI particles with no contaminants. B) Particles 

of nZVI with < 1 wt. % risk metals). C) Oxidised nZVI particles with 4, 9 and 1.2 wt.% Zn, Pb 

and As, respectively. D) Fe oxides with 1.2, 4.6 and 1 wt.% Zn, Pb and As, respectively. E) Fe 

oxides (1.1 wt.% Zn, 4.2 wt.% Pb and 1 wt.% As) and nZVI agglomerate without contaminants. 

nZVI-BC-treated samples 

In the mixed samples treated with nZVI-BC, Fe and Fe-Mn oxides with target 

contaminants were often detected. These oxides either covered the surface of 

soil particles (Figs. 3.4A and S3.5G) or existed as stand-alone particles (Figs. 

3.4C, D) or on top of nZVI-BC particles (Figs. 3.4B, D, E and S3.5H, I). 

Elemental mapping of the mixed soil sample proved the presence of Fe on the 

surface of a BC particle after 15 months of incubation (Fig. S3.10). In the 

images from the sorbent layer and the soil–sorbent interface, the particles of 

BC were usually covered/filled partially (Figs. S3.5F, I) or completely (Fig. 3.4C) 

with nano Fe0 particles. These nZVI particles were bright and contained no 

contaminants (discussed previously in this section). In other cases, soil 

components adhering to the nZVI-BC particles were observed and often 

included Fe oxides and risk elements (Figs. 3.4D, S3.5H). Stand-alone soil 
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particles with Zn and Pb were also detected (Fig. 3.4C). In total, similar to what 

we observed in the nZVI-treated samples, the nZVI particles in the nZVI-BC-

mixed soil samples were less bright, more oxidised and usually contained higher 

concentrations of contaminants (Figs. 3.4B, D, E) than the particles observed 

in the sorbent layer (Fig. 3.4C) or the soil-sorbent interface. In addition, 

increased amounts of Zn (up to 19.7 wt.%) were detected in the mixed nZVI-

BC samples compared to the other treatments (up to 10 wt.% in control, 8.2 

wt.% in BC and 4 wt.% in nZVI), while Pb was found in concentrations up to 

16.3 wt. % and As up to 0.6 wt.%. Increased efficiency in Pb immobilisation 

by a composite of nZVI-BC compared to original BC and nZVI products was 

reported by Mandal et al.(2020). Except for the mechanisms of complexation 

and electrostatic adsorption that are employed for immobilisation by pure BC, 

the amendment of BC with Fe can promote reduction, chelation and co-

precipitation of risk elements (Gong et al., 2022). At last, based on the EDS 

results from the nZVI-BC- and nZVI-treated samples, we suggest that mixing 

the amendments with the soil is more efficient for metal(loid) immobilisation 

than applying them as a layer.  
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Figure 3.4: SEM images from the nZVI-BC treatment with numbered EDS spectra (Fig. S3.9). 

Images A, B, D and E are captured from the mixed soil and image C is from the sorbent layer. 

A) Fe-Mn oxides with up to 11 wt.% Zn. B) Fe-Mn oxides with up to 2.4, 16.3 and 0.6 wt.% Zn, 

Pb and As, respectively. C) nZVI particles without contaminants and Fe oxides with up to 3.8 

wt.% Zn and 1.7 wt.% Pb. D) Fe oxides with up to 1.1 wt. % Zn and 1.6 wt.% Pb on a BC 

particle. E) Fe oxides on BC with up to 1.8 wt.% Zn and 3.7 wt.% Pb. The inset presents a 

magnified image of the particle formation around point 6. 

The importance of Fe and Mn oxides for metal(loid) immobilisation in soil is 

known and well documented (Komárek et al., 2013) and was highlighted by 

the EDS results in this and our previous studies (Mitzia et al., 2020; Vítková et 

al., 2018). Based on the detailed SEM/EDS analysis of the 15-month incubated 

soil samples, we statistically verified that Zn is mostly accumulating on Fe 

oxides and Pb on Mn oxides (Figs. S3.11–14). In addition, the affinity of Pb to 

Mn phases was detected two times more often in the BC-treated soil samples 

(Fig. S3.12) than in the control soil (Fig. S3.11). This phenomenon can be 

explained by enhanced dissolution of existing Mn oxides as a response to BC-

induced pH-Eh conditions and (co)precipitation of secondary Mn oxides with 

Pb. Reductive dissolution of Mn oxides in BC-amended soils under dynamic 

redox conditions was reported by Beiyuan et al. (2020). In the nZVI-treated 

samples (Fig. S3.13), the affinity of Zn to Fe phases and the combined affinity 
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of Zn and Pb to Fe phases were detected six times more often than in the 

control (Fig. S3.11). As expected, arsenic was mostly detected in combination 

with Fe phases in the control samples (Fig. S3.11). More importantly, the risk 

metal(loid) affinity to Fe phases was observed at least two times more often in 

the treated soil samples (especially nZVI) than in the control soil. Based on 

these observations and our previous study with the same soil in which the 

fraction of Zn, Pb and Cd bound to oxides increased after the application of 

similar amendments (Mitzia et al., 2020), it can be assumed that the 

immobilisation was mainly achieved by binding of metal(loid)s on Fe and/or Mn 

oxides. It is noteworthy, that even though the soil used in this study has a high 

Fe content (Table 3.1), the addition of nZVI significantly enhanced the 

accumulation of metal(loid)s on Fe phases. Therefore, studying the newly 

formed Fe phases of each incubation time step was critical to understand the 

contaminant immobilisation process.  

3.3.2 Fe solid speciation using XAS 

Based on XRD findings (Figs. S3.15A, B), ferrihydrite, lepidocrocite, goethite 

and magnetite were used along with the pure sorbents (i.e. NANOFER STAR 

and nZVI-BC composite) to quantify the Fe speciation in the sorbent layers. 

The XANES Fe K-edge spectra of control soil presented a pre-edge with two 

maxima at 7109 eV and 7115 eV, a white line with a wide peak from 7132 to 

7133 eV and a first broad oscillation centred at 7160 eV (Fig. 3.5A). The Fe K-

edge spectra of the pure nZVI and pure nZVI-BC (Fig. 3.5B) presented similar 

spectra to metallic Fe (Schlegel et al., 2008). In comparison with Fig. 3.5A, the 

pre-edges of the pure sorbents were not distinguishable from the white line 

which expressed a maximum between 7130 and 7131 eV (Fig. 3.5B). The 

oscillations for both nZVI and nZVI-BC were broad with smaller amplitude than 

those of Fig. 3.5A. The detailed LCFs demonstrated that the Fe speciation of 

the Příbram soil is dominated by goethite, haematite, magnetite and Fe in 

phyllosilicates (Fig. 3.5C). 

The XANES Fe K-edge spectra of the treated soil (mixed with nZVI and nZVI-

BC) were similar to that of the control soil, with an error rate of ±10% (LCF 

accuracy). Indeed, bulk mixed soil expressed an Fe solid speciation similar to 

the control soil (from 90% to 98% Figs. 3.5C, D). Therefore, the addition of 

nZVI to the soil (i.e. 2 wt.%) did not significantly change the total bulk Fe 
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speciation in the mixed samples (Fig. 3.5). For this reason, the sorbent layer 

from the layered design was investigated by XAS measurements to observe the 

transformation products of nZVI and nZVI-BC without the native Fe 

components from the soil. (Fig. 3.6). 

Figure 3.5: Fe K-edge XANES spectra for A) all the mixed soil samples and B) for the original 

sorbents followed by the Fe speciation in C) control soil, D: nZVI-treated soil and E) nZVI-BC-

treated soil for all the incubation time steps (expressed in % distribution, normalised to 100%). 

The nZVI and nZVI-BC sorbent layer samples showed different XANES Fe K-

edge spectra over time exposure. For the nZVI samples, the spectra exhibited 

a pre-edge with a maximum from 7115 to 7116 eV, a white line from 7130-

7132 eV and a first sharp oscillation point between 7159 and 7162 eV (Fig. 

3.6A). For the nZVI-BC samples, the pre-edge of the Fe K-edge spectra had a 

maximum from 7114 to 7119 eV, the white line was between 7130 and 7132 

eV, and the first broad oscillation was at 7160-7162 eV (Fig. 3.6B). Based on 

the comparison with the spectra of the original nZVI and nZVI-BC sorbent 

layers (Fig. 3.5B), the transformation process was observed with the 
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modification of the pre-edge between the samples of different time steps. The 

decrease of the amplitude of the pre-edge in this case, indicated a decrease in 

the contribution of Fe0 in the total Fe speciation. This is interpreted as an 

oxidation process of the amendments leading to the formation of Fe 

(oxyhydr)oxides. In particular, the amplitude of the pre-edge of pure nZVI was 

larger than nZVI 15-month incubated sample > nZVI 1- and 12-month 

incubated sample and finally by nZVI 3-month incubated sample (Fig. 3.6A). 

The same sequence, from the least oxidised to the most, was observed in the 

pre-edge amplitude for nZVI-BC sorbent layer samples: pure nZVI-BC >15 

months > 1 month > 12 months > 3 months (Fig. 3.6B).  
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Figure 3.6: Fe K-edge XANES spectra for the sorbent layers of A) nZVI and B) nZVI-BC from 

the different incubation time steps (expressed in % distribution, normalised to 100%). A zoom 

expressed the pre-edge of the spectra without increment to assist the comparison with each 

other. The arrow is showing the direction to the most oxidised sample. C) The distribution of Fe 

phases in relation to the proportion of oxidised Fe0. The proportion of oxidised Fe0 expresses 

the amount of the total Fe0 that was oxidised, i.e. transformed into new Fe (oxyhydr)oxides 

(Table S3.2). 

The original nZVI and nZVI-BC were still present in the sorbent layer samples 

in amounts up to 53% and 64%, respectively (Fig. S3.16). Surprisingly, the 

highest amount of nZVI and nZVI-BC corresponded to the longer incubation 

time, implying that the oxidation of Fe0 was not directly proportional to time. 

The formation of agglomerates(Ken & Sinha, 2020) which was observed by 

SEM in the sorbent layers (Figs. 3.3, 3.4) has reduced the reactive surface area 
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of nZVI. This could explain the variability in the nZVI oxidation rate because 

the core of the agglomerates was not in contact with O2, not able to oxidise to 

other Fe phases and remained as Fe0. Therefore, the size of the agglomerates 

directly affected the amount of oxidised Fe0 in samples and subsequently the 

amounts of inorganic contaminants released over time, which was observed in 

the results from porewater and soil water extraction. 

As secondary products of nZVI and nZVI-BC, ferrihydrite, lepidocrocite and 

magnetite were present in the sorbent layers. Overall, ferrihydrite was the most 

abundant newly formed Fe species, representing 19-50% of the total Fe (Fig. 

S3.16). The amount of lepidocrocite ranged between 11 and 29%. Magnetite 

represented 6-26% of the Fe species, with generally higher amounts in the 

nZVI-BC sorbent layer than in nZVI (Fig. S3.16). According to Fig. 3.6C, 

although the amount of oxidised Fe0 increases, the newly-formed Fe phases 

are present in the same ratios (i.e. ratios of ferrihydrite / lepidocrocite, 

lepidocrocite / magnetite and magnetite / ferrihydrite) (Fig. 3.6C). This implies 

that the oxidation of the used nZVI materials under the given conditions results 

in the formation of specified by-products in certain proportions independently 

of time. Goethite was present only in the sorbent layer of nZVI-BC after 3 

months of incubation (Fig. S3.16). In the same sample, nZVI-BC was 

completely transformed. This finding was in complete agreement with the 

preliminary XRD data (Figs. S3.15A, B). We suggest that the total 

transformation of Fe0 (from the nZVI-BC layer) to Fe oxides and the presence 

of goethite after 3 months was governed by potentially more oxidising 

conditions in this individual sample, which favoured the occurrence of goethite 

over lepidocrocite (Bakshi, 2018).  

Using the same nZVI product, Wu et al. (2019) reported magnetite (Eq. 1-3) 

and goethite (Eq. 4-6) as the main products of oxidation described by the 

following reactions: 

(1) Fe0 + 2H2O → Fe2+ + H2 + 2OH- 

(2) 2Fe0 + O2 + 2H2O → 2Fe2+ + 4OH- 

(3) 6Fe0 + O2 + 6H2O → 2Fe3O4(s) + 12H+ 

(4) 4Fe0 + 3O2 +2H2O → 4γ-FeOOH 

(5) 4Fe0 + O2 +6H2O → 4γ-FeOOH + 8H+  

(6) 4Fe3O4+ O2 +6H2O → 12γ-FeOOH  



Revealing the long-term behaviour of nZVI and biochar in metal(loid)-contaminated 
soil: focus on Fe transformations 

 

100 
 

Rapid (within hours) oxidation of nZVI followed by the formation of magnetite 

was also reported by Liu et al. (2022) Generally, nZVI oxidation pathway is: 

Fe0 → Fe(OH)2 , ferrihydrite → Fe3O4 →   γFe2O3 (Y. Wang et al., 2021). In our 

study, magnetite was present in all the samples regardless of the incubation 

step, implying that rapid nZVI oxidation likely occurred within 1 month 

(complying with the previous studies), but Fe transformations never ceased 

until the end of incubation. Since nZVI oxidation was not directly proportional 

to time in the layered samples, the coexistence of poorly crystalline (i.e. 

ferrihydrite) and more crystalline (i.e. goethite, lepidocrocite, magnetite) Fe 

oxides is possible. The presence of lepidocrocite was expected based on the 

reported results for water (Dong et al., 2020; A. Liu et al., 2014) and for this 

soil (S. Wu et al., 2019) and the given conditions (i.e. pH around 5 and oxic 

conditions) (A. Liu et al., 2017). Finally, higher adsorption of metal(loid)s could 

be expected when ferrihydrite is present due to its higher surface area 

compared to more crystalline Fe oxides (Danila et al., 2020; Kumpiene et al., 

2012).  

3.3.3 Elemental availability in the liquid phase 

The results from the soil water extraction and pore water extractions are 

discussed together in the following section. Note that the actual available 

concentrations in the pore water were 10 times lower than those in the soil 

water extracts. Hence, the latter represent a “magnified picture” of the 

metal(loid) extractability and amendment efficiency.  

The general time-dependent leaching trend in the soil water extracts was as 

follows: after the initial (1 month) decrease in all metal(loid)s’ concentrations 

(except for Pb in BC-treated soil), a universal increase in the concentrations of 

Zn, Cd and As (and occasionally in Pb) was noticed, and then again a decrease 

in all contaminant concentrations was observed in all treatments, including 

control (Fig. 3.7). At the same time, the soil solution pH was higher in all the 

treated soils than in control (Fig. 3.7E) which affected the concentrations of Zn 

at least partially (see later in this section). However, after 3 months a sharp pH 

decrease was observed, which was linked to the sharp increase in all studied 

contaminant concentrations, in some cases even in control soil (Figs. 3.7A−D). 

Eventually, the pH of the treated samples reached the pH value corresponding 

to the control soil after 15 months (pH 5.6; Fig. 3.7E). This finding highlights 

the importance of long-term studies about risk element immobilisation in soils. 
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More importantly, it points to the role of natural immobilisation of contaminants 

with time, especially when the soil is modified with amendments that potentially 

enhance and accelerate the remediation process (Mulligan & Yong, 2004).  

Considering the concentrations of NO3
- and SO4

- (Fig. S3.18) in the soil water 

extracts, we suggest that the significant fluctuations in soil pH over time are 

partially due to increased (up to 7x more) concentrations of these anions. The 

available sulphates followed by a pH decrease correspond to the potential 

oxidation of sulphides that are present in the soil as relicts from the 

metallurgical slags/matte of the nearby former smelter(Ettler et al., 2001). We 

assume that the activity of N (Alef & Nannipieri, 1995) and S (Wainwright, 

1978) oxidising bacteria was taking place throughout the incubation period 

when the conditions (i.e. moisture, pH, aeration) were favourable for them. 

Therefore, the occasionally increasing concentrations of NO3
- and SO4

- can lead 

to the formation of acids and lower pH values following the principle of acid 

mine drainage(Skousen et al., 2019). Additionally, the alkalinity of BC, which is 

one of the major factors for its immobilisation efficiency, can be depleted over 

time due to the dissolution of alkaline minerals, resulting in an increase of risk 

element concentrations in soil (J. Wang et al., 2021b). 
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Figure 3.7: Concentrations of Zn (A), Pb (B), Cd (C), As (D), Fe (G), Mn (H), and DOC (I), and 

pH–Eh values (E and F) in soil water extracts of mixed soil samples after 1, 3, 12 & 15 months 

of incubation. 

The concentrations of Zn and Pb were significantly lower in the treated soil 

samples compared to control already after 1 month of incubation (Fig. 3.7 A, 

B), while Cd and As were below the detection limit (0.005 ppb) in all the soil 

water extracts during the first month of incubation. Zinc was in most cases 

immobilised in BC-treated soil, although occasionally it was also effectively 

immobilised by nZVI and nZVI-BC. Although Zn concentrations were 

significantly higher after 3 months of incubation in all the treatments except 

for BC, in the treated soil samples, the concentrations gradually decreased over 
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time and remained lower than those in the control soil (Fig. 3.7A). Up to 52% 

of Pb was immobilised by the nZVI-containing treatments and particularly by 

nZVI. Lead concentrations were significantly lower after longer (mainly 12 and 

15 months) incubation time-steps (Figs. 3.7B, 3.8B), which corresponded to a 

decrease in Mn concentrations (Figs. 3.7H, 3.8G). The increased occurrence of 

secondary Fe-Mn phases in the nZVI-containing samples, which were capable 

of scavenging up to 30 wt.% of Pb as observed by SEM/EDS (Fig. 3.3C), was 

previously reported in this soil (Mitzia et al., 2020; Vítková et al., 

2017).Moreover, the low point of zero charge that is typical for many Mn oxides 

makes cation sorption possible even at low pH values unlike Fe oxides (Negra 

et al., 2005). This could explain why Pb (which showed the highest affinity to 

Mn oxides compared to the rest risk elements) was the only metal to show 

lower concentrations after longer incubation time despite the decrease in pH 

values. Cadmium varied between 0.32 and 1.08 mg kg-1 (Figs. 3.7C, D) in the 

water extracts and was most efficiently immobilised by BC (32-55%), which 

exhibited overall the lowest concentrations, followed by nZVI (up to 30%). The 

availability trend of Cd followed the behaviour of Zn with lower concentrations 

at longer incubation time (Fig. 3.7C). The increased immobilisation of Zn and 

Cd by BC compared to nZVI treatments (Fig. 3.7A, C) was also observed in our 

previous study with this soil although a different BC was used (Mitzia et al., 

2020). The immobilisation of cationic metals (like Zn and Cd) by BC is mainly 

attributed to the liming effect and sorption on the BC surface and/or pores 

(Kumpiene et al., 2019b).The increase in soil pH that is induced by BC 

application is often reported as the critical factor in cationic metals 

immobilisation (El-Naggar et al., 2022; Fu et al., 2023; C. Yuan et al., 2021) 

and can be explained by its basic character (pH = 10, Table 3.1), as stated in 

other studies (Anawar et al., 2015; Palansooriya et al., 2020; Y. Zhang et al., 

2021). In addition, Zn and Cd are dominantly immobilised by BC through the 

precipitation of metal carbonates, followed by surface cation exchange and 

complexation(Trakal et al., 2016b; C. Yuan et al., 2021). Moreover, cation 

exchange can be even strengthened after BC impregnation with Fe oxides, 

which minimises potential desorption of metals, as reported for Cd(Trakal et 

al., 2016b). Therefore, it can be assumed that the observed immobilisation of 

Zn and Cd by BC or nZVI-BC was attributed to a combination of factors. 

Furthermore, the retention of Cd and Zn by BC might not be immediately 

reversible once the pH decreases (Trakal et al., 2016b) which supports the idea 

of long-term metal immobilisation by BC compared to nZVI treatments.  
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Figure 3.8: Concentrations of Zn (A), Pb (B), Cd (C), Fe (F), Mn (G), and DOC (H), and pH–Eh 

values (D and E) in the pore water extracts of mixed soil samples after 3 and 15 months of soil 

incubation 

In the pore water, the concentrations of Zn, Pb and Cd in all treated samples 

were consistently lower than those in the control (Fig. 3.8A-C). The lowest 

values for Zn and Cd were recorded in nZVI-treated soil. Although nZVI was 

initially the most effective stabilising amendment for Zn and Cd in this case, 

eventually (after 15 months) BC-treated samples yielded lower values than 

nZVI-containing soil (Figs. 3.8A, C). Lead in the pore water was detected only 

in amounts up to 0.19 mg kg-1 and was immobilised by all treatments, with 

nZVI-BC being the most effective (Fig. 3.8B). According to Vítková et al., (2017) 
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a decrease in Zn and Cd leaching in this soil could be expected when pH>6 and 

for Pb when pH>5. Additionally, recent studies confirmed the nZVI 

immobilisation efficiency for selected metals even under acidic conditions, i.e. 

4<pH<6  44,27. In this study, the ANC of the control soil was 0.04 mol kg-1 while 

those of BC, nZVI, and nZVI-BC were 0.17, 12.5 and 13.2 mol kg-1, respectively 

(Fig. S3.17). Therefore, the resistance of the nZVI-based amendments to pH 

changes was more than 1.5 orders of magnitude higher than that of BC or the 

control soil. This can explain why nZVI-containing treatments were efficient for 

immobilisation in the short term (Figs. 3.7, 3.8). Similar to soil water extracts, 

the availability of Zn, Pb and Cd in the pore water was closely related to the 

changes in pH values, as supported by the determined Pearson correlations 

(pH–Zn up to r=–0.91, pH–Pb up to r=–0.98, pH–Cd up to r=–0.86; Table 

S3.3b). After an initial (after 3 months) increase in the pH values of all 

treatments (significant for nZVI and nZVI-BC), similar values (pH 5.7) were 

determined for all treatments after 15 months. The pH was significantly 

different (p<0.05) from the control in the case of nZVI and nZVI-BC samples, 

although the absolute pH values were higher in the BC-treated sample as well 

(Fig. 3.8D). The BC-treated soil presented similar time-related trend as control 

soil, while samples containing nZVI treatments had statistically the same pH in 

both time steps (Fig. 3.8D).  

Arsenic was detectable from the 3- until the 15-months time steps with 

concentrations between 0.11–0.64 mg kg-1 (Fig. 3.7D). A decrease was 

observed after 12 months, and even lower values were determined after 15 

months in the nZVI-based treatments (Fig. 3.7D), underlying the long-term 

immobilisation efficiency of nZVI in As-contaminated soil (Danila et al., 2020; 

Gil-Díaz et al., 2019). Particularly, As concentrations decreased by nZVI up to 

59% and by nZVI-BC up to 31% (Fig. 3.7D). Although also BC rarely showed 

lower concentrations of As than control (1 month), it is suggested using BC 

with caution since higher pH values (>5) can promote As mobility (Beesley et 

al., 2010). Indeed, a strong positive Pearson correlation of pH–As (up to 

r=0.93; see Table S3.3a) was determined in our study. In addition, it has been 

demonstrated that BC has the ability to accept and/or donate electrons acting 

as  a “geobattery” (Klüpfel et al., 2014; J. Yuan et al., 2022), which can be 

employed to immobilise redox-sensitive elements like As (Zhong et al., 2019). 

However, the electron storage capacity of BC is suggested to be reversible (Xin 

et al., 2019), implying that previously oxidised As(V) can be reduced again to 
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As(III) which is more toxic and more mobile in the environment (Moreno-

Jiménez et al., 2012).This behaviour could explain the persistent availability of 

As in the soil extracts of BC-treated soil in concentrations similar or higher than 

control (Fig. 3.7D). In the pore water, As was below the detection limit of ICP 

OES in all the samples.  

The increased metal(loid) immobilisation in the samples incubated for 1 and 12 

months compared to the rest of the samples is in accordance with the results 

from the layers studied by XAS, where higher amounts of ferrihydrite were 

observed at the same time steps. However, when comparing the 

concentrations of the studied contaminants from the first and the last time 

step, they increased except for Pb (Figs. 3.7, 3.8), in all treatments including 

control. These results imply that kinetically driven long-term changes may 

appear in the incubated soil under given conditions. Seasonal changes in 

metal(loid) concentrations in the biomass of indigenous plant species from the 

studied contaminated area, which may be linked to this behaviour, have been 

reported (Teodoro et al., 2020). Based on these findings, we suggest that 

longer incubation periods demonstrate not only the immobilisation ability of 

amendments over time but also the natural processes occurring in the soil. 

Regarding redox potential, despite some time-dependent oscillations in Eh 

values in the pore water, oxic conditions prevailed in all cases and no significant 

differences were observed among the treatments (Figs. 3.7F, 3.8E). In total, 

the Eh values both in the soil water extracts and the pore water ranged from 

465 to 610 mV (mean value: 519; median value 521 mV). Based on the actual 

values, the redox conditions can be considered similar throughout the 

incubation experiment and due to the limited fluctuation, no significant effect 

of redox changes on metal(loid) availability was observed. The few observed 

fluctuations were more profound in the nZVI-containing samples (Figs. 3.7F, 

3.8E) because of the nZVI oxidation process (Pasinszki & Krebsz, 2020). 

Generally, redox processes are one of the driving forces that affects metal(loid) 

mobility in soils (Frohne et al., 2011, 2014), either directly by changing the 

speciation of the metal(loid)s, or indirectly, by altering the pH of the soil, by 

inducing dissolution/precipitation, co-precipitation with Fe and Mn oxides or 

complexation with organic matter (Du Laing et al., 2009). However, in our 

study, the redox oscillations were minimal.  
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Potential excessive Fe release from the nZVI-containing soil was carefully 

considered when choosing the application rate of 2 wt.%. In fact, Fe availability 

remained stable from the 3-months step until the end of the incubation in the 

samples containing nZVI, contrary to the BC-treated samples, in which a 

fluctuation was observed (Figs. 3.7G). In the pore water, the leaching of Fe 

was lower than 0.10 mg kg-1, and only a slight increase in the nZVI-containing 

treatments was observed (Fig. 3.8F). Manganese release was higher in the 

nZVI-treated samples both in the water extracts (Fig. 3.7H) and in the pore 

water (Fig. 3.8G). Similar release of Mn after a short-term interaction with nZVI 

treatments was previously reported in the same soil (Mitzia et al., 2020; Vítková 

et al., 2018) and is attributed to the strongly reducing character of nZVI, which 

may dissolve Mn (hydro)oxides (Wang, et al., 2022; Michálková et al., 2017). 

Despite the dissolution of the soil Mn (hydro)oxides by nZVI, immobilisation of 

inorganic contaminants on Fe-Mn oxides was promoted in the nZVI-containing 

samples because the newly formed Fe oxides and Mn phases compensated for 

the release of contaminants from the primary phases (M. Liu et al., 2021; 

Wang, et al., 2022). Elevated Mn release was occasionally observed also for 

BC-amended samples (Fig. 3.7H). In general, the release of Fe and Mn 

decreased over time in all the treatments. Although DOC concentrations were 

in most cases statistically similar (p>0.05) among the treatments, BC-treated 

soil occasionally yielded significantly higher amounts of DOC than the rest of 

the treatments (Figs. 3.7I, 3.8H). In the soil extracts the release of DOC 

increased over time, with the highest concentrations being observed after 15 

months of incubation, especially in the samples containing BC (Fig. 3.7G). 

Similarly, in the pore water, the release of DOC did not vary significantly (p> 

0.05) over time except for the case of BC. In fact, the DOC values were 

practically the same in all treatments after 15 months of incubation, and no 

strong correlations between DOC contents and metals were established (Fig. 

3.8H). The real-scale use of BC for metal(loid) immobilisation in soils might lead 

to increased leaching of DOC and/or Mn and consequently to the release of 

contaminants due to co-mobilisation of DOC and metal(loid)s(Beesley et al., 

2015; J. Wang et al., 2021b), as observed here for Pb (Pb-DOC correlation up 

to r=0.75; Table S3.3a). 
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3.3.4 Geochemical modelling predictions in the liquid phase 

The use of geochemical modelling (PHREEQC-3 code) in this study enabled 1) 

the understanding of the speciation of Zn, Pb, Cd and As in the aqueous phase 

and 2) the projection of the chance that important solubility-controlling phases 

would be dissolved or precipitate. The most important findings in connection 

with the analytical results are summarised and discussed here and the 

individual metal species in soil/pore water extracts and saturation indices of 

potential mineral phases are listed in Tables S3.4-7. 

Both in the soil water extracts and the pore water, Zn and Cd were mostly 

projected to be in their free cationic form (i.e. Zn2+, Cd2+) regardless of the 

treatment and the incubation step (Tables S3.4, 7). In contrast, Pb was more 

likely to be in its cationic form in percentages up to 82 % in the pore water 

extracts of all treatments and partly as PbNO3
+ and PbHCO3

+ (Table S3.4). In 

contrast, predominant Pb carbonate complexes in the pore water of nZVI-

treated soil were reported by Vítková et al. (Vítková et al., 2018). In the soil 

extracts, Pb2+ was the prevailing form of Pb in the long-term, while up to 62 % 

of Pb carbonates were predicted after 1-month incubation with BC, nZVI, and 

nZVI-BC (Table S3.6). Important solubility-controlling phases, such as jarosite 

(KFe3+
3(SO4)2(OH)6) and rhodochrosite (MnCO3), were suggested to be mostly 

dissolved in the pore water, similar to metal sulphates and carbonates, 

including PbSO4, PbCO3 and ZnCO3 (Table S3.5). Jarosite typically forms under 

oxic acidic conditions and can be classified as a layered mineral; its properties 

allow to incorporate various metals and metalloids (Pb, Zn, Cu, Cd, As, and Cr) 

in the crystal structure(Shi et al., 2021). However, when soil pH increases to 

7–8, metal carbonates play crucial role in the scavenging mechanisms(Vítková 

et al., 2017). The absence of precipitated sulphate and carbonate phases 

partially explains the increased amounts of available Zn and Pb in the pore 

water after 15 months of incubation. The suggested dissolution of Fe(OH)3 both 

in the pore water and the soil extracts (Tables S3.5, S3.7) is considered an 

important factor affecting the concentrations of the studied contaminants, 

especially because Fe (oxy)hydroxides are key scavenging phases and the 

calculated saturation indices values were very close to equilibrium. 
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3.3.5 Environmental implications of long-term effects of soil 

amendments 

The study of possible negative effects (e.g. toxicity, metal(loid) release) of 

amendment application in soils is crucial before field application of BC-

based(Sun et al., 2021; Urra et al., 2019; Y. Zhang et al., 2021) and Fe-based 

amendments (Anza et al., 2019; Ken & Sinha, 2020; J. Wang et al., 2016). It 

is important though, to predict the long-term behaviour of soil amendments 

even if their effects are positive so that we can make a sustainable choice of 

amendment and application rate both in terms of environmental and financial 

efficiency (Taraqqi-A-Kamal et al., 2021). 

The layered design that was used in this study could be a simulation of field 

application of soil amendments in the form of reactive barriers that are not 

mixed with the soil and could potentially be later removed from it. In addition, 

our results can assist in a future enhanced experimental design in which the 

sorbent layer will be more reactive. Potential solutions could be the use of 

increased doses of nZVI for the formation of a reactive barrier but limiting the 

thickness of the layers and/or application of multiple layers for extended 

surface area. Additionally, modified nZVI products were reported to show 

increased immobilisation efficiency compared to plain nZVI (Alazaiza et al., 

2022; Petala et al., 2022; Santos et al., 2022). The use of BC support in 

particular makes nZVI particles less prone to agglomeration and increases their 

dispersion ability in the soil matrix (S. Wang et al., 2019a). 

The lowest leaching of all studied metals in the sand layer was observed in the 

BC-treated samples (Fig. S3.19). This could be linked to the property of BC to 

significantly increase the WHC (Jačka et al., 2018) and the available water 

content of the soil (Seyedsadr et al., 2022) and therefore limit the transport of 

risk elements through the soil profile (Pračke et al., 2022). Based on that, BC 

could be suggested as the least permeable sorbent layer even though 

fluctuations in time occurred in this case as well (Fig. S3.19). On the other 

hand, the most significant positive effect of BC application in this soil was the 

long-lasting pH increase that it provoked (Fig. 3.7E). Based on the ANC results, 

however, the ANC of BC was similar to that of the control soil, unlike the nZVI-

containing sorbents (Fig. S3.17). In the long term, the pH of all samples was 

around 5.5 in both the pore water and the soil extracts (Figs. 3.7, 3.8). 

Therefore, a higher dosage of a nZVI amendment (which has significantly 
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higher ANC than BC) could promote both risk element immobilisation and pH 

retention. 

In such cases that nZVI would be applied at higher dosages, the potential toxic 

effects of nZVI in the soil biota need to be extensively studied. The use of nZVI 

carries the risks of migration out of the medium (e.g. to plant tissues) and the 

sedimentation of nZVI particles due to their agglomeration (X. Li & Liu, 2021). 

If possible, the effect of nZVI on microorganism populations and potential 

migration to plant tissues needs to be projected before application. A dosage 

of 2 wt.% (Gómez-Sagasti et al., 2019) or up to 10 wt.% nZVI (Fajardo et al., 

2019) was reported to possibly affect the soil microbial community, but the 

effect mainly depended on the soil type. An amount of 20 wt.% nZVI slurry 

was not found to be harmful to the biological and physico-chemical properties 

of the soil but actually increased the soil respiration (Gil-Díaz et al., 2014). Wu 

et al. (2019) applied 20 wt.% nZVI in the same soil as in our study and 

concluded that the interactions between nZVI and soil biota are bilateral. It was 

also reported that nZVI ageing limits its possible toxic effects (Mukhopadhyay 

et al., 2021; S. Wu et al., 2019), concluding that more studies are necessary to 

assess the ageing effect of nZVI in various types of soils to understand its 

behaviour. 

Another point that needs to be addressed is the potential release of the 

previously immobilised contaminants in the long term. Based on the results of 

this study, the risk element concentrations increased both in the pore water 

and soil extracts at a specific point and decreased again after a longer time, 

which implies that the mechanisms of retention need to be extensively studied 

to predict the behaviour of the amendments. The metal(loid) retention 

mechanisms in the soil are still lacking detailed research and understanding 

compared to water solutions and future studies need to address this (Mazarji 

et al., 2023). Long-term studies on the efficiency of BC and the changes it 

provokes in the soil are still scarce, and the mechanisms involved are not yet 

fully explained (Taraqqi-A-Kamal et al., 2021). Although a wide range of 

pyrolysis temperature (400–700 °C) has been reported to produce biochar 

efficient for the immobilisation of Zn and Pb (Palansooriya et al., 2020), high 

temperatures (i.e. 700 °C) generally result in limited functional groups on the 

surface of BC and could lead to a decrease in the metal removal efficiency of 

BC (H. Li et al., 2017). In addition, there is evidence that the release of 

contaminants in untreated soil is more likely when nonspecific adsorption takes 
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place, especially in the case of multiple element contamination (Campillo-Cora 

et al., 2020). In the case of nZVI, some explanations for the release of 

contaminants have been given by Danila et al. (2020), who reported that the 

formation of crystalline Fe phases during nZVI ageing resulted in contaminant 

release. The immobilisation efficiency of Fe (oxyhydr)oxides is significantly 

affected by their size, structure, specific surface area, prevailing 

physicochemical conditions, metal(loid) concentrations and more (Shi et al., 

2021), implying that the same material (in this case nZVI) might not always 

behave in the same way in different contaminated environments/areas. 

However, attention should be given to coprecipitation; it has been reported 

that under specific conditions, risk metal(loid)s coprecipitated with Fe 

(oxyhydr)oxides might be either released in the remediated matrix or 

redistributed in the emerging crystalline structure (Shi et al., 2021). Redox 

changes are a major factor affecting metal(loid)s co-precipitation with Fe and 

Mn oxides since the dissolution of the latter ones under reducing conditions can 

result in the release of risk elements in the environment  (Du Laing et al., 

2009). It is therefore suggested that attention to the redox oscillations is given 

in the future studies. 

Our results stress that natural attenuation in this soil plays a crucial role in risk 

element behaviour. Natural attenuation is based on naturally occurring 

processes in the soil aiming to limit the existing contamination without human 

interaction. The potential mechanisms employed are, among others: 1) 

biodegradation or abiotic processes including hydrolysis and redox 

transformations, 2) a decrease in available contaminant concentrations by 

dilution or diffusion, dispersion, and volatilisation, and 3) contaminant 

adsorption, resulting in limited bioavailability and toxicity (Fernández Rodríguez 

et al., 2014). The observed pH and metal(loid) release changes over time 

indicate that natural scavenging mechanisms work and can be supported with 

wisely selected amendments. In the end (after 15 months), the metal(loid) 

extracted fraction (expressed in % of the total amount) was up to 0.6% lower 

in the treated samples compared to control (Fig. S3.20). This finding proves 

that natural attenuation was enhanced by the used amendments in this soil. 

The natural attenuation of a highly contaminated mining site has been 

suggested by Jurkovič et al. (2019) as a potential remediation method. 

However, relying on the possible effect of natural attenuation can be toxic for 

the biota at the contaminated site, and a sustainable solution needs to be 
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applied at the moment even for short-term remediation. Dovletyarova et al. 

(2022) recently showed that natural Fe oxides and BC-supported nZVI and ZVI 

microparticles had similar efficiency in the short time at immobilising metals in 

Cu- and Ni-contaminated soil. Therefore, possible modifications of the 

amendments could result in significantly more efficient BC-based materials for 

soil remediation (Taraqqi-A-Kamal et al., 2021) and limit the aggregation and 

potential toxicity of nZVI (Xue et al., 2018). 

In our study, the dose of amendments that was used was only 2 wt.%, which 

could be a limiting factor in terms of immobilisation. An increased dosage of 

nZVI is usually connected with increased contaminant immobilisation (Ganie et 

al., 2021; Gil-Díaz et al., 2016), while Wu et al. (2019) used up to 20 wt.% 

nZVI in this soil and did not report alarming changes to the soil biota due to 

nZVI. Based on the contaminant concentration fluctuations over time, we 

suggest that 2 wt.% nZVI in this study was not enough to immobilise the 

studied contaminants efficiently in the long term. However, the use of a higher 

dosage would increase the cost of field application. The most promising, 

feasible and sustainable approach is the application of amendments with the 

aim of enhancing the natural attenuation processes (Hiller et al., 2021) rather 

than targeting complete risk element immobilisation by the amendments only. 

3.4 Conclusions 

Our findings will be useful in decision-making about suitable and sustainable 

solutions for soil remediation where the use of nZVI products and BC is 

intended. Here, we summarised the key conclusions:  

• Biochar-based treatments (i.e. BC and nZVI-BC) were mostly efficient 

for Zn and Cd immobilisation while nZVI for Pb and As. 

• The studied nZVI-based sorbents were mainly effective for short-term 

remediation, while BC for the long-term (considering the contaminant 

release and pH values over time). 

• The metal(loid) immobilisation efficiency of the studied nZVI, nZVI-BC, 

and BC did not increase with longer time. 

• Accumulation of risk metal(loid)s on Fe and/or Mn oxides was 

repeatedly suggested to be the most important immobilisation 

mechanism. Although these oxides were commonly found in the 

contaminated soil (natural attenuation), the combined occurrence of Fe 
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and/or Mn oxides and Zn, Pb and As increased 2× after the amendment 

application.  

• The oxidation of Fe0 was more intense in the short term (1 and 3 

months) and not directly proportional to time, unlike what was 

hypothesised. Ferrihydrite, lepidocrocite, and magnetite were formed 

as secondary products regardless of the amount of oxidised Fe0.  
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3.5 Supplementary Information 

 

Materials and methods 

 

Activation procedure for the studied amendments 

Before application to soil, the activation of NANOFER STAR was performed as 

recommended by the manufacturer. NANOFER STAR is an air-stable nZVI 

product in which the Fe0 core is covered by Fe oxides. The aim of activation is 

to remove the protective Fe oxide layer coating the nanoparticles, which has 

been reported to make nZVI more efficient for contaminant immobilisation 

(Ribas et al., 2017). A suspension of nZVI in demineralised water (ratio 1:4 

wt.%) was prepared and thoroughly mixed using a vortex device. The 

suspension was preserved in a closed reactor at ambient temperature for 48 h 

and then mixed again and immediately applied to the soil, followed by manual 

homogenisation of the soil with the activated suspension. The same activation 

procedure was performed for the pure BC and nZVI-BC composite to maintain 

consistent conditions. 

Recalculation of concentrations of elements in pore water 

The concentrations in the pore water (mg L-1) were recalculated to mg kg-1 

using Eq. 1: 

C = Cpw
 * V /m (1) 

where C is the concentration in mg kg-1 of soil, Cpw is the concentration in mg 

L-1 of pore water, V is the total volume of water in the pot in L, and m is the 

total dry mass of the solid in the pot (soil + sorbent) in kg. 

Experimental conditions of the full-frame SEM/EDS session  

Extensive scanning of the samples after 15 months of incubation and selective 

mapping were conducted and further treated using AZtec software. Feature 

analysis was used for large sample mapping. Particle classification was fitted 

to the BSE figure, and then feature analysis was performed with a constant 

50000 counts by EDS at a 25 keV accelerating voltage. The average analysis 

time was 48 hours per sample. Selected particles of interest were analysed in 

detail.  
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Input details for the geochemical modelling 

Analytical data from 1) the soil water extractions and 2) the pore water were 

treated appropriately to prepare an input for the PHREEQC geochemical code 

(version 3 for Windows)(Parkhurst & Apello, 2013). The necessary parameters 

that were included in the modelling were pH, Eh (recalculated to pe according 

to the Nernst equation), concentrations of major and trace elements including 

both cations and anions to ensure that the ion balance was determined. The 

content of inorganic carbon was recalculated to the concentration of HCO3
- ions 

and used in the model input. In addition, dissolved organic carbon (DOC) was 

included in the calculations in the form of humates and fulvates (Michálková, 

Komárek, Veselská, et al., 2016) using thermodynamic data from the T&H.dat 

database. In particular, the DOC was calculated as humate (30%) and fulvate 

(70%) according to Borůvka and Vácha (2006)(Boruvka & Vacha, 2006), who 

studied the fractionation of DOC in the soil used in our study. 
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Results and Discussion 

Figure S3.1: Backscattered electron images (BSE) of control soil. The respective EDS spectra 

(numbered points) can be found in Fig. S3.6. A) Mn oxides with 4 wt. % Zn and 35 wt. % Pb on 

the surface of soil particles. B) Fe oxides with up to 10 wt. %, C) up to 5.7 wt. % and D) 7.8 wt. 

% Zn. E) Soil Fe oxides with no contaminants and Fe oxides with up to 1.6 wt. % Zn and 3.2 wt. 

% Pb. F) Soil particle covered by Fe-Mn oxides with 4.1 wt. % Zn and 13.2 wt. % Pb.  
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Figure S3.2: Sphalerite (ZnS) captured in control soil sample by SEM.  
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Figure S3.3: Images of BC-treated soil in BSE mode. The corresponding EDS spectra are 

indicated by number(s) (Fig. S3.7). Images G and H are taken from the mixed soil, images E, F 

and I are from the soil-BC interface. E) Mn oxide (7 wt.% Zn and 16 wt.% Pb) and Fe oxide (7 

wt.% Zn). F) Mn oxides with up to 17. 8 wt. % Pb. G) Fe oxides (6.3 wt.% Zn) and Mn-Fe oxides 

(6.2 wt.% Zn and 15 wt.% Pb). H) Fe-Mn oxides with up to 1.2 wt. % of As. I) Soil particles 
containing Fe oxides on top of or adjacent to BC particle (up to 3 wt.% Zn and 7.7 wt.% Pb). 
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Figure S3.4: SEM images of the nZVI treatment with numbered EDS spectra (Fig. S3.8). Image 

F is taken from the sorbent layer, image B from the mixed soil and images H and I are taken 

from the soil-nZVI interface. F) nZVI particles without contaminants. G) Fe-Mn oxides (2.8 wt.% 

Zn, 30.5 wt.% Pb and 2.8 wt.% As. H) Fe oxides (1.8 wt.% Zn, 2.9 wt.% Pb and 0.6 wt.% As). 

I) traces of Zn and Pb (< 1 wt.%) bound to Fe oxides. 
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Figure S3.5: SEM images from the nZVI-BC treatment with numbered EDS spectra (Fig. S3.9). 

Image F is from the sorbent layer and images H and I are from the soil-nZVI-BC interface. F) 

nZVI on a BC particle (no contaminants). G) Fe oxides with 19.7 wt.% Zn, 1.8 wt.% Pb and 0.6 

wt.% As. H) Fe oxides on the surface of a BC particle (up to 2.6 and 7.3 wt.% Zn and Pb, 

respectively). I) Traces (<1 wt.%) of Zn and Pb bound on Fe oxide on the surface of BC. 
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Figure S3.6: Spectra from the EDS analysis of selected points in control soil samples (Fig. S3.1). 
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 Figure S3.7: Spectra from the EDS analysis of selected points in BC-treated soil samples (Fig. 

S3.3). 
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Figure S3.7: Spectra from the EDS analysis of selected points in BC-treated soil samples (Fig. 

S3.4) (continuation). 
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Figure S3.8: Spectra from the EDS analysis of selected points in nZVI-treated soil samples 9Fig. 

S3.5). 
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Figure S3.8: Spectra from the EDS analysis of selected points in nZVI-treated soil samples (Fig. 

S3.5) (continuation). 
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Figure S3.9: Spectra from the EDS analysis of selected points in nZVI-BC-treated soil samples 

(Fig. S3.6). 
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Figure S3.9: Spectra from the EDS analysis of selected points in nZVI-BC-treated soil samples 

(Fig. S3.6) (continuation). 
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Figure S3.10: Fe distribution on the BC particle of Fig. 3.4D.  

 

During the analysis of the 15-month incubated samples, the EDS chemical 

composition of the particles was used to determine the different classes 

presented in Table S3.1. According to these classes, ternary diagrams were 

prepared to examine the relationships between the studied contaminants and 

metal(loid) scavengers (i.e. Fe/Mn/Al oxides). 
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Table S3.1: Description of the established classes used during SEM/EDS analysis to 

check the combined affinity of risk elements to Fe and Mn mineral phases. 

  

Element Minimum value 
(wt.%) 

Maximum value 
(wt.%) 

Class 

Pb 
Mn 
Si 

10 
  0 
  0 

100 
  10 
    6 1 

Zn 0 100 

2 

Fe 20 100 

Si 0 6 

As 0 100 

3 Fe 0 100 

Fe 20 100 

4 Pb 0 100 

Cd 0 100 5 

Sb 0 100 6 

Pb 0 100 

7 

Zn 0 100 

Fe 15 100 

No classification  
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Figure S3.11: Ternary plots presenting combinations of A) Zn and Fe/ Mn oxides B) Pb and 

Fe/ Mn oxides and C) As and Fe/Al oxides in the control soil samples. 

 

  

A 

C 

B 
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Figure S3.12: Ternary plots presenting combinations of A) Zn and Fe/ Mn oxides and B) Pb 

and Fe/ Mn oxides in the BC-treated soil samples.  

 

  

Figure S3.13: Ternary plots presenting combinations of A) Zn and Fe/ Mn oxides and B) Pb 

and Fe/ Mn oxides in the nZVI-treated soil samples. 

 

  

A B 

B A 
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Figure S3.14: Ternary plots presenting combinations of A) Zn and Fe/ Mn oxides and B) Pb 

and Fe/ Mn oxides in the nZVI-BC-treated soil samples. 

 

  

A B 
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Figure S3.15A: Diffractograms derived from the XRD analysis of the sorbent layer of nZVI after 

different incubation time  
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Figure S3.15B: Diffractograms derived from the XRD analysis of the sorbent layer of nZVI-BC 

after different incubation time. 
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Figure S3.16: Proportional Fe solid speciation based on Fe K-edge XANES spectra for the 

sorbent layers of A) nZVI and B) nZVI-BC from the different incubation time steps.  
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Table S3.2: Values used for the calculation of proportions of the most abundant phases 

according to XANES. The Fe0 oxidation rate of Fig. 3.7C is calculated from the sum of the Fe 

(oxyhydr)oxides of each sample.  

  nZVI Lepidocrocite Ferrihydrite Magnetite  
sample R factor weight weight weight weight  
nZVI 1 
month 0.00034 0.50 0.28 0.17 0.06  
nZVI 3 
months 0.00010 0.28 0.27 0.36 0.10  
nZVI 12 
months 0.00030 0.50 0.27 0.19 0.06  
nZVI 15 
months 0.00006 0.54 0.14 0.26 0.09  

       

  nZVI-BC Lepidocrocite Ferrihydrite Goethite Magnetite 

 R factor weight weight weight weight weight 

nZVI-BC  1 
month 0.00006 0.16 0.17 0.51  0.17 

nZVI-BC  3 
months 0.00010   0.20 0.55 0.27 
nZVI-BC  

12 months 0.00013 0.16 0.30 0.43  0.13 
nZVI-BC  

15 months 0.00009 0.65 0.11 0.20  0.06 

  Montmorillonite Muscovite Haematite Goethite Magnetite 

 R factor weight weight weight weight weight 

Control soil 
average 0.00011 0.20 0.14 0.22 0.25 0.18 

       
       

  Control nZVI    

 R factor weight weight    
nZVI mix 1 

month 0.00022 0.91 0.09    
nZVI mix 3 

months 0.00111 0.90 0.10    
nZVI mix 

12 months 0.00025 0.98 0.02    
nZVI mix 

15 months 0.00064 0.96 0.04    
       

  Control nZVI-BC    

 R factor weight weight    
nZVI-BC 
mix 1 
month 0.00028 0.98 0.02    

nZVI-BC 
mix 3 

months 0.00101 0.92 0.08    
nZVI-BC 
mix 12 
months 0.00010 0.95 0.05    
nZVI-BC 
mix 15 
months 0.00005 0.97 0.03    
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Table S3.3a: Correlation matrices of soil extraction data based on the Pearson coefficient. 

1 month Zn Pb pH Eh Fe Mn DOC   

Zn  0.60 -0.86 0.79 -0.57 -0.96 0.03   

Pb 0.60  -0.12 0.03 0.11 -0.73 0.81   

pH -0.86 -0.12  -0.99 0.65 0.69 0.42   

Eh 0.79 0.03 -0.99  -0.59 -0.59 -0.47   

Fe -0.57 0.11 0.65 -0.59  0.55 0.63   

Mn -0.96 -0.73 0.69 -0.59 0.55  -0.20   

DOC 0.03 0.81 0.42 -0.47 0.63 -0.20    

3 months Zn Pb As Cd pH Eh Fe Mn DOC 

Zn  0.36 0.59 0.98 -0.88 0.48 -0.82 -0.73 -0.63 

Pb 0.36  0.91 0.19 -0.73 0.53 -0.57 -0.84 0.10 

As 0.59 0.91  0.47 -0.80 0.82 -0.54 -0.80 0.11 

Cd 0.98 0.19 0.47  -0.78 0.46 -0.72 -0.58 -0.64 

pH -0.88 -0.73 -0.80 -0.78  -0.47 0.93 0.96 0.50 

Eh 0.48 0.53 0.82 0.46 -0.47  -0.12 -0.35 0.38 

Fe -0.82 -0.57 -0.54 -0.72 0.93 -0.12  0.92 0.75 

Mn -0.73 -0.84 -0.80 -0.58 0.96 -0.35 0.92  0.44 

DOC -0.63 0.10 0.11 -0.64 0.50 0.38 0.75 0.44  

12 months Zn Pb As Cd pH Eh Fe Mn DOC 

Zn  -0.08 -0.09 0.94 -0.43 -0.98 -0.13 0.26 -0.69 

Pb -0.08  1.00 -0.39 0.93 -0.13 0.99 -0.79 0.20 

As -0.09 1.00  -0.40 0.93 -0.12 1.00 -0.78 0.19 

Cd 0.94 -0.39 -0.40  -0.70 -0.85 -0.43 0.56 -0.78 

pH -0.43 0.93 0.93 -0.70  0.23 0.93 -0.86 0.49 

Eh -0.98 -0.13 -0.12 -0.85 0.23  -0.07 -0.06 0.61 

Fe -0.13 0.99 1.00 -0.43 0.93 -0.07  -0.74 0.16 

Mn 0.26 -0.79 -0.78 0.56 -0.86 -0.06 -0.74  -0.70 

DOC -0.69 0.20 0.19 -0.78 0.49 0.61 0.16 -0.70  

15 months Zn Pb As Cd pH Eh Fe Mn DOC 

Zn  -0.02 0.20 0.97 -0.59 0.26 -0.80 0.44 -0.65 

Pb -0.02  0.98 -0.22 0.11 -0.08 -0.57 -0.88 0.75 

As 0.20 0.98  -0.01 -0.01 -0.02 -0.73 -0.76 0.60 

Cd 0.97 -0.22 -0.01  -0.47 0.13 -0.67 0.58 -0.76 

pH -0.59 0.11 -0.01 -0.47  -0.93 0.30 -0.52 0.58 

Eh 0.26 -0.08 -0.02 0.13 -0.93  -0.04 0.39 -0.37 

Fe -0.80 -0.57 -0.73 -0.67 0.30 -0.04  0.18 0.07 

Mn 0.44 -0.88 -0.76 0.58 -0.52 0.39 0.18  -0.97 

DOC -0.65 0.75 0.60 -0.76 0.58 -0.37 0.07 -0.97  

Significant (p<0.05) correlations are represented by red coloured numbers 
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Figure S3.17: Concentrations of NO-3 and SO-4 in the soil H2O extracts after 1, 3, 12 & 15 

months of incubation. 

Table S3.3b: Correlation matrices of pore water data based on the Pearson coefficient 

 
3 months Zn Pb Cd pH Eh Fe Mn DOC 

Zn  0.45 0.46 -0.91 0.35 0.11 -0.51 0.14 

Pb 0.45  0.94 -0.98 0.23 0.43 -0.63 0.39 

Cd 0.46 0.94  -0.86 0.07 0.55 -0.53 0.39 

pH -0.91 -0.98 -0.86  -0.50 -0.23 0.50 -0.41 

Eh 0.35 0.23 0.07 -0.50  -0.37 -0.03 0.30 

Fe 0.11 0.43 0.55 -0.23 -0.37  -0.09 -0.47 

Mn -0.51 -0.63 -0.53 0.50 -0.03 -0.09  -0.12 

DOC 0.14 0.39 0.39 -0.41 0.30 -0.47 -0.12  

15 months Zn Pb Cd pH Eh Fe Mn DOC 

Zn  0.88 0.98 -0.37 0.07 0.47 0.43 -0.11 

Pb 0.88  0.83 -0.59 0.21 0.75 0.24 -0.02 

Cd 0.98 0.83  -0.27 -0.01 0.46 0.54 -0.15 

pH -0.37 -0.59 -0.27  -0.58 -0.61 0.25 -0.29 

Eh 0.07 0.21 -0.01 -0.58  0.41 -0.22 0.14 

Fe 0.47 0.75 0.46 -0.61 0.41  0.02 0.11 

Mn 0.43 0.24 0.54 0.25 -0.22 0.02  -0.52 

DOC -0.11 -0.02 -0.15 -0.29 0.14 0.11 -0.52  

Significant (p<0.05) correlations are represented by red coloured numbers 
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Figure S3.18: The acid neutralisation capacity (ANC) of the studied treatments and control 

soil (n=2).  
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Figure S3.19: Total concentrations of the studied risk elements in the sand layer after 1, 3, 12 

& 15 months of incubation and total concentration of As in the pure sand sample.  

  



 
Chapter III 

 

145 
 

 

Figure S3.20: The amount of metal(loid)s extracted by H2O extraction from the mixed soil 

samples after 15 months of incubation (expressed as % proportion of the total concentrations). 
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Abstract 

Efficient treatment of sewage sludge may transform waste into stable materials 

with minimised hazardous properties ready for secondary use. Pyrolysed 

sewage sludge, sludgechar, has multiple environmental benefits including 

contaminant sorption capacity and nutrient recycling. The properties of five 

sludgechars were tested firstly for adsorption efficiency in laboratory solutions 

before prospective application to soils. A wide variety of metal(loid)s (As, Cd, 

Co, Cr, Cu, Ni, Pb, Sb, and Zn) was involved. Secondly, the sludgechars (3% 

v/v) were incubated in five soils differing in (multi)-metal(loid) presence and 

the level of contamination. The main aim was to evaluate the metal(loid) 

immobilisation potential of the sludgechars for soil remediation. Moreover, 

nutrient supply was investigated to comprehensively assess the material's 

benefits for soils. All sludgechars were efficient (up to 100%) for the removal 

of metal cations while their efficiency for metal(loid) anions was limited in 

aqueous solutions. Phosphates and sulphates were identified crucial for 

metal(loid) capture, based on SEM/EDS, XRD and MINTEQ findings. In soils, 

important fluctuations were observed for Zn, being partially immobilised by the 

sludgechars in high-Zntot soils, while partially solubilised in moderate to low-

Zntot soils. Moreover, pH showed to be crucial for material stability, metal(loid) 

adsorption ability and their immobilisation in soils. Although metal(loid) 

retention was generally low in soils, nutrient enrichment was significant after 

sludgechar application. Long-term evaluation of the material sorption 

efficiency, nutrient supply, and ageing in soil environments will be necessary in 

future studies.  
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4.1 Introduction 

In recent years, significant interest has been focused on the production of 

carbon-based materials from various waste residues, including sewage sludge, 

and their possible use for soil and water remediation (Wang et al., 2020). A 

widely used and effective technique for the preparation of such materials is 

pyrolysis, a thermochemical conversion of carbonaceous materials in the 

absence of oxygen (Rangabhashiyam et al., 2022). Numerous publications 

have been devoted to the production of carbon-based solid materials from 

pristine (plant-based) pyrolysed biomass (so-called biochar; BC), and its use as 

a sorbent or soil improver. Pyrolysed sewage sludge (denoted here as 

sludgechar; SC) can be considered a beneficial material with regard to nutrient 

content and direct reuse of otherwise potentially hazardous waste material 

(Rangabhashiyam et al., 2022; Wang et al., 2020; Zhao et al., 2023).  

Sludgechars, similarly to BCs, have been intensively tested for their metal(loid) 

adsorption characteristics (Chen et al., 2014; Gao et al., 2019) as promising 

metal(loid) sorbents in water (Gopinath et al., 2021). However, its full-scale 

application to soil is still a matter of debate, regarding the increased risk of 

metal(loid)s release and plant uptake (Zhang et al., 2021). On the other hand, 

pyrolysis promotes conversion of mobile fractions of hazardous metal(loid)s 

into stable forms, which limits their possible leaching into the environment 

(Agrafioti et al., 2013; Cui et al., 2022). In addition, the mineral components 

in SCs can significantly contribute to metal(loid) retention, playing an important 

role in the ion exchange processes and taking part in surface complexation by 

providing a specific interface for further metal(loid)-solid phase interactions 

(Shen et al., 2018). In particular, the abundance of Fe or Al minerals may 

greatly increase the SC sorption ability, since sludge-derived BCs have much 

higher mineral content compared to plant-derived BCs (Shen et al., 2018; Xu 

et al., 2017). It can be advantageous especially for the capture of metal(loid) 

anions, since carbonaceous sorbents themselves have negatively charged 

surface over a wide pH range, thus limiting anion sorption (Fu et al., 2023). 

Generally, the ash content may significantly affect the SC sorption properties 

as well as increase soil fertility (Fan et al., 2020). Although metal(loid) 

immobilisation by SC in soil has been already documented (He et al., 2019; 

Rashid et al., 2022), the number of studies dealing with SC behaviour in 

contrasting soil types and various contaminants is still limited (Álvarez-Rogel et 

al., 2018; Khan et al., 2023). Yet, it is crucial, because robust datasets may 
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provide key answers in decision-making about the use of sludge for soil 

remediation or reclamation of contaminated or degraded soils.  As such, it 

represents sustainable solution to the waste disposal issues and the need for 

soil quality improvement (Khan et al., 2023).   

In this context, we aimed to assess the potential of five different SCs for 

metal(loid) immobilisation in five contrasting soils differing in risk metal(loid) 

type and concentration levels, pH, and current land-use. We hypothesise that 

SC is a stable material with low risk of metal(loid) leachability but with high 

potential for remediation of various soil types and contaminants. Different 

sludge sources were selected to verify our hypothesis on a representative 

sample. Furthermore, one of the SC has been certified as soil improver and 

after proper testing in a small-scale, it will be ready to be produced in an 

industrial scale for field use. Therefore, the SCs efficiency for metal(loid) 

retention was investigated under different experimental (pH, adsorption time) 

and environmental conditions (soil pH, metal(loid) presence or co-existence 

and concentration level). Considering the importance of solid-phase stability 

when waste-derived amendments are applied to the environment, our study 

combines detailed characterisation of SCs from chemical and mineralogical 

points of view and material stability testing (leachability of potentially 

hazardous components). To achieve the main objective, 1) time-dependent 

adsorption efficiency was tested towards a wide range of metal(loid)s at 

different pH values, followed by 2) the investigation of metal(loid) behaviour 

after the application of SCs in contrasting metal(loid)-contaminated soils. Only 

such a comprehensive study of the material's behaviour in different soil 

conditions can help evaluate the application potential of SCs and their 

subsequent safe use in remediation technologies. 

4.2 Materials and methods 

4.2.1 Preparation of sludgechars  

Five sludges were selected originating from different wastewater treatment 

plants (WWTPs) in the Czech Republic, differing in size, technology, location, 

and the presence of industry (Table S4.1). The technologies include 

mechanical-biological wastewater treatment with/without tertiary treatment 

and with/without sludge stabilisation. Due to existing non-disclosure 
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agreements with the WWTPs that provided us with the studied sludges, 

information regarding the exact locations and specific treatment technologies 

of each WWTP remains confidential. The five sludges reflect the industrial and 

population dynamics covering large, medium, and small population areas. 

Individual sludges were air-dried and subsequently pyrolysed at a final 

temperature of 600–650 °C per each sludge in an inert nitrogen atmosphere 

using forced evacuation (fan) of primary pyrolysis products (condensate and 

gas). The range indicates the inevitable fluctuations in temperature during the 

process. Temperature increase was 10 °C/min and the residence time of the 

material at the final temperature was until the end of the development of 

primary pyrolysis products (90–120 min). These conditions were used based to 

our previous findings (Moško et al., 2021b) to achieve the required sludge 

properties. One of the studied SCs is produced in industrial scale and has been 

certified as soil improver according to the Central Institute for Supervising and 

Testing in Agriculture of the Czech Republic (ÚKZÚZ). The sewage sludge 

treatment methodology that was used (Pohořelý et al., 2023) is currently a 

verified technology to process sewage sludge and produce biochar without 

organic pollutants. However, for the certified and the rest of the SCs additional 

characterisation was necessary to assess their environmental safety before 

further field applications. The five studied sludgechars were denoted as SC1, 

SC2, SC3, SC4, and SC5 in this study.  

4.2.2 Characterisation of sludgechars 

The basic physical and chemical properties of the SCs were determined using 

ČSN EN ISO 21656 (ash content; A), ČSN EN ISO 22167 (volatile content; V), 

a Flash EA 1112 Series CHNS/O Analyser (Thermo Finnigan; elemental 

analysis), and IKA C 2000 calorimeter (IKA-Werke GmbH & Co; Higher heating 

value and Lower heating value, HHV/LHV). The specific surface area (SBET) was 

determined by the standard Brunauer–Emmett–Teller (BET) procedure, i.e. 

nitrogen physisorption measurements at 77 K (ASAP 2050; Micromeritics). 

Sludgechar pH was measured in deionised water (pHH2O), 1 M KCl (pHKCl), and 

0.01 M CaCl2 (pHCaCl2) in individual suspensions at a ratio of 1:5 w/v (ISO 

10390:2005). Cation exchange capacity (CEC) was determined using 0.1 M 

BaCl2 at a solid/liquid ratio (S/L) of 1/60 (Carter and Gregorich, 2007). Total 

elemental composition of individual SCs (and input raw sewage sludges) was 

determined by inductively coupled plasma atomic emission spectroscopy (ICP 
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OES; Thermo Scientific iCAP 7000) and/or inductively coupled plasma mass 

spectrometry (ICP MS; Thermo Scientific iCAP Q) methods after microwave 

decomposition according to EPA 3051A (2007). Micropollutant analyses were 

done according to previously published methods (Innemanová et al., 2022; 

Semerád et al., 2020).  

Briefly, both sludgechar and sewage sludge materials were extracted for 

pharmaceuticals and personal care products (PPCPs), endocrine disruptors 

(EDs), and per/poly-fluorinated compounds (PFCs) by Accelerated Solvent 

Extractor ASE 200 (Dionex; Plaiseaut, France) with heated methanol as an 

extraction solvent (temperature 80 °C, pressure 10.3 MPa). Final solutes were 

analysed for PPCPs and EDs using liquid chromatography coupled with mass 

spectrometry (Agilent 6470 Triple Quadrupole LC/MS System) (Innemanová et 

al., 2022; Dume et al., 2023). The solutes were further cleaned using 

Superclean ENVI-Carb SPE tubes, eluted with methanol + 1% formic acid, and 

analysed for PFCs by LC-MS (Shimadzu Nexera X2 LC/Sciex 4500) (Semerád et 

al., 2020). The structure identification of SCs was determined by X-ray 

diffractometry (XRD; D2 PHASER XE-T, Bruker); step size was 0.04º 2θ and 

counting time was 2.00 s per step (5–70°). Individual phases were identified 

using PANalytical X'Pert HighScore Plus software (version 3) and ICDD PDF-2 

database (2003). Sludgechar samples were prepared both as individual 

particles attached to carbon tape (to study the morphology and chemical 

composition of individual specimens) and as polished thin sections (to evaluate 

the mineral phase composition). All the samples were carbon-coated and 

investigated by scanning electron microscopy (SEM; TESCAN VEGA 3 XMU) 

coupled with energy dispersive X-ray spectroscopy (EDS; Oxford Instruments 

Aztec X-MaxN 50); voltage was set at 20 kV and occasionally at 15 kV (i.e. 

when accessing the image-capture mode).  

4.2.3 Metal(loid) removal from aqueous solutions  

Sorption kinetic experiments were performed to obtain basic information on 

the SC sorption efficiency against individual metal(loid)s and the time required 

to establish equilibrium. To further evaluate the metal removal process in the 

pH range relevant for the studied soil environments, the following conditions 

were tested: 1) without pH adjustment, i.e. simulating the natural pH after the 

SC–metal(loid) interaction; 2) at controlled pH 5, i.e. weakly acidic conditions; 

and 3) at controlled pH 7, i.e. neutral pH. A number of metal(loid)s were tested 
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to thoroughly evaluate the effectiveness of the materials, namely As(V), Cr(VI), 

Sb(V), Cd(II), Co(II), Cu(II), Ni(II), Pb(II), and Zn(II). Individual solutions 

were prepared by dissolution of HAsNa2O4∙7H2O, Cr2Na2O7∙2H2O, K[Sb(OH)6], 

Cd(NO3)2∙4H2O, Co(NO3)2∙6H2O, Cu(NO3)2∙3H2O, Ni(NO3)2∙6H2O, Pb(NO3)2, and 

Zn(NO3)2∙6H2O in deionised water to obtain a metal(loid) concentration of 0.1 

mM. The concentration was selected based on our previous experimental 

conditions for adsorption kinetics using BC-composites (Hudcová et al., 2022) 

and it corresponds to values observed for moderately-to-highly contaminated 

soils (Table 4.1). Each sludgechar (sieved through a 250 μm sieve; 1 g/L) was 

added to a single-metal(loid) solution, vigorously stirred on a magnetic stirrer 

(550 rpm), and 10 mL of suspension was sampled at specific time intervals up 

to 120 min. The samples were filtered using a 0.45 µm cellulose acetate 

membrane and subsequently analysed by ICP OES. For comparison, the same 

kinetic experiment was performed in deionised water without metal(loid)s. 

Here, possible leaching of elements was monitored using ICP OES and ion 

chromatography (IC; Dionex ICS-242 5000+, Thermo Fisher Scientific, USA). 

Dissolved inorganic carbon was measured with a carbon analyser (TOC-L CPH, 

Shimadzu, Japan). The experiments were performed in duplicates. The possible 

influence of metal(loid) precipitation under the given experimental conditions 

on the overall removal process was evaluated using the Visual MINTEQ 3.1 

program. 

4.2.4 Pot experiment and pore water sampling 

To investigate the efficiency of the SCs for soil remediation, a pot experiment 

with five different soils was conducted. The soils were collected from 

contrasting areas of the Czech Republic, yielding distinct levels of metal(loid) 

contaminants. For confidentiality reasons the exact locations are not disclosed. 

The soils were sampled from 0-25 cm depth, air-dried, and sieved (< 2 mm). 

The field bulk density of each soil was determined using 100 cm3 rings placed 

on the soil surface. A total of 6 soil rings (Ejikelkamp, Netherlands) per location 

were used. The soil was weighed in wet state, dried at 105 °C, and weighed 

again. Hence, the bulk density of each sample was calculated by dividing dry 

soil mass with the known volume of the sample (100 cm3). Soil texture was 

tested in duplicates using the standard hydrometer method (CEN ISO/TS 

17892-4, 2004) and, consequently, the particle size classification was 

determined according to Gee and Or (2002). Soil pH was determined in 
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duplicates for each soil type using ISO 10390 (2005). Soil samples in triplicates 

were subjected to microwave-assisted total digestion according to the EPA 

3051a method (2007) to assess their total content of elements. Total C and 

total N content of the studied soils were measured in dry state using TN/TC 

analyser PrimacsSCN (Skalar, the Netherlands). Basic identification of each soil, 

including a classification based on the contamination level, is given in Table 

4.1. Detailed characteristics (i.e. total element concentrations, texture, etc.) 

are given in Table S4.2. For the incubation experiments, the five SCs were 

individually applied by mixing each one of the five studied soils at a 3% v/v 

ratio in a separate pot. A control sample of each soil without SC was present in 

every set. Each pot had approximately 150 mL of soil and 4.5 mL of SC. The 

exact volumes were calculated based on the bulk density of each soil and the 

volume of the individual SC. For each combination of sludgechar and soil, 

separate pots were prepared for pore water sampling (with a rhizon sampler 

inserted; Rhizon, The Netherlands) and for soil extractions (without a rhizon). 

The incubation period was 30 days, during which the pots were maintained at 

70% of each soil’s water holding capacity. At the end of the incubation period, 

pore water samples were collected using rhizons. The experiment was 

performed in duplicates. Each sample was immediately subjected to pH, Eh, 

and conductivity measurements and subsequently analysed for major and trace 

elements by ICP OES and/or ICP MS after acidification with 2% HNO3. An 

unacidified aliquot was used to determine anions, total carbon and dissolved 

organic carbon (DOC) in the pore water using the same equipment as described 

previously 
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Table 4.1 Soil identification and origin, classification based on the total content of each 

contaminant, source of contamination and land use (main contaminants for each soil are 

given in red).  

Soil ID 
Soil classification 

(contaminant total contenta) 

Source of 

contamination 
Land use 

Zn-rich 

Zn; high (3000–3600 mg/kg) 

Mining & 

smelting 

affected area 

Occasional grazing/ 

Agriculture 

Pb; high (3900−8600 mg/kg) 

Cd; high (30−50 mg/kg) 

Cu; moderate (~80 mg/kg)b 

As; moderate (310−390 mg/kg)b 

Sb; moderate (~60 mg/kg)b 

Smelter 

Pb; high (3900−8600 mg/kg) 

Former smelter 

area 
Brownfield 

Zn; high (3000−3600 mg/kg) 

Sb; high (~230 mg/kg) 

Cd; high (30−50 mg/kg) 

Cu; high (~310 mg/kg) 

As; moderate (310−390 mg/kg) 

As-rich 

As; high (~18000 mg/kg) 

Natural 

enrichment, 

historical Au 

mining 

Forest 

Zn; moderate (~200 mg/kg)b 

Cd; moderate (1−3 mg/kg)b 

Pb; low (70−80 mg/kg)b 

Cu; low (13−60 mg/kg) 

Brownfield 

Pb; moderate (110−150 mg/kg) 

Landfill, coal 

mining in the 

vicinity 

Brownfield 

Zn; low (90−130 mg/kg)b 

Cu; low (13−60 mg/kg) 

As; low (7−15 mg/kg) 

Sb; low (2−20 mg/kg)b 

Garden 

Cd; moderate (1−3 mg/kg)b 

Former landfill 
Gardening/ Landfill 

ballast (backfilling) 

Cu; low (13–60 mg/kg) 

Pb; low (70–80 mg/kg)b 

Zn; low (90−130 mg/kg)b 

As; low (7−15 mg/kg)b 

Sb; low (2–20 mg/kg) 

a The classification is based on the total concentrations of each element (Table S4.2) by relative 

comparison between the soils. 

b Value higher or at the limit based on the Decree No. 153/2016 Coll (Czech regulatory limits for 

individual risk elements in common soils). No limits for Sb given in the current legislation, so the value 

given for As was used as a reference value here. 
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4.2.5 Soil extractions 

After the incubation period, soil from pot variants without rhizons was dried 

(40 °C) and subjected to the first step of the sequential extraction procedures. 

In particular, exchangeable metals were determined in 0.11 M acetic acid 

(CH3COOH) extracts (Quevauviller, 1998), while ammonium sulphate 

[(NH4)2SO4] was used to determine exchangeable As and Sb (Wenzel et al., 

2001). The extractions were performed in duplicates with procedural blanks. 

The extractants from both procedures were centrifuged, filtered with 0.45 μm 

nitrocellulose filters, acidified with 2% HNO3, and subsequently subjected to 

trace and major elements measurements by ICP OES and/or ICP MS. 

4.3 Results and Discussion 

4.3.1 Physical and chemical properties of sludgechars 

The basic physical and chemical characteristics of the SCs are given in Table 

4.2. Generally, sludgechar SC2 showed very distinct properties compared to 

the other materials, which can be related to the fact that the raw sludge was 

not stabilised (only mechanically treated). In particular, it had significantly 

lower ash content (i.e. the level of mineral fraction incorporation into pyrolysed 

materials; Jin et al., 2016) compared to the other SCs in this study as well as 

those described in our previous paper by Moško et al. (2021a). Further, the C 

and N contents were almost double in the case of SC2 compared to the other 

sludgechars (Table 4.2). Finally, the specific surface area was only 5.6 m2/g for 

SC2 compared to 44–77 m2/g for the other SCs, despite their higher ash content 

that often decreases the specific surface. However, higher SBET was usually 

reported for anaerobically stabilised input sludges (SC1, SC3, SC4, SC5) in 

contrast to non-stabilised ones (SC2) (Moško et al., 2021a; Giwa et al., 2023). 

In general, the specific surface area of SCs (Rangabhashiyam et al., 2022) is 

lower compared to BC produced from woody/plant biomass (Trakal et al., 

2014), which was explained by clogging of pores due to adhesion of tar 

produced during sludge pyrolysis (Jin et al., 2016). In addition, SCs prepared 

under the given laboratory conditions show typical porosity values of 45–55 % 

and a total liquid pore volume of about 100 mm3/g mainly in the meso-

macropore range (Moško et al., 2021b), whereas lower values of these 
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parameters can be expected for commercial production. However, previous 

studies dealing with pyrolysed materials have shown that higher specific 

surface area does not necessarily mean better adsorption properties (Hudcová 

et al., 2022; Trakal et al., 2014). On the contrary, an important parameter 

influencing the material usability as an effective sorbent is its natural pH. Here, 

very high values were reached for all the studied materials (pH range of 10–

12; Table 4.2), with the lowest values observed for SC4. High sludgechar pH 

values are attributed to the content of mineral phases, especially those of an 

amorphous nature (e.g. calcium/magnesium oxides (Bandosz & Block, 2006), 

and/or formation of carbonates during pyrolysis (Méndez et al., 2005). Cation 

exchange capacity, described as one of the factors influencing metal removal 

(Rangabhashiyam et al., 2022), reached the highest values of 48.2 and 46.1 

cmol/kg for SC2 and SC3, respectively (Table 4.2). This can be related to the 

high content of exchangeable Ca.  

Total elemental composition (including toxic metals and metalloids) is given in 

Table S4.3 and organic micropollutant content (PPCPs, EDs, and PFCs) in Fig. 

S4.1. Emerging micropollutants in sewage sludges are currently at the forefront 

of concern in terms of their persistence and ubiquity (W. Zhang et al., 2022). 

Therefore, it is crucial to mention that pyrolysis conditions in this study resulted 

in the complete removal of EDs and PFCs, as well as minimisation of PPCPs 

content (Fig. S4.1). Moreover, it is noteworthy that traditional organic pollutant 

content in the raw sludge (i.e. polycyclic aromatic hydrocarbons, PAH, and 

polychlorinated biphenyls, PCB) was below the safety limits required for waste 

intended to be disposed of on land (6 mg/kg for PAH and 0.2 mg/kg for PCBs 

according to Decree No. 294/2005 Coll., Annex 10), and even two orders of 

magnitude lower in the pyrolysed ones (data not shown). 
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Table 4.2 Basic characteristics of the studied sludgechars. 

Sample SC1 SC2 SC3 SC4 SC5 

Proximate analysisd 

Ash (A) wt. % 74.6 47.4 68.4 76.6 75.3 

Volatiles (V) wt. % 2.71 3.32 3.86 3.65 4.65 

Fixed carbon (FC) wt. % 22.7 49.3 27.7 19.8 20.1 

Ultimate analysisd 

Carbon wt. % 21.5 46.8 27 20.1 21.4 

Hydrogen wt. % 0.40 0.68 0.57 0.36 0.50 

Nitrogen wt. % 1.14 3.24 1.56 0.92 1.46 

Sulphur wt. % 1.35 1.04 1.75 1.39 0.70 

Oxygen wt. % 1.01 0.84 0.72 0.63 0.64 

H/C atomic ratio – 0.22 0.17 0.25 0.21 0.28 

O/C atomic ratio – 0.04 0.01 0.02 0.02 0.02 

(O+N)/C atomic ratio – 0.08 0.07 0.07 0.06 0.08 

Energy value of dry matterd 

Higher heating value 

(HHV) 
MJ/kg 8.66 16.3 10.2 7.50 7.67 

Lower heating value 

(LHV) 
MJ/kg 8.57 16.2 10.1 7.42 7.56 

Other analyses 

SBET m2/g 77 5.6 63 62 44 

pHH20 – 11.3±0.03 12.3±0.02 12.1±0.01 10.7±0.08 12.1±0.01 

pHKCl – 10.6±0.08 12.3±0.05 11.9±0.03 10.0±0.00 11.8±0.01 

pHCaCl2 – 11.2±0.01 12.3±0.00 12.0±0.00 10.5±0.03 12.0±0.01 

CEC 
cmol/ 

kg 
30.3 48.2 46.1 25.8 28.9 

d in dry matter 

 

Concentrations of major elements (i.e. Ca and Fe) significantly differed 

between individual SCs, resulting in two groups: 1) with higher Ca content 

(SC1, SC2 and SC3), and 2) with higher Fe content (SC4 and SC5). The highest 

concentration of P was observed in SC2 (Table S4.3). In general, the resulting 

characteristics of SCs including the chemical composition are strongly 

dependent on the composition of the input raw material (Rangabhashiyam et 

al., 2022). Concerning potentially toxic metals, the pyrolytic process resulted in 



 
Chapter IV 

 

159 
 

increased concentrations compared to raw sludge, while volatile components 

were efficiently removed. In particular, high concentrations of Cu (especially 

SC3), Ni (especially SC3 and SC4), and Zn (especially SC2) were determined in 

the sludgechars. In the case of SC3, concentration limits given in Decree No. 

273/2021 Coll., Annex 38, were exceeded for Cu (3.5) and Ni (7). However, 

it is important to note that although metals are usually "concentrated" due to 

the pyrolysis process, their availability is significantly reduced compared to raw 

sludge (Cui et al., 2022; Yuan et al., 2015).  

4.3.2 Structural properties and mineralogical implications of 

sludgechars 

The overall morphology (Fig. S4.2) of all SCs appears visually similar, but the 

chemical composition (measured by EDS) of individual particles (Figs. S4.2, 

S4.3) shows important differences.  Mainly Ca, Fe, O, Mg, Al, Si, and P were 

detected. The predominant occurrence of Ca and Fe corresponded to the bulk 

chemistry of the SCs (Table S4.3). Regarding the pyrolysed organic matter, it 

was observed in rather smaller amounts for all sludgechars, although total C 

content reached 22–51 wt.% (Table 4.2). Nevertheless, the SEM images 

indicate that the organic matter was coated with mineral surfaces (Fig. 4.1f, 

Fig. S4.2), and the presence of carbon particles with porous BC structure was 

occasionally confirmed by SEM/EDS (Fig. S4.2_2, SC2-3a, 3c, and 

corresponding EDS spectra in Fig. S4.3). Due to the richness of major elements 

(Ca, Mg, P, S) in the raw material, we suggest that BC pores were clogged with 

new phases formed during pyrolysis (also in Raj et al., 2021). The occurrence 

of mineral phases can further facilitate ion exchange and surface complexation 

(Shen et al., 2018). Generally, the presence of different sorption sites on the 

SC surface may subsequently influence the removal of hazardous metal(loid)s 

(Rangabhashiyam et al., 2022). Mineral phases components were further 

investigated and the key features are shown in Fig. 4.1 (with corresponding 

spectra depicted in Fig. 4.2). The microscopic appearance and elemental ratios 

derived from EDS indicate that 1) Fe and Ca phosphates (including the 

formations of apatite; Fig. 4.1b) and 2) Fe and Ca sulphates were the most 

frequently observed mineral phases (also determined by Mahieux et al., 2010). 

Ubiquitous silicates were monitored during SEM/EDS analysis (Fig. 4.1d) and 

confirmed by XRD (see the text below). Risk elements known to be present in 

the raw sludges and even concentrated in the sludgechars (Table S4.3) were 
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rarely detected by EDS, most likely due to the detection limits of the method 

and the spatial distribution of trace elements in the specimens. Nevertheless, 

spots with detectable concentrations of mainly Cu and Zn were found in 

combination with phosphates (Fig. 4.1c) and sulphates (Fig. 4.1d). Therefore, 

potential formation of stable compounds of Cu and Zn with phosphate radicals 

coming from the decomposition of Ca phosphate phases (Gu et al., 2022) may 

be responsible for generally limited risk element leachability in the sludgechars 

(see later in text). Phosphates are one of the most common ligands that 

cationic metals precipitate with, leading to their effective immobilisation by 

sewage sludge-derived BCs (Xing et al., 2021). In addition, based on the 

frequent occurrence of P-rich phases detected by SEM/EDS, we suggest that P 

was present in the form of stable Ca-, Mg- and Fe- mineral phases in the SCs 

(Fig. 4.1e). On the other hand, the mineral elements in SC or BC can improve 

the soil nutrient content and effectively regulate the nutrients balance in the 

soil (Zhao et al., 2023), as demonstrated further on pore water results (see 

later in text; Fig. S4.9).  
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Figure 4.1 Selected back-scattered electron images from SEM/EDS analysis of the sludgechars 

prepared as polished thin sections (a-e) and pins (f). a) SC1: Fe phosphates with Ca (up to 30 

wt.%) and Mg (≈ 1 wt.%), Ca sulphates with Fe (≈ 1 wt.%); b) SC2: formation of apatite 

(Ca5(PO4)3); c) SC3: Ca phosphates with up to 15 wt.% Cu, sulphates with up to 41 wt. % Cu 

and up to 7 wt.% Fe, Ca sulphate with trace amount of Mg (< 1 wt.%), sulphates with up to 3 

wt.% Cu and 32 wt.% Zn ; d) SC4: Fe phosphates with up to 2 wt.% Zn and Fe sulphates with 

trace amounts of Ca (< 1 wt.%); e) SC5: Fe phosphates with Ca (≈ 1 wt.%) and Mg (1-5 wt.%). 

The respective EDS spectra of the numbered points are presented in (Fig. 4.2) below, points in 

image e) have similar composition to sp. 2 and sp.7, more details of image f) can be found in 

the SI (Fig.S4.2_5 and Fig.S4.3). 
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Figure 4.2 Corresponding EDS spectra of numbered points 1-8 from SEM images of Fig. 4.1 

Mineral particles of similar morphology (i.e. prevailing amorphous and granular 

morphology) were observed by Lu et al. (2013). In addition, well-developed 

crystals may occasionally occur (e.g. quartz, calcite, apatite, or ilmenite). In 

order to further identify material structure and bulk mineralogical composition, 

XRD measurements were performed on individual SCs (Fig. S4.4). Apart from 

the amorphous part, the occurrence of crystalline mineral phases was evident, 

which is closely related to structural changes promoted by the high-

temperature pyrolysis process (Ábrego et al., 2009). Generally, the 

diffractograms of all the studied SCs were very similar, indicating that, despite 

differences in the concentration level of elements, the dominant mineral phases 

were the same. However, the large number of lines in all diffractograms 
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indicated overall heterogeneity in the composition of SCs and the complex 

multi-phase character of the sludges. Therefore, only well-defined structures 

are presented in this section. The major crystalline phases were quartz (PDF-2 

card 01-078-1254) and (Ca-)whitlockite (PDF-2 cards 01-073-1140 and 00-003-

0713) observed in all SCs. Moreover, these were the only crystalline phases 

detected in SC2, which can be related to the lowest ash content (more ash = 

more crystalline phases, and vice versa; Ábrego et al., 2009). Calcite (PDF-2 

card 00-002-0629), which is commonly detected in diffractograms of sludge 

pyrolysed below 700 °C, i.e. before its decomposition to CaO (Ábrego et al., 

2009), was determined in SC1, SC3, and SC5. Other phases detected by XRD 

included various aluminosilicates, especially clays (e.g. muscovite and/or illite; 

PDF-2 cards 00-002-0058 and/or 00-026-0911). Additionally, other important 

phases might also be present in minor amounts, not detectable by XRD (e.g. 

iron phosphates/sulphates, calcium sulphates, Fe/Ca sulphides, or other 

silicates; Bandosz & Block, 2006; Figueiredo et al., 2021; Mahieux et al., 2010), 

many of which were identified using microscopic analyses (Figs. 4.1, 4.2). 

Furthermore, the partially amorphous character of the diffractograms can be 

attributed to 1) amorphous carbon, which is characteristic for the BC structure 

(Gale et al., 2021), and 2) amorphous oxides, carbonates, or phosphates 

(Bandosz & Block, 2006; Clemente et al., 2018; Méndez et al., 2005). 

4.3.3 Time-dependent metal(loid) removal from aqueous solutions 

Prior to the application of SCs in real contaminated soil environments, testing 

in simplified laboratory experiments is necessary to determine: 1) the overall 

ability of the SCs to remove the target risk metal(loid)s at different pH values; 

2) potential leaching of risk elements and nutrients from the SC matrix; and 3) 

possible capture mechanisms (including precipitation of new solid phases). The 

pH values during metal(loid) removal significantly increased after the addition 

of SCs (see the lines in Fig. 4.3), indicating a strong buffering effect of all 

materials. The lowest increase was observed for SC4, which is in accordance 

with the natural pH values measured for the individual materials (Table 4.2). 

Such an increase in pH may have an indirect positive effect on metal removal 

due to (co)precipitation of new metal-based solid phases and further 

immobilisation of metals in soils. However, the opposite effect of the pH 

increase can be expected for anionic species (As, Cr and Sb), which is usually 

caused by: 1) predominantly negatively charged surface sites throughout the 
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pH range or the presence of cation exchangers (e.g. BC or clays; Gao et al., 

2020 or Osuna et al., 2019); 2) the negative charge of some sorption sites on 

the SC surface at higher pH values (e.g. Fe/Mn/Al oxides and hydroxides; 

Sverjensky, 2005); and/or 3) unsuitable conditions for precipitation of metalloid 

solid phases under given conditions (e.g. low stability of Ca arsenates due to 

preferable formation of Ca carbonates; Zhu et al., 2006). In fact, the removal 

efficiency without pH control followed exactly the above-mentioned effect of 

the increasing pH values (see points in Fig. 4.3, Fig. S4.5). High efficiency 

towards metal cations was determined, yet significant differences in the overall 

removal course were observed between individual SCs. In particular, the 

removal efficiency and rate were significantly lower for SC4 (70% Cd removal 

efficiency) followed by SC1. This behaviour was attributed to low pH of these 

two materials. Similar results (but during multi-metal sorption experiments) 

were reported in the study of Zhao et al. (2019), where the efficiency without 

pH adjustment was Pb ≈ Cu (100%) > Cd (60%). In general, SC3 appeared to 

be the most effective towards metal cations under these conditions. As 

expected, the materials were not effective against metal(loid) anions, i.e. As 

(max. 4%), Cr (max. 9%) and Sb (max. 2%). In particular, SC5 appeared to 

be the most effective, while SC2 was the least effective, which can be attributed 

to the lowest mineral ash content (Table 4.2) and the lowest amount of Fe 

(Table S4.3) and thus potential mineral phases for metalloid sorption in SC2. 

Although Agrafioti et al. (2014) demonstrated some effectiveness of 

sludgechars against As and Cr without pH control, electrostatic interactions with 

Fe phases on the surface were considered to be the main removal mechanism. 

Considering the variability in SCs properties, Rangabhashiyam et al. (2022) 

highlighted the necessity to evaluate the connection between the material’s 

characteristics and its ability to remove hazardous components when used as 

an adsorbent.  
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Figure 4.3 Sorption efficiency (points) of the five sludgechars in single solutions of metalloid 

anions (As, and Sb) and metal cations (Cd, Cu, Pb, and Zn) at natural pH (i.e. without control 

shown by dotted lines). 

At controlled pH 7 (Fig. S4.6), a slight improvement towards As (max. 16%; 

SC3), Cr (max. 6%; SC3) and Sb (max. 6%; SC2) was observed. In line with 

expectations, the removal efficiency of all metals decreased compared to the 

experiments without pH control in the order Pb > Cu > Zn > Cd > Co ≈ Ni. At 

controlled pH 5 (Fig. S4.7) the effectiveness towards As (max. 13%; SC3) and 

Sb (max. 3%; SC3) was almost identical, while a significant improvement was 

observed for Cr (i.e. up to 72%, max. SC3, min. SC5). The higher removal 
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efficiency at lower pH values may be the result of electrostatic interactions 

between positively charged sites on the SC surface, including (amorphous) 

metal oxide surfaces, and the anionic species (Agrafioti et al., 2014). Similarly, 

Kaljunen et al. (2022) observed increased removal of anionic species at lower 

pH values by SCs. This phenomenon was explained as follows: although the SC 

surface is negatively charged in a wide pH range, a decrease in pH causes a 

decrease in the total negative charge, which leads to a decrease in the 

repulsion between the SC surface and the anionic species in the solution. 

Compared to higher pH values, a significant decrease in removal efficiency was 

observed for all metal cations, which indicate potentially lower efficiency for 

acidic soils. Nevertheless, the order of metal cation removal efficiency was 

similar to that of pH 7, with the only difference in the order of Cd > Zn. In 

addition, gradual release of trapped metals was observed for most metal 

cations at pH 5, which can be attributed to the influence of: 1) metal leaching 

from sludgechar matrix (later excluded; see text for details), and/or 2) 

competition with H+ for binding sites (Yang et al., 2019).  

4.3.4 Potential time-dependent leaching from sludgechars 

Potential metal(loid) leaching  

Possible hazards related to the release of risk elements from SCs need to be 

evaluated before application of SCs as soil amendments. Noteworthy, no 

leaching was observed for any of the studied risk metal(loid)s from the SCs at 

the natural pH, pH 7, or even at pH 5 in our leaching experiment (values below 

detection limits, not shown). Therefore, the aforementioned possibility of 

metal(loid) release due to dissolution of mineral phases of the SCs during the 

kinetic experiment at pH 5 was rebutted. Similar results with regard to risk 

metal(loid) leachability were observed by Chen et al. (2014), under significantly 

more acidic conditions compared to this study. This finding thus confirmed the 

theory that despite increased total metal(loid) concentration in the pyrolysed 

sludge (Table S4.3), the risk elements are strongly bound in the SC and their 

availability is limited compared to the raw sludge (Yuan et al., 2015), especially 

when pyrolysed at 600–800 °C (Cui et al., 2022; Jin et al., 2016). This result 

further supports the suitability of SCs for soil application.  
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4.3.5 Availability of nutrients  

The reduced leachability of metals even under acidic conditions confirmed their 

competing effects with major cations and H+. The release of major elements at 

different pH is depicted in Fig. 4.4. The release of Ca, which was determined 

as the main exchangeable cation, was controlled by its availability. That means 

it was higher from SCs with a higher concentration of total Ca. Interestingly, 

the Ca concentration was the same if performed only in deionised water (Fig. 

4.4) or in the presence of metal(loid)s during adsorption kinetic experiments 

(data not shown). Contrasting results were presented by Chen et al. (2014), 

who showed an increase in Ca leaching by increasing Cd concentrations in 

laboratory solution, while Gao et al. (2019) presented that cation exchange 

does not necessarily play a major role. Nevertheless, there is still the possibility 

that the binding sites formed after the release of Ca (i.e. negatively charged 

sites) may subsequently be occupied by metal cations from the solutions due 

to electrostatic forces (Hudcová et al., 2021). However, the already mentioned 

competition with H+ ions needs to be considered, especially at pH 5. Other 

major cations (namely Mg and K) were released in smaller quantities (Fig. 4.4). 

For P, the released P concentration was only 0.2–0.6 mg/L. Noteworthy, a 

significant decrease in P concentration was observed in solutions containing 

metals during the kinetic experiment (data not shown), indicating possible 

precipitation of metals with P. On the other hand, S release was similar 

regardless of the presence of metals and metalloids in the solution, so the 

influence of sulphate precipitation was assumed to be minor. According to Mercl 

et al. (2020), pyrolysis temperatures above 420 °C promote lower availability 

of nutrients in sludgechar compared to the raw sludge. Considering the content 

of organic matter in the sludgechars, surprisingly, no leaching of DOC was 

observed under the given experimental conditions.  
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4.3.6 Model of potential phase precipitation in aqueous solutions 

With regard to the above-mentioned changes and the possible effect of pH on 

metal and metalloid removal, a simple simulation was performed under the 

given experimental conditions (i.e. pH value, initial metal concentration, major 

elements release, and atmospheric CO2) to evaluate the possible precipitation 

of new phases (Table S4.4). It is evident that without pH control, the formation 

of metal phosphates and/or sulphates can be observed, in addition to the 

expected predominant precipitation of metal carbonates and hydroxides. This 

finding further complies with the SEM/EDS observations of metal-rich 

phosphates and sulphates (Figs. 4.1, 4.2). Moreover, such formations may have 

significant implications both for nutrient and metal behaviour when further 

applied to soils for metal(loid) immobilisation. The possible precipitation of P 

with Cd (released from sludgechar) as one possible metal removal mechanism 

was previously discussed by Gao et al. (2019). With decreasing pH values, the 

possibility of metal precipitation decreases, depending on metal type. At pH 5, 

the formation of new phases was predicted only for Pb. However, it is necessary 

to mention that so-called surface-induced precipitation of metals (which occurs 

at lower pH values than in pure aqueous solutions), caused by the high pH on 

the material surface, may significantly influence the overall removal process 

(Hudcová et al., 2019). Although the main credit for metal removal is often 

given to cation exchange (Rangabhashiyam et al., 2022), it can be seen that 

at higher pH values (generally at pH  7), precipitation of new phases can be 

considered the main metal removal mechanism using SC (Chen et al., 2014; 

Gao et al., 2019). Conversely, Fan et al. (2020) and Shen et al. (2018) identified 

the surface complexation of Cu and/or interaction with mineral phases on the 

SC surface as the main mechanism. Additionally, it has been reported that 

metal precipitation on carbon sorbents tends to have faster kinetics than other 

processes (Yang et al., 2019). The effect of adsorption (i.e. surface 

complexation, including cation exchange) can only be expected at lower pH 

values (or as an additional mechanism). Regarding metal(loid) anions (i.e. As, 

Cr, Sb), there was no evidence of metal(loid) anion precipitation in our 

experiments. Therefore, surface complexation, especially electrostatic 

interaction at lower pH values, was assumed to be the most probable removal 

mechanism of these elements, based on the previous studies dealing with 

removal of anionic species using SCs (Agrafioti et al., 2014; Kaljunen et al., 

2022). However, to distinguish the removal mechanisms in detail, especially 
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the role of chemical and physical adsorption, further measurements should be 

provided in future studies. 

4.3.7 Availability of risk elements and nutrients in the soil  

After testing the materials removal efficiency under different conditions in 

laboratory aqueous solutions, their efficiency for metal(loid) immobilisation was 

investigated in soils. The five studied soils (Tables 4.1 and S4.2) represent 

contaminated and/or degraded substrates that could potentially benefit from 

application of sludgechars. For the purposes of this study, soils with contrasting 

characteristics mainly regarding soil pH and various metal(loid) combinations 

and their concentration levels were selected. It is well-known that removal 

efficiencies in single-metal systems are increased compared to multiple-metal 

systems due to the competition between individual species for sorption sites 

(Zhao et al., 2019). Also, maximum sorption capacities differ among the 

sorbent materials and metal(loid) types, as reviewed by Yang et al. (2019) and 

demonstrated for various BCs regarding Cd, Cr, Cu, and Pb (Zhao et al., 2019) 

as well as As (Agrafioti et al., 2014). Concentration level and contaminant type 

further influence the relative immobilisation efficiency in soils, as documented 

for example by Vítková et al. (2018) on two contrasting soils with extremely 

distinct As and Zn contents. For this reason, our soils were classified as high-, 

moderate- and low-contaminated soils (Table 4.1), based on their total amount 

of each risk element (Table S4.2). The classification assisted in showing the 

major differences between the soils and highlighting contaminants of the 

biggest concern, and subsequently in assessing the efficiency of the SC 

treatments as a function of the metal(loid) concentration level in each soil. 

Moreover, changes in the nutrient availability after applying the SC 

amendments was monitored to 1) assess the overall material stability under 

various soil conditions, 2) be able to better describe the reactivity on the SC–

soil interface, and 3) evaluate the complex potential of the material for soil 

reclamation and revegetation.  

4.3.8 Availability of risk elements in the soil extracts 

The exchangeable amount of risk metals in the acetic acid or metalloids in 

ammonium sulphate soil extracts followed the sequence: 

Zn>>Pb>Cd>Cu>As>Sb; the distribution in the different soils is presented in 
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Fig. 4.5. Smelting-affected soils (Zn-rich and Smelter) commonly yielded at 

least one or two orders of magnitude higher extractable metal concentrations 

(Zn, Pb, Cd, and Cu) compared to the other soils. In particular, Zn was the 

main contaminant in Zn-rich soil extracts, with concentrations up to 2095 

mg/kg, and in Smelter soil extracts with up to 829 mg/kg (Fig. 4.5), 

representing 68% and 23% of the total Zn, respectively (Table S4.2). Although 

the total Zn concentrations of Zn-rich and Smelter soil were similar (Table 

S4.2), the extractable amounts differ by one order of magnitude. Similar 

behaviour was observed in the pore water with maximum Zn available 

concentrations reaching 42 and 2.8 mg/L in Zn-rich and Smelter soil, 

respectively (Fig. S4.8). This observation highlights the importance of physico-

chemical, structural, and biotic factors of each soil, which altogether affect the 

actual risk element availability (Rieuwerts et al., 1998). The effect of 

amendments on Zn immobilisation for the high-Zntot soils was not significant 

except for soil treated with SC1, yielding the highest SBET among the SCs (Table 

4.2). For the other soil types, exchangeable Zn concentrations ranged between 

2.3 and 23 mg/kg. In contrast to high-Zntot soils, significant differences were 

observed between treatments in the moderate- and low-Zntot soils, yet the 

addition of sludgechars usually lead to mobilisation of Zn. Although possible 

metal leaching from the sludgechars was excluded during the kinetic 

experiment (Fig. 4.4), the potential Zn leachability under much more complex 

soil environment cannot be completely avoided, especially in acidic soils. For 

instance, Y. Zhao et al. (2018) found that Zn release from SC was higher in 

acidic rather than alkaline soil, despite the low Zn leachability when the SC was 

tested alone. In contrast, the application of sewage sludge-derived BC 

provoked a decrease in Zn pore water concentrations in acidic but not alkaline 

mining soils (Álvarez-Rogel et al., 2018). Besides the effect of pH, changes in 

the availability of metals contained in SCs can occur over time as a result of 

the interactions between soil and SC particles (E. He et al., 2019). Interestingly, 

in our study, the pattern of Zn exchangeable concentrations as a function of 

the SC amendment was similar in As-rich, Brownfield, and Garden soils (Fig. 

4.5). Namely, SC3 showed increased Zn release compared to the other 

sludgechars and control, yet the concentration level was marginal and not 

considered hazardous. This implies that the amendments used in this study 

were resistant enough to external conditions and material–soil interactions and, 

despite high total Zn concentrations in the sludgechars (Table S4.3), leaching 

of Zn was very limited (<1 %). Such high material stability is related to the 
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high pyrolysis temperature (600–650 °C) used for the amendment production 

(Figueiredo et al., 2021; X. Zhang et al., 2022).  

Figure 4.5 Easily available concentrations of metals (in CH3COOH extracts) and metalloids (in 

(NH4)2SO4 extracts). 
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The highest amounts of exchangeable Pb (140–293 mg/kg) were observed in 

high-Pbtot soils (i.e. Zn-rich and Smelter). Although not considered significant, 

SC3 and SC1 treatments resulted in the biggest decrease in Pb concentrations 

in Zn-rich and Smelter soils, respectively (Fig. 4.5). Wang et al. (2021) showed 

that SCs were always somewhat efficient for Pb immobilisation. This effect can 

be explained by ionic exchange and precipitation of pyromorphite-type minerals 

[Pb5(PO4)3X; X = F, Cl, B or OH], which might be formed when P-rich 

amendments are added in Pb-contaminated soils (Kumpiene et al., 2008). In 

the moderate Pbtot Brownfield soil, the lowest Pb concentration was detected 

in SC5-treated soil. In general, Pb was not very mobile in the soils, as 

documented, e.g. by Cerqueira et al. (2011) who studied Pb migration in 

different soil horizons.   

Maximum available Cd was observed for SC2-treated Zn-rich soil (27.3 mg/kg), 

followed by control soil, while slightly decreased Cd values were determined 

for the other sludgechar-treated samples (Fig. 4.5). Low efficiency of SC2 can 

be related to generally not favourable properties of this material for adsorption 

(Table 4.2 and previous discussion). In high-Cdtot Smelter soil, Cd behaviour 

was independent of the treatment. In contrast, despite low extractable Cd in 

As-rich (moderate-Cdtot) and Brownfield (low-Cdtot) soils, the highest 

concentrations were determined for the SC-treated samples (Fig. 4.5), 

indicating Cd release from the SC matrix. Moreover, the release trend 

corresponds to the highest Cd contents in SC-3 and SC-4 (Table S4.3). Although 

BCs are typically efficient for immobilisation of divalent metals, a long-term 

study using sewage sludge-derived BC revealed no changes in the availability 

of Cd and Pb over time (Chagas et al., 2021), while Khan et al. (2013) reported 

an increase in bioavailable Zn, Cd, and Cu in soil after the application of sewage 

sludge-derived BC.  

The highest available Cu was observed in SC3-treated samples and was even 

more pronounced in the low-Cutot soils, As-rich and Brownfield (Fig. 4.5). This 

observation is clearly associated with the SC3 treatment, which had at least 4 

higher Cu content than the other SCs (Table S4.3), and with low pH of these 

soils (pH 6.1 and 5.2, respectively; Table S4.2). In contrast, no elevated Cu 

leachability was observed for Garden soil (pH 7.4; Table S4.2) after any SC 

treatment. Since Cu is an essential trace element for plants, determined in 

concentration range of 2–20 mg/kg in plant dry mass (Cruz et al., 2022), 

attention should be given when applying BC to soils, so as not to completely 

immobilise Cu in soils or make it unavailable to plants (Hartley et al., 2016).  
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Available As was detected only in the smelter-affected soils or in the naturally 

As-enriched one in the following sequence: up to 3.64, 1.56, and 0.36 mg/kg 

in the Smelter (moderate Astot), As-rich (high Astot), and Zn-rich (moderate 

Astot) soils, respectively (Fig. 4.5). Interestingly, the available concentrations 

did not follow the order of the total concentrations of As in these soils (i.e. As-

rich>>Zn-rich> Smelter) but rather the sequence of the most acidic to most 

alkaline soil pH (Table S4.2). The same sequence in As concentrations was 

observed in the pore water extracts (max 700 μg/L; Fig. S4.8). These findings 

underline the fact that As availability is strongly dependent on the soil type and 

physicochemical properties (Bissen & Frimmel, 2003; Singh & Srivastava, 2020) 

but also on the source of contamination (geogenic vs anthropogenic). The 

availability of As in anthropogenically contaminated soils is reported to be 

increased compared to naturally enriched ones (Shaheen et al., 2017; Skála et 

al., 2011). Regarding sludgechar efficiency, distinct As behaviour was observed 

as a response to different treatments in the soil extracts (Fig. 4.5). For Smelter 

soil, SC1 was the most efficient As-immobilising agent, which can be related to 

its high ash content and the highest SBET (Table 4.2). For As-rich soil, the 

highest immobilisation potential was observed for SC5, which was the most 

effective SC for metalloids in aqueous solutions and in pore water extracts (see 

Fig. S4.8). On the contrary, for Zn-rich soil, the control sample yielded the 

lowest amount of exchangeable As, followed by SC1 (Fig. 4.5). Mitzia et al. 

(2023) also observed lower amounts of As in control samples compared to 

woody BC-treated samples. This result was expected since BCs are typically not 

efficient for immobilisation of As and other anionic metal(loid)s (Sb, Mo), as 

already discussed previously. Furthermore, the variations in SC efficiency in 

different soils can be related both to sludgechar pH (pH>10; Table 4.2) and 

especially to soil pH (pH 5.2–7.5; Table S4.2) as the main drivers of As 

availability.  Additionally, the efficiency of SC1 and SC5 could be attributed to 

their high total Fe content (>2 wt.%; Table S4.3), which indicates potential 

sorption of As onto Fe oxyhydroxides (Agrafioti et al., 2014; Simón et al., 2018). 

In general, all the treatments showed some efficiency in As immobilisation in 

Smelter soil as well as in As-rich soil (except SC3), yet very similar 

concentrations were detected for the latter (Fig. 4.5). Noteworthy, although 

SC4 had the highest total content of As among the treatments (Table S4.3), it 

did not yield the highest extractable concentrations, most likely because As was 

well-stabilised in the BC structure.  
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Exchangeable Sb was detected exclusively in the smelter-affected soils (i.e. 

Smelter up to 1.68 mg/kg, and Zn-rich up to 0.51 mg/kg) (Fig. 4.5). In the 

high-Sbtot Smelter soil, SC5 and SC1 yielded the lowest amounts of available 

Sb, while for the moderate-Sbtot Zn-rich soil, negligible differences were 

observed between the treatments and control. As observed also during the 

kinetic experiment and despite the highest total content of Sb in SC5 (Table 

S4.3), SC5 showed the highest efficiency towards Sb. Similarly to As, Sb has 

high affinity to Fe oxides (Chang et al., 2022; Vidya et al., 2022), which could 

explain the increased efficiency of SC1 and SC5, yielding higher Fe content than 

the other SCs (Table S4.3). A different picture was observed in the soil pore 

water where Sb was present in all samples except for Garden (Fig. S4.8). 

Different SCs were efficient in different soil types, mainly as a result of different 

soil pore water pH (Fig. 4.6). For instance, high-Astot/Sbtot Smelter soil pore 

water pH was 7.5 and the application of SCs resulted in a slight decrease both 

in As and Sb available concentrations. Nevertheless, the efficiency of the 

studied materials towards both metalloids was in general low in the soil, as also 

observed in the aqueous solutions (see previous text).  

Despite the occasionally observed increase in metal release related to high total 

metal contents in SCs, the extractable amounts were very low, which implies 

generally efficient metal stabilisation in the SC matrix. As already mentioned, 

the higher the pyrolysis temperature, the more stabilised risk elements in the 

sewage sludge-derived BC (X. Zhang et al., 2022). The possible mechanisms 

by which this stabilisation is achieved are 1) the formation of new crystal 

phases (silicate and phosphate minerals) by incorporation of risk elements and 

vitrification, and 2) encapsulation, leaving low concentrations of risk elements 

on the BC surface (Li et al., 2018). 

pH, DOC, and (macro)nutrients in the soil pore water 

Soil pH (Table S4.2) and soil pore water pH (Fig. 4.6) was considered one of 

the key parameters influencing the available metal(loid) fraction. The soil pore 

water pH values of the different soils and treatments ranged between 4.6 and 

7.6 (corresponding to the tested pH range of the kinetic experiment). For acidic 

soils (i.e. Zn-rich, Brownfield, and As-rich), all the SCs increased the pH values 

compared to control (Fig. 4.6). The greatest difference compared to control 

was observed for Zn-rich soil treated with SC2 and As-rich soil treated with 

SC5. At the same time, SC2 and SC5 yielded the lowest available concentrations 

of Zn and Pb in Zn-rich and Smelter soils, yielding Pearson correlations of pH–
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Pb up to r=−0.90. For circumneutral soils (i.e. Smelter and Garden), the 

addition of SCs did not change or even decreased the pore water pH (Fig. 4.6), 

particularly SC4. These results are aligned with studies revealing that BCs are 

more likely to increase pH and promote risk metal immobilisation in acidic soils 

rather than in neutral or alkaline soils (Meng et al., 2022; Yang et al., 2021). 

Adverse impacts were determined for metalloids, showing significant 

correlations for pH–As (up to r=0.90) and pH–Sb (up to r=0.80) in Smelter and 

Zn-rich soils, underlying that higher pH values promote anionic metal(loid) 

availability.   
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In terms of DOC, the concentrations in the pore water varied from 211 to 579 

mg/L among the different soils but the presence of SCs did not lead to an 

excessive release of DOC (Fig. 4.6). In this context, these results support the 

idea of using SCs as soil amendments with the potential for carbon 

sequestration (Gievers et al., 2021). 

Regarding major elements, Ca was the most abundant ion in the pore water 

(up to 691 mg/L; Fig. S4.9) as expected from the high total concentrations of 

Ca in the SCs (up to 67 g/kg; Table S4.3), its solubility, and the fact that Ca 

was the main exchangeable cation (see earlier in text). Generally, nutrients 

(Ca, K, and Mg) content significantly increased in the soil pore water after SC 

application (Fig. S4.8), although it is assumed that pyrolysis temperatures 

above 420 °C promote lower availability of nutrients in SCs (Mercl et al., 2020). 

On the other hand, available nutrients can have a positive effect on soil health 

(e.g. increase soil fertility) and enhance revegetation of degraded areas, even 

though it might not lead to metal(loid) immobilisation. Furthermore, the 

presence of divalent nutrients on the SC surface may support ion exchange and 

indirectly promote metal(loid) retention. The release of P was generally very 

low among treatments, yet in most cases it was increased by the addition of 

SCs compared to control (Fig. S4.9). Nevertheless, stability of P can be 

expected in SCs due to formation of less soluble Mg- and Ca- minerals during 

pyrolysis (Figueiredo et al., 2021; Frišták et al., 2018), which was confirmed 

during SEM/EDS analyses (Figs. 4.1, 4.2).   

4.3.9 Suitability of sludgechars for soil remediation 

Based on both the results from the soil extractions and pore water, SC1, SC2, 

and SC3 treatments are suggested as efficient for immobilisation of metal 

cations, while SC5 and SC2 were efficient for metalloid anions (As and Sb). In 

particular, Zn was most efficiently immobilised by SC1 and SC2, Pb by SC1 and 

SC3, Cd by SC3, SC4, and SC5, Cu by SC1, As by SC5 and SC1, and Sb by SC2 

and SC5 (Table S4.5). Treatment SC4 was universally not efficient for risk 

element immobilisation in soils. These findings are comparable to the 

adsorption experiment results, although not identical due to different 

interactions between SC–metal(loid) only and SC–soil–metal(loid) and the 

indirect effects that may occur (L. He et al., 2019; Rangabhashiyam et al., 

2022; Sun et al., 2022). According to our findings, the efficiency of the studied 

sludgechars for anionic metal(loid) immobilisation was very limited, as also 
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reported in other studies (Ahmad et al., 2017; Amin et al., 2020; Lomaglio et 

al., 2017). However, the Fe content of SCs is of particular importance when 

dealing with metalloids due to their high affinity for Fe phases, which can 

promote metalloid immobilisation (Agrafioti et al., 2014; Yu et al., 2021). 

Therefore, Fe-rich sludges can represent perspective immobilising amendments 

in multi- or metalloid- contaminated soils (Fu et al., 2023). At the same time, 

soil texture could play a key role in affecting As and Sb mobility, with sandy 

soils presenting the greatest risk (Chang et al., 2022; Gerdelidani et al., 2021). 

In addition, we observed different behaviour of the same amendment in the 

different soils, affected by the total concentrations of contaminants, available 

contaminant fraction, physicochemical properties, soil type, and organic matter 

content of each soil (Table S4.2). Likewise, other studies with BCs derived from 

sewage sludge (Penido et al., 2019), wood (Ali et al., 2019), and swine manure 

(Yang et al., 2021) have reported variable BC efficiency. Mutual impacts always 

occur between the amendment and the soil (Lian & Xing, 2017).  

With regard to the discussion in the previous sections and taking into account 

that all SCs were strongly alkaline, we suggest that the main parameters 

affecting the extent of metal(loid) immobilisation by SCs are: 1) pH of the SC 

as well as initial pH of the soil (Table 4.2, Table S4.2); 2) CEC (i.e. the presence 

of exchangeable cations like Ca) of SCs, especially for cationic metals (Pearson 

correlations between metal removal/immobilisation and CEC were determined 

as follows: CEC-Zn up to r=0.85; CEC-Pb up to r=0.65 ,CEC- Cd up to r=0.78), 

3) P content which promotes phosphate mineral formation with metals 

(Figs.4.1 and 4.2, Table S4.4), and 4) Fe content and potential Fe 

(oxyhydr)oxide formation as metal(loid) scavengers (As-Fe up to r=0.73). The 

observed immobilisation of metal(loid)s is a promising step towards the use of 

SCs for soil remediation. However, an increase in risk elements in the soil 

solutions was observed and, therefore, their potential leaching under acidic soil 

environment need to be further monitored. Overall, SC immobilisation 

efficiency is expected to be affected by individual soil properties, especially by 

soil constitution, pH, organic matter, and co-existing ions (Li et al., 2015).  

Regarding the long-term perspective of SC use for soil remediation, ageing 

plays a key role. Particularly, ageing can change some BC properties, such as 

pH and alkalinity, CEC, Fe species on their surface, and the number of 

functional groups; consequently, such changes affect their immobilisation 

efficiency (E. He et al., 2019; Wang et al., 2017). In a 2.5-year field study, 

Farkas et al., (2020) reported positive direct and indirect effects of SC 



Pyrolysed sewage sludge for metal(loid) removal and immobilisation in contrasting 
soils: exploring variety of risk elements across contamination levels 

180 
 

application such as alkaline pH retention and P and K availability in the long-

term. Therefore, despite the general low retention of metal(loid)s by the 

studied SCs, it can be assumed that longer experiments will have more 

promising results due to the positive effect of ageing. Enhanced immobilisation 

could be the result of more reducing conditions prevailing after a longer time 

(Álvarez-Rogel et al., 2018). On the other hand, sewage sludge-derived BCs 

have shown increased resistance to ageing and/or increased immobilisation 

efficiency compared to BCs from another feedstock (Álvarez-Rogel et al., 2018; 

E. He et al., 2019; Yang et al., 2022). At last, the common presence of 

phosphates (as observed by SEM/EDS) is valuable for applications of SCs in 

degraded soils. The retention of P in soils is currently a hot topic due to the 

depletion of global P reservoirs (Alewell et al., 2020; Ringeval et al., 2017) and, 

therefore, the use of SC as a treatment with the potential to recover P in soils 

is a promising and sustainable solution (Hušek et al., 2022). Overall, the studied 

materials could be considered environmentally safe and promising for 

applications in soil remediation. Future research focusing on the possible 

interactions of SCs and individual soil components, plants and biota, preferably 

in a field-scale, will be beneficial for the complete assessment of SCs. 

Combinations of SC and other metal(loid) immobilising agents such as Fe-based 

amendments will also be valuable in the case of multi-element contamination. 

4.4 Conclusion 

Five pyrolysed sludges were tested for metal(loid) removal and immobilisation 

for further use as soil amendments. Despite the great variability in their 

composition and properties, inevitably affecting their efficiency in metal(loid) 

capture, all sludgechars were highly efficient (up to 100 %) for Cd, Co, Cu, Ni, 

Pb, and Zn removal from aqueous solutions. Unlike metal cations, the removal 

of As, Cr, and Sb was limited. The SEM/EDS investigations revealed the 

formations of phosphates and sulphates that were often associated with Cu 

and Zn. Therefore, these mineral phases were found crucial for the sludgechar 

stability and for minimising the risk of metal(loid) leachability from the 

pyrolysed matrix. When applied to contaminated soil environments, the 

sludgechar immobilisation efficiency towards metal(loid)s was significantly 

lower compared to laboratory testing. Yet, specific sludgechars were suggested 

as potential immobilising agents for metals (Zn, Pb, Cd, and Cu) and other(s) 
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for metalloids (As and Sb) in soils. Studying contradictory soils, which represent 

real remediation targets, indicated that metal(loid) immobilisation efficiency 

was soil-specific and closely related to 1) the level of contamination and 2) soil 

pH. Zinc was a great example of distinct response to the sludgechars applied 

in soils with high, moderate, and low Zntot contents and availability. Moreover, 

our study showed availability of nutrients, while limited leachability of risk 

elements from the sludgechars, both indicating the benefits for material reuse 

and nutrient recycling. All these aspects are favourable for their application in 

multi-element contaminated sites and to assist decision-making for 

immobilisation in various soil types with different use (i.e. smelter-affected, 

brownfield, landfill).  
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4.5 Supplementary Information 

 

 

  

Table S4.1 Classification of wastewater treatment plants (sources of the input raw sludges) 
according to city population. 

WWTPa 1 2 3 4 5 

Category  – Large Extra small Small Medium Medium 

City population 
Number of 
residents 

>100,000 <1000 <20,000 
20,000–
100,000 

20,000–
100,000 

Industry or 
important pollution 
sources 

Impact High 
Low–

Medium 
High High Medium 

a With respect to the existing non-disclosure agreement with the individual wastewater treatment plants 

(WWTPs), all the names, locations, as well as specific technologies are kept confidential. 
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Figure S4.1 Concentrations of pharmaceutical and personal care products (PPCPs), endocrine 

disruptors (EDs), and per/poly-fluorinated compounds (PFCs) determined in input raw sludges 

(S) and studied sludgechars (SC).
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Figure S4.2_1 Selected back-scattered electron images from the SEM/EDS analysis of SC1 on 

carbon-coated pins.1a) possibly phosphate particle rich in Fe ( 30 wt.%), P (16 wt.%), Mg (5 

wt.%) and trace amounts (<1 wt.%) of Ca and Zn; 2a) possibly silicate particles with Fe, Ca, 

and P with small amounts (1-5 wt.%) of Al, Mg and S; 1b) C-rich particle covered with Ca-S rich 

formation with traces of Fe (2 wt.%); 2b) possibly Ca-Mg sulphate (Ca 30 wt.%, Mg 20 wt.%, 

S 20 wt.%); 3b) formation rich in Ca and P; 4b) silicate with Fe, Al, Ca, and P; 1c) possible 

phosphate rich in Fe (30 wt.%) with Ca and Mg (5 wt.%) and trace amounts (<1 wt.%) of 

Zn, see respective EDS spectrum in Fig. S4.3a; 2c) carbon particle with small to trace amounts 

of Fe, Ca, and P, see respective EDS spectrum in Fig. S4.3b; 3c) mixed analysis of several 

compounds containing Fe, Si, Ca, P, and Al (≤10 wt.%) and high amount of oxygen; 1d) particle 

rich in Fe (45 wt.%) and S (20 wt.%) with low amount of oxygen; 2d) possible phosphate 

with Fe (30 wt.%), Ca and Mg (5 wt.%), P (15 wt.%); 3d) possible silicate with Fe, Ca, Al, 

and P (≤10 wt.%) and traces (1 wt.%) of Mg and S; 4d) mixed analysis with mainly P, Fe, Ca, 

Si and low oxygen content; 5d) quartz particle. 
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Figure S4.2_2 Selected back-scattered electron images from the SEM/EDS analysis of SC2 on 

carbon-coated pins. 1a) formation containing mainly Ca, Fe, S, and oxygen adhering to carbon 

particle; 2a) particle with Fe, Ca, and Si with low oxygen content (<10 wt.%) on top of carbon 

particle; 3a) carbon particle; 4a) (alumino)silicates with Fe, K, Ca, and Mg; 5a) mixed analysis 

of several compounds with Ca P Fe >Si, Al, S with moderate oxygen (~20 wt.%), and high 

carbon; 1b) particle containing mainly Ca and S with low oxygen amount; 2b) mixed analysis of 

several compounds including Cu-S rich particle with low oxygen amount; 3b) possible Ca 

phosphate with Fe; 4b) quartz particle; 5b) mixed analysis of several compounds containing P 

Ca Si Mg Na, K; 1c) particle point rich in Fe (≥80 wt.%) with low oxygen content; 2c) Ca 

sulphate particle; 3c) carbon particle with porous structure, see respective EDS spectrum in Fig. 

S4.3c; 4c) mixed analysis of carbon particle and adhering compounds containing Ca P Si Al, 

Mg, Fe, S  K and moderate oxygen; 1d) possible Fe phosphate particle with Ca and Mg, see 

respective EDS spectrum in Fig. S4.3d; 2d) possible Ca-Fe phosphate; 3d) quartz; 4d) mixed 

analysis of carbon particle and adhering compounds containing Ca P  Si  Fe  Al  Mg, Zn, S 

and high oxygen (> 30 wt.%).  
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Figure S4.2_3 Selected back-scattered electron images from the SEM/EDS analysis of SC3 on 

carbon-coated pins.1a) mixed analysis of several compounds including Ca sulphate and traces 

(1 wt.%) of P and Fe. 2a) (alumino)silicates with Fe, Mg, Ca, and K; 1b) metallic formation rich 

in Fe (≥30 wt.%) and S with low oxygen amount (<10 wt.%) and trace Cu (1 wt.%), see 

respective EDS spectrum in Fig. S4.3e; 2b) mixed analysis of carbon particle covered with 

aluminosilicates; 3b) and 4b) possible formations of Ca phosphates with up to 6 wt.% of F and 

traces (1 wt.%) of Fe and Mg; 5b) mixed analysis of carbon particle and adhering compounds 

containing Ca, Fe, S, Mg, and traces (1 wt.%) of Cu; 6b) mixed analysis of carbon particle and 

adhering compounds including possible Ca-Fe phosphate; 1c) and 2c) formations rich in Fe and 

S with low amount of oxygen; 1d) possible Ca sulphate with 5 wt.% of Fe; 2d) mixed analysis 

of carbon particle with increased amount of Fe (20 wt.%), S (5 wt.%) and traces of Ca; 3d) 

mixed analysis of carbon particle and adhering compounds containing Ca Si S Fe, Al, P Mg 

and moderate oxygen (20 wt.%); 4d) mixed analysis of potential Ca sulphate and 

aluminosilicates; 5d) carbon particle with small amounts (5 wt.%) of Ca and Fe, and trace 

amounts (1 wt.%) of P and S.   

4
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Figure S4.2_4 Selected back-scattered electron images from the SEM/EDS analysis of SC4 on 

carbon-coated pins. 1a) possible Fe sulphate with traces (1 wt.%) of Cu, see respective EDS 

spectrum in Fig. S4.3f; 2a) aluminosilicate containing Fe K, S Na Ca; 3a) mixed analysis of 

several compounds containing Ca Fe, P Si, Al Mg, S K and oxygen; 1b) mixed analysis of 

several compounds with prevailing Fe and low oxygen contents (≤10 wt.%); 2b) aluminosilicate 

containing K Fe Mg Ca, Na; 3b) mixed analysis of several compounds containing Fe Ca P, 

Si Al Mg Na, K and oxygen; 1c) mixed analysis of several compounds with potential Fe 

phosphate formation; 2c) mixed analysis of carbon particle and adhering compounds containing 

Ca and S; 3c) possible Si layer covering carbon particle; 4c) mixed analysis of several compounds 

with prevailing Fe phosphate; 5c) mixed analysis with prevailing Ca silicate and containing Fe, P 

Mg, S K; 6c) mixed analysis of several compounds containing mainly Fe P Ca  Mg and 

low content of oxygen; 1d) Ca sulphate,; 2d) mixed analysis of C-rich particle and adhering 

compounds containing Ca S Fe, P, Al, Si; 3d) analysis of carbon particle containing traces 

(1 wt.%) of Ca, S, and Si. 
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Figure S4.2_5 Selected back-scattered electron images from the SEM/EDS analysis of SC5 on 

carbon-coated pins.1a) possible Fe phosphate with minor to trace amounts of Ca and Mg; 2a) 

aluminosilicate rich in Fe  Mg K  Ca; 3a) possible Fe phosphate particle; 4a) mixed analysis 

of several compounds containing Fe S, Si P Al, Ca  Mg, K and oxygen;1b) carbon particle 

contaning traces of Ca and P with low amount of oxygen (< 10 wt%); 2b) mixed analysis of 

carbon particle and adhering compounds containing Fe, Ca P, Si Al Na, K and low amount 

of oxygen; 3b) aluminosilicate with Fe K Mg contents; 1c) pure carbon particle; 2c) possible 

Ca-Mg sulphate; 3c) feldspar with K, Al, Si, and oxygen; 4c) mixed analysis of several compounds 

containing mainly Fe, Ca, P, and oxygen ; 1d) mixed analysis of several compounds rich in Fe 

with moderate oxygen content (20 wt.%); 2d) possible Fe(-Ca) phosphate with trace amounts 

of Zn see respective EDS spectrum in Fig. S4.3g; 3d) silicate with Al Fe K, P Ca and traces 

(1 wt.%) of Mg and Na, see respective EDS spectrum in Fig. S4.3h; 4d) mixed analysis of C-

rich particle and adhering compounds containing Fe, Ca, P, Si Al Mg K Na and oxygen. 
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Figure S4.3_1 Corresponding spectra from the EDS analysis of selected points as depicted in 

Fig. S4.2.  
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Figure S4.3_2 Corresponding spectra from the EDS analysis of selected points as depicted in 

Fig. S4.2 (continuation). 

Figure S4.4 Diffractograms from the XRD analysis of the five studied sludgechars. In addition 

to crystalline phases, an amorphous character of SCs is also evident, i.e. broadening of some 

diffraction lines and the presence of an amorphous hump between 15–30 2θ. 
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Figure S4.5 Sorption efficiency (points) of the five sludgechars in single solutions of additional 

metal anions (Cr) and cations (Co and Ni) at natural pH (i.e. without control shown by dotted 
lines). 

 

Figure S4.6 Sorption efficiency of the five sludgechars in single solutions of metal(loid) anions 

(As, Cr, and Sb) and cations (Cd, Co, Cu, Ni, Pb, and Zn) at pH 7. 
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Figure S4.7 Sorption efficiency of the five sludgechars in single solutions of metal(loid) anions 

(As, Cr and, Sb) and cations (Cd, Co, Cu, Ni, Pb, and Zn) at pH 5.   
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Figure S4.8 Risk elements in the soil pore water of soil samples. 
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Figure S4.9 Concentrations of nutrients in the soil pore water  
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Table S4.5 Table of the most efficient sludgechar for each risk element according to the total 

content of soils; high, moderate, and low. 

 

 

 

 

Risk element Soil content Most efficient treatment 

Zn 

high SC1, SC2 

moderate SC3 

low SC5, SC4 

Pb 

high SC1, SC3 

moderate SC2, SC5 

low SC2, SC5 

Cd 

high SC3, SC4, SC5 

moderate – 

low  

Cu 

high SC1, SC4 

moderate – 

low  

As 

high SC5 

moderate SC1 

low SC5 

Sb 
 

high  SC2, SC5 

moderate SC3 

low SC4 
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Abstract 

Immobilisation of metal(loid)s in soils is a promising remediation solution but 

the real environmental conditions taking place on the contaminated site need 

be taken into consideration. Flooding events which are likely in the field may 

provoke changes in the redox conditions and thus significantly affect 

metal(loid) mobility in soils. We employed a microcosm experiment under 

dynamic redox conditions to study the metal(loid) mobility and amendment 

efficiency under flooded conditions. A real contaminated soil with increased 

levels of Zn, Pb, Cd, and As was incubated for 3 months. The soil was treated 

with 2 wt.% of 1) a woody BC, 2) air-stable nZVI and 3) a composite of the 

two (nZVI-BC). The incubated soil samples were subjected to a microcosm 

experiment for 3 weeks during which the Eh values were automatically 

controlled by the inflow of N2 and O2. We observed that redox changes and 

subsequent pH changes were the primer factors influencing metal(loid) mobility 

and the amendment effect was secondary. The nZVI-containing treatments 

showed increased efficiency compared to BC. Zinc was only slightly immobilised 

by nZVI and nZVI-BC, Pb was significantly decreased by both nZVI and nZVI-

BC, Cd yielded similar values in all treatments and As was almost completely 

immobilised by nZVI and secondarily by nZVI-BC. Our findings are supporting 

for the nZVI-containing treatments in soils experiencing flood events, but more 

research is recommended before field applications.    
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5.1 Introduction 

A significant amount of metal(loid)-contaminated sites exists worldwide, and 

this imposes a serious threat for the environment and human health. Therefore, 

there is an urgent need for remediation. Among other techniques, the 

application of amendments for risk element immobilisation has been suggested 

as a promising solution (Khalid et al., 2017). Nano zero-valent iron (nZVI) is 

currently a popular amendment for soil remediation. The efficiency of nZVI is 

mainly attributed to its strong reduction ability (Jiang et al., 2018). It has been 

reported that nZVI is a promising stabilising agent but certain downsides such 

as its agglomeration tendency (Stefaniuk et al, 2016) created the demand for 

modifications. When modified or combined with other materials such as biochar 

(BC), nZVI may show improved features (Tan et al., 2015; Trakal et al., 2019); 

however, the studies on nZVI-BC composite products are still scarce (e.g. Su 

et al., 2016; Wang et al., 2019; Mitzia et al., 2023). On the contrary, the use 

of BC in soils is common not only for its remediation potential of risk elements 

but also for its ability to enhance soil properties which are in turn affecting the 

mobility of risk elements (Shaheen et al., 2020).  

One of the most important soil properties that is improved by the application 

of BC and nZVI is the pH and has a great effect on the availability of metals 

and metalloids (Kumpiene et al., 2019). The redox potential (Eh), which 

expresses the oxidation-reduction potential, is another important soil property. 

Although not as widely studied as pH (Husson, 2013), Eh is often the driving 

factor which impacts pH values (El-Naggar et al., 2019; Rinklebe et al., 2016). 

Changes in redox conditions can affect risk element mobility directly (by 

changing their speciation) or indirectly (by inducing changes in pH, DOC, Fe, 

Mn, and S chemistry) (Frohne et al., 2014). Furthermore, as redox potential is 

affected by the activity of microorganisms in wet soils, contrasting results about 

metal(loid) availability may occur based on the actual soil water content (Young 

2013). It is therefore clear, that redox potential has a crucial role in soils and 

is linked with changes of other variables. Since nZVI has a strongly reducing 

ability, special attention to Eh needs to be paid when studying nZVI-amended 

soils, and particularly when redox conditions change. 

The efficiency of the before-mentioned amendments for the remediation of 

contaminated sites has been widely assessed in laboratories using aqueous 

solutions and/or soil (Palansooriya et al., 2020). Nevertheless, it is important 



Remediation of contaminated soil under dynamic redox conditions: implications for 
amendment efficiency in environmental relevant conditions 

208 
 

to check the impact of immobilising amendments under various environmental 

conditions in order to evaluate their efficiency in a realistic way. Natural events 

such as floods can severely affect the metal(loid) mobility in soils (Ponting et 

al., 2021) and -if amended- the amendment behaviour as well. For this reason, 

we tested nZVI, BC, and a nZVI-BC composite in saturated soil under dynamic 

redox conditions. Their efficiency was evaluated under changing redox 

conditions using a unique automated biogeochemical microcosm setup 

described by Yu & Rinklebe (2011). Our main hypothesis was that the 

amendments would have different efficiency depending on the Eh status. 

Additionally, intense nZVI oxidation and formation of variable Fe oxides as an 

effect of the induced difference in oxidation-reduction conditions was expected. 

The present study provides important information about risk element 

availability in environmental-relevant conditions in a real contaminated soil and 

elucidates the involved redox-originated processes. Thus, our research is not 

limited to the studied contaminated site, but describes phenomena possibly 

occurring in other industrially or otherwise contaminated sites worldwide.  

5.2 Materials and Methods  

5.2.1 Soil characterisation and incubation with amendments 

The soil samples used in the present study were obtained from the alluvium of 

the Litavka River in the district of Příbram, Czech Republic. The area is known 

for past mining and smelting activities which have resulted in serious soil 

contamination by risk metal(loid)s (e.g. Ettler et al., 2001; Mitzia et al., 2020; 

Vítková et al., 2018). The area receives an average annual precipitation of 

about 650-750 mm and periodic floods (Šípek et al., 2019).  

The soil was obtained from the surface layer (i.e., 0-25 cm), air-dried and 

sieved to particles < 2mm. Table 5.1 presents the basic soil and amendment 

characteristics. Although the soil was already investigated before, a new 

determination of the total values of risk and major elements was conducted for 

this study. The concentrations of major and trace elements were measured by 

ICP OES (Horiba Jobin Yvon, Uterhaching, DE) after microwave-assisted aqua 

regia digestion (EPA 3051A, 2007).  
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Table 5.1 Basic characteristics of the studied soil and the used amendments (n = 3) 

Soil characteristics Value 

pH  

pHH2O
a 5.98 

  

Major and  risk elements in contaminated soil 

(Aqua Regia extracted) 
mg/kg 

Zn 2487 

Pb 4064 

Cd 23.6 

As 315 

Fe 31996 

Mn 4174 

Amendment characteristics  

pHH2O
a 

BC nZVI nZVI-BC     

6.7 10 11.3 

a According to ISO10390:2005 

 
 

The air-stable nZVI product (NANOFER STAR) used in this study was purchased 

from NANOIRON Ltd. (CZ) and the other two soil amendments (pure BC and 

BC-nZVI composite) were purchased by LAC Ltd. (CZ). The final composite 

product contained 60% of BC and 40% of nZVI. For more details on the 

synthesis of the studied materials refer to Mitzia et al., 2023.    

The used soil amendments were sieved to particle size <0.5 mm and activated 

according to the manufacturer’s recommendations. Briefly, the activation 

procedure included individual mixing and stirring of the amendments with 

deionised water in ratio 1:4 (S/L) and conservation in room temperature for 

48 h prior to application in soils. This procedure aimed at the destruction of the 

protective layer of Fe oxides covering the nZVI particles so that the material 

becomes more reactive in the soil matrix. The same activation procedure was 

applied for BC particles for uniformity. The suspension of each amendment was 

applied to the contaminated soil samples right after the completion of the 48h 

activation. A soil sample without amendments (control) was also prepared. 

Each soil treatment was 1 kg including the amount of amendment (2 wt.%) 

and watered to 70% of the soil’s water holding capacity (WHC). The soil 

samples were incubated for 3 months during which they were regularly watered 
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to maintain 70% of WHC. The samples were kept at room temperature and 

away from direct sunlight throughout the incubation period. Afterwards, the 

soil samples were dried in an oven at maximum 40 °C and sieved again to 

<2mm size particles for further manipulation. 

5.2.2 Sequential extraction of incubated soil 

In order to investigate the geochemical fractions of the target elements (Zn, 

Pb, Cd and As), 1 g of each soil treatment (n=3) was used for the 8-step 

sequential extraction by Zeien and Brümmer (1989) as modified by El-Naggar 

et al. (2018). Briefly, the 8 fractions were extracted as follows: 1) soluble and 

exchangeable fraction using 1 M NH4CH3CO2 at pH=7, 2) fraction bound to 

carbonates using 1 M NH4CH3CO2 at pH=6, 3) fraction bound to manganese 

oxides was extracted by 0.1 M NH2OH-HCl+ NH4CH3CO2 at pH=6, 4) organic 

matter fraction was extracted by 0.025 M NH4EDTA at pH=4.6, 5) fraction 

bound to sulphides was extracted by 3 mL of 0.02 M HNO3 + 5 mL 30% H2O2 

(pH=2 buffered with concentrated HNO3), then using 3 mL of 30% H2O2 (pH 

=2), and eventually 5 mL of 3.2 M NH4CH3CO2 in 20% HNO3 and dilution with 

demineralised water, 6) fraction bound to amorphous Fe oxides was extracted 

by 0.2 M (NH4)2C2O4 at pH=3.25, 7) fraction bound to crystalline oxides by 

0.1 M ascorbic acid in 0.2 M (NH4)2C2O4 at pH=3.25, and 8) residual fraction 

was determined using Aqua Regia microwave assisted digestion according to 

protocol EPA 3051A (2007). The samples occurring from each step were 

centrifuged, filtered (0.45 μm nitrocellulose filters), and diluted for ICP OES 

analysis. Specific details and conditions about the 8-step sequential extraction 

can be found in El-Naggar et al. (2018).  

5.2.3 Microcosm experiment 

An automated biogeochemical microcosm (MC) system as described by Yu and 

Rinklebe (2011) and reported previously by other researchers (e.g. El-Naggar 

et al. 2019; Frohne et al. 2011; Rinklebe et al. 2016; Yang et al., 2021) was 

employed. This unique setup allows 1) to simulate redox cycles in soils in the 

laboratory scale under saturated conditions, 2) to continuously monitor the 

prevailing redox and pH conditions in the soil suspension and 3) to control the 

redox potential by setting predefined Eh windows (i.e. selected Eh ranges). For 

technical details see detailed description in Yu and Rinklebe (2011).  
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In this study, 3 replicates of each soil treatment, i.e. 1) control, 2) 2% BC-

treated soil, 3) 2% nZVI-treated soil, and 4) 2% nZVI-BC-treated soil were 

used; making a total of 12 microcosms. The glass container of each MC was 

filled with 210 g of soil and 1680 mL of tap water (ratio 1:8). On the initial day 

of the MC experiment, 5 g of glucose and 5 g of wheat straw were added to 

each MC unit in one dose in order to enhance the microorganism activity and 

further reduce the Eh values (Frohne et al., 2011). The soil slurry was 

hermetically closed in the glass containers and continuously stirred by 

incorporated steel stirrers for the whole duration of the experiment (i.e. 585 

h). Each container was equipped with a platinum (Pt) Eh electrode with a silver-

silver chloride (Ag/AgCl) reference electrode (EMC 33), a pH electrode (EGA 

153), and a thermometer (Meinsberger Elektroden, Ziegra-Knobeldorf, DE). 

The MC setup allowed us to define and induce specific Eh values in the soil 

slurry by controlling the inflow of N2 (to decrease) and inflow of O2 or synthetic 

air (to increase the Eh). The initial sampling of soil slurry occurred 2 h after the 

soil flooding without Eh control and served as a background value. Afterwards, 

we aimed for the lowest possible Eh by continuous purging with N2 and later 

steadily increased the target Eh values. Each targeted Eh value (i.e. 1) the 

lowest Eh possible ≈ -300 mV, 2) -200 mV, 3) -100 mV, 4) 0 mV, and 5) the 

highest Eh possible ≈ 100 mV), was obtained in the form of selected Eh ranges 

(± 20 mV from the target value). The actual Eh values were determined after 

recalculation of the measured values according to the equation of 

Wolkersdorfer (2008); practically adding 210 mV to each measured value. To 

ensure that the soil interactions under each Eh window had time to evolve, the 

Eh ranges were maintained for at least 48 h before each sampling. At the lowest 

and highest targeted Eh values (i.e. −300 mV and 100 mV) two consequent 

samplings were conducted. The values of Eh and pH were recorded every 10 

min and the data was stored in a data logger connected to a computer. During 

the sampling procedure, an amount of about 80 mL of soil slurry was ejected 

from the glass container with the help of syringes via a specially designed 

opening allowing no excess of oxygen inside the MC system. The syringes were 

sealed right after the sampling and immediately transferred inside a glove-box 

without oxygen (MK3 Anaerobic Work Station, Don Whitley Scientific, Shipley, 

UK) for further manipulation. The samples of soil slurry were distributed to 50 

mL centrifuge tubes and centrifuged for 30 min at 5000 rpm. Filtration using 

0.45 μm nitrocellulose filters was conducted before the separation of the liquid 

and solid phase for subsequent analyses.   
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5.2.4 Liquid phase analyses 

The liquid phase samples were subjected to ICP OES analysis (Ultima 2, Horiba 

Jobin Yvon, Unterhaching, Germany) analysis to determine major and trace 

elements, ionic chromatography (IC) (Personal IC 790, Metrohm, Filderstadt, 

DE) to determine the concentration of anions, and carbon analysis (C/N 

analyser, Analytik Jena, Jena, DE) to determine the concentrations of total and 

dissolved organic carbon (DOC). A UV/VIS spectrophotometer (CADAS 200, Dr. 

Lange, DE) was used to measure UV absorbance in the filtrates from the soil 

slurry using demineralised water as a blank solution. In order to calculate the 

specific UV absorbance (SUVA), the measured 254-nm UV absorbance was 

normalised to the concentration of DOC (Weishaar et al., 2003). The SUVA 

value can be used as an indicator of the aromatic compounds present in the 

soil solution (Shaheen et al., 2014; El-Naggar et al., 2018, 2019). The 

concentration of Fe2+ was determined using 2 mL of 1.10 phenanthroline and 

5 mL of 2M HAc- NaAc buffer in 1 mL of acidified sample. Final dilution to 50 

mL with deionised water was followed by the measurement of absorbance at 

510 nm (Harvey et al., 1955). 

5.2.5 Solid phase analyses 

For the study of solid phase characteristics, soil suspension sampled from the 

MCs was placed on Lacey carbon Cu-grids and Au-grids and dried under a 

heating lamp in mild nitrogen flow for 30 minutes. The dried samples were then 

used for microscopic investigation using elemental mapping. A Cs-corrected 

Hitachi HD-2700 scanning transmission electron microscope (STEM) equipped 

with two EDAX Octane T Ultra W energy dispersive X-ray spectrometer (EDS) 

detectors were used. Additionally, X-ray absorption spectrometry (XAS) was 

employed mainly for the determination of the different forms of Fe in the solid 

phase. The experiments were conducted at the National Synchrotron Radiation 

Research Centre (NSRRC), Taiwan.  

5.2.6 Data treatment 

A total of 3305 measurements of Eh and pH were conducted in each MC unit 

during the experiment and were used as the dataset for the calculation of mean 

values. The Eh and pH at the time of sampling was calculated as the mean of 
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6 h before the sampling (Rinklebe et al., 2016). Data from ICP OES analysis 

with more than 5% of relative standard deviation were excluded from the 

calculations. The software Origin (Origin Lab 2018, version 95E) was used for 

the data treatment in addition to software Statistica (13.4.0.14, Tibco Software 

Inc.). 

5.3 Results and Discussion 

5.3.1 Metal(loid) mobility under dynamic redox conditions 

Already after 48 h from the beginning of the MC experiment a sharp decrease 

in Eh values was observed as a consequence of the N2 inflow and the 

microorganism activity (X. Yang, 2021) in all the treatments, and then the 

values gradually increased again following the inflow of O2. The average lowest 

recorded Eh values were as follows: −33 mV, −43 mV, −119 mV and −70 and 

the highest were 511 mV, 546 mV, 497 mV, and 528 mV in control, BC, nZVI, 

and nZVI-BC, respectively (Fig. 5.1). The pH values followed an opposite trend 

than the Eh as expected and already observed in other studies (e.g. Rinklebe 

et al., 2016). The lowest average pH values were 4.4, 4.6, 4.5 and 4.6 and the 

highest were 6.8, 7, 7.1 and 7 in control, BC, nZVI, and nZVI-BC, respectively 

(Fig.5.1). Except for the slightly lower Eh values in nZVI-treated soil, the rest 

of the treatments presented similar oscillations in both Eh and pH. The lower 

Eh in nZVI-treated soil was already hypothesised since the reducing character 

of nZVI probably reinforced the reducing conditions in this soil treatment. 

Apparently, nZVI-BC did not exhibit such strong reducing ability which is 

explained by the lower total amount of Fe contained in the product (40%). 

Based on the alkalinity of the treatments (Table 5.1), higher pH values could 

be expected in the BC-containing treatments. Contrarily, all the treatments 

exhibited similar pH values which implies that the induced redox changes were 

the primary factor influencing pH in this soil. Although the pH of the control soil 

was only 0.2—0.3 units lower than the treated soils, the high number of 

observations (n=3305) makes this difference statistically significant and verifies 

the positive effect of the studied amendments on acidic soils.  

From the first sight it occurs that the mobility trend of risk and major elements 

is the same regardless of the treatment implying that the induced changes in 

redox conditions were the governing factor. Yet, significant differences were 
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observed between the treatments. Overall, all target risk elements were less 

mobile in the nZVI-treated soil and secondarily in the nZVI-BC-treated soil (Fig. 

5.1). In addition, Pb showed decreased concentrations compared to control in 

the BC-treated soil but only under reducing conditions (Fig. 5.1). Surprisingly, 

As was the only element which decreased again after the initial increase in its 

mobility (peak values around 250 h) in all treatments (Fig. 5.1). Nevertheless, 

BC yielded similar values to control whereas nZVI-containing treatments 

showed significantly lower to null concentrations in oxic conditions (Fig. 5.1). 

Iron concentrations were significantly higher (occasionally up to 2) in the 

nZVI-treated soil, compared to control and BC, with the maximum amounts 

observed when oxic conditions were induced (Fig. 5.1). This release was 

expected by the nZVI treatments since the soil was loaded with extra Fe. Unlike 

what we observed in our previous studies (Michálková et al., 2017; Mitzia et 

al., 2020, 2023), nZVI did not provoke an excessive Mn release (Fig. 5.1). 

Instead, all the treatments showed similar values and the same trend in Mn 

mobility throughout the experiment with only exception the values under the 

lowest Eh (~80 h) in the nZVI and nZVI-BC treatments (Fig.5.1).  
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Figure 5.1: Availability of risk metal(loid)s, Mn, Fe and DOC under the presented Eh-pH 

conditions.  
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According to Fig. 5.1 we can classify the presented parameters into two groups 

based on their mobility under the defined Eh values: the first group includes 

Zn, Pb, Cd, and Mn and the second group includes As, Fe, and DOC. It is 

apparent that Zn, Pb, Cd, and Mn exhibited the same mobility trend according 

to the Eh values and showed significant positive correlations with Eh (Table 

5.2). On the contrary, As, Fe, and DOC had the opposite trend of Eh values as 

verified by significant negative correlations (Table 5.2). Frohne et al. (2011, 

2014) also reported an increase in Zn mobility as a consequence of Eh increase, 

which was attributed to the oxidation of sulphides under oxic conditions 

followed by Zn release in the soil solution. Grybos et al. (2007) suggested that 

the release of organic matter (OM) in reducing conditions is mainly owed to the 

pH increase and provokes a release of the risk elements (incl. Pb) bound to 

OM. Therefore, the role of organic matter was found to be superior than Fe 

(oxyhydr)oxides in metal(loid) retention (Grybos et al., 2007). In our study, 

although the highest DOC release was observed under reducing conditions this 

was not the point of the highest risk element release in the soil solution (Fig. 

5.1). We assume that the increased DOC concentrations under reducing 

conditions were not a consequence of Eh or pH values but actually due to the 

loading of soil with wheat straw and glucose at the beginning of the experiment 

which were later consumed by the microorganisms and thus the DOC 

decreased. Additionally, the significant correlations between DOC and Cd 

(r=−0.91), Pb (r=−0.61), Zn (r=−0.90) (Table 5.2) were negative suggesting 

that increased risk element mobility is not due to OM release but rather owed 

to another parameter; likely Eh. However, particularly for Pb, the fraction of 

bound to OM by nZVI-containing treatments (Fig. 5.2) validates the importance 

of OM for Pb immobilisation. The Eh showed weak positive correlations with all 

the metals (up to r=0.59) while strong negative correlations between metals 

and pH (Cd-pH r=−0.94; Pb-pH r=−0.94; Zn-pH r=−0.95) (Table 5.2) were 

decisive for the main factor controlling metal mobility in this soil.  

Based on the results from the 8-step sequential extraction procedure (Fig.5.2), 

nZVI treatment substantially decreased the exchangeable fraction of Zn, Pb 

and Cd and increased the fraction bound to amorphous Fe oxides in all metals 

and As. In the case of Pb, the exchangeable fraction was almost completely 

redistributed as bound to OM and bound to amorphous Fe oxides (Fig. 5.2). 

Among the target elements Cd was the most available and As the least 

(Fig.5.2).   
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Figure 5.2: Sequential extraction (8-step) of target metal(loid)s. 

5.3.2 Microscopic investigations  

The concurrent presence of Fe, Mn, and O with target metals and As was 

indicative of the immobilisation mechanism in this soil as illustrated in Figs. 5.3 

and 5.4. The importance of Fe and Mn oxides for the immobilisation of Zn and 

Pb was extensively reported previously (e.g. Mitzia et al., 2023; Vítková et al., 

2018). Additionally, significant correlations between Mn and Pb (r=0.62) and 

Zn (r=0.91) (Table 5.2) further support the scavenging behaviour of Mn oxides 

in this soil. Although significant correlations between metal(loid)s and Fe were 

not determined (Table 5.2), based on the microscopic observations (Figs. 5.3 

and 5.4) and our earlier findings, we suggest that various Fe phases were 

among the primary solubility-controlling phases in this soil as predicted also by 

geochemical modelling results in our previous study (Mitzia et., 2020).  
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Figure 5.3: Elemental map from dark field STEM of the nZVI-treated specimen under reduced 

(~-100 mV) conditions. 

Figure 5.4: Elemental map from bright field STEM of the nZVI-treated specimen under oxic 
(~500 mV) conditions.   
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5.4 Conclusion 

Inducing flood and redox changes in the studied soil simulated the natural 

flooding events that occur in the contaminated site and gave us an insight 

about the metal(loid) availability under these conditions. This study revealed 

that redox fluctuation and subsequent pH changes were the key factors 

affecting metal(loid) mobility. Especially pH, was significantly correlated with 

the mobility of Zn, Pb, and Cd. The effect of the used amendments was 

suggested to be inferior compared to the Eh-pH changes. Among the tested 

amendments (i.e. BC, nZVI, and nZVI-BC) nZVI was regarded as the most 

efficient for both metal and As immobilisation. This was partially attributed to 

the enhancement of nZVI’s reducing ability under the induced negative Eh 

conditions. The composite of nZVI-BC was the second most efficient treatment 

while BC yielded in most cases similar outcome as non-amended soil. The 

results from the sequential extraction pointed at the role of OM and amorphous 

Fe oxides for metal(loid) immobilisation. Finally, the presence of Fe and Mn 

oxides important for metal(loid) immobilisation was confirmed by STEM/EDS 

investigations. The study brought a new perspective on the use of nZVI- and 

BC-based amendments under varying redox conditions and thus provided new 

insight into potential real-scale applications with occasional flooding. 
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When searching for remediation solutions for contaminated soils, it is crucial to 

evaluate the behaviour of the remediating agent in a wholistic manner and take 

into account the potential interactions between the soil and the amendment. 

Changes in environmental conditions (e.g. temperature, wind, and 

precipitation) (Punia, 2021) and soil properties (soil type, pH, Eh, and elemental 

composition) (Rieuwerts et al., 1998) can significantly affect the metal(loid) 

mobility in soils and consequently the amendment retention efficiency. Overall, 

the interactions between environmental and soil properties and amendment 

properties have a bilateral influence on each other. Additionally, time induces 

changes in multiple levels which can also affect amendment functionality. To 

avoid costly and risky applications directly in the field, the before-mentioned 

parameters need to be thoroughly tested in the laboratory first.  

This thesis dealt with the metal(loid) immobilisation efficiency of two main 

materials: BC and nZVI which were occasionally modified, combined or 

originated from alternative sources. In most of the cases, the used 

amendments were commercially available products which have known 

characteristics and thus guaranteed reproducibility for different experiments 

(up to a certain extent). The soil that was primarily used (i.e. Příbram soil, 

Příbram District, Czech Republic) represents an example of multi-element 

contamination as a consequence of past mining and smelting activities. The 

contaminated site is occasionally used for agriculture and pasture purposes, 

and it is periodically flooded during heavy rains. These characteristics were 

taken into consideration when studying potential remediation solutions and 

when deciding about the experimental design (Chapters II, III, V). Therefore, 

the real field conditions were taken into account although the studies were 

concluded in the laboratory scale. Additionally, five contrasting soils from the 

Czech Republic were involved during the investigation of sludge-derived BC 

(Chapter IV). Wide range of soil types and soil uses provided a wider 

assessment of the used amendment efficiency. Overall, in the present work, 

special attention was paid to amendment behaviour from the perspective of 

the following conditions: water content, time, redox potential, and soil 

properties. Solid phase was studied in detail and the implications of important 

metal(loid) scavengers were observed and suggested as possible 

immobilisation mechanisms in soil. The effect of natural attenuation in 

metal(loid) immobilisation was also observed and is discussed further in this 

chapter. Figure 6.1 presents the suggested process of testing the suitability of 
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naturally occurring amendments for soil remediation and what questions shall 

be answered during the efficiency assessment. The proposed approach 

facilitates a wholistic investigation of the amendment behaviour under various 

environmentally relevant conditions.  

Figure 6.1: Suggested efficiency assessment for natural-based amendments aimed for 

metal(loid) contaminated soil remediation.   
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Biochar and nZVI can be both considered natural analogues of soil components, 

i.e. organic matter and Fe oxides. This fact makes them advantageous 

compared to other (i.e. synthesised) metal(loid) sorbents. As discussed in the 

first chapter of this thesis, soil components with proven ability to act as 

metal(loid) scavengers are the most popular candidates for immobilisation 

applications in soils. An interesting aspect of this scavenging behaviour is the 

natural attenuation process which may take place in contaminated soils without 

external assistance. Natural attenuation was suggested as a possible 

remediation mechanism in our experiments, where it was observed that the 

availability of risk metal(loid)s decreased with longer time even in non-

amended soil (Mitzia et al., 2023). Similar results have been reported by other 

researchers (Clemente et al., 2006; Jurkovič et al., 2019; Vázquez et al., 2011) 

and highlight the intrinsic potential of contaminated soils for self-recovery. 

Despite the encouraging effect of natural attenuation though, in sites where 

the level of contamination is as high as in the case of Příbram soil, natural 

attenuation may only be an assisting mechanism. Such extreme concentrations 

or risk elements cannot be lowered to reach safety limits by natural attenuation 

alone, but the amendments may act synergistically or consecutively with 

natural attenuation for enhanced remediation outcomes. Therefore, using 

natural analogues as amendments for soil remediation is a viable solution which 

can “magnify” the natural abilities of soils. On top of that, naturally-based 

amendments are usually more easily approved by the public rather than 

fabricated materials or disruptive remediation techniques (L. Wang et al., 

2021). Since products of the same composition already exist in the soil, the risk 

of adverse effects after application of these amendments is minimised. 

However, some possible side-effects of BC and nZVI application in soils may 

occur and were discussed in the presented studies and later in this chapter. At 

last, BC and nZVI can be considered relatively cost-efficient products intended 

for metal(loid) immobilisation. For instance, 1 kg of BC costs between 0.2 and 

17 € based on the feedstock, production method, storage and transportation 

needs (Tareq et al., 2019; P. Zhang et al., 2022) whereas nZVI is a more costly 

material with 1 kg of an air-stable nZVI powder product costing from 114 € 

(NANOIRON, Ltd., CZ) to approximately 1200 € (MKnano) (based on market 

research). Considering all the aspects above, BC and nZVI were selected as 

suitable amendments for soil remediation of metal(loid) contaminated sites.  
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The first part of this thesis explored the potential of BC, nZVI, and their 

modifications for the immobilisation of Zn, Pb, Cd, and As in a mining-affected 

soil under changing moisture conditions. Our aim was to investigate temporal 

changes in the amendments’ immobilisation efficiency under different water 

regimes. Although the sorbent materials were already popular when this study 

commenced, their efficiency in soils and particularly when environmental 

conditions change was, and still is, unclear up to a high extent (Sachdeva et 

al., 2023). A woody BC and an air-stable nZVI product were chosen to be used 

individually and as a combination. At first, the materials were applied in the 

contaminated soil and incubated at different moisture conditions based on the 

soil’s WHC. Soil extractions and pore water sampling provided the initial results 

which were then coupled with geochemical modelling. Thus, suggestions 

regarding the solubility controlling phases in the soil solution were made. This 

approach enabled us to understand the effect of different moisture content on 

metal mobility and pH fluctuations over time. The possible immobilisation 

mechanisms were suggested by SEM/EDS analyses where we observed the 

common occurrence of Fe oxides in combination with Zn, Mn oxides with Pb, 

and Al oxides with Cd. Overall, BC-containing treatments were reported to be 

efficient for longer metal immobilisation and long-lasting pH increase while 

nZVI treatments were more rapid and efficient for shorter time.  

Our findings were comparable to the findings of other studies dealing with BC 

(Table 6.1) and nZVI (Table 6.2) treatments for soil remediation. The most 

important factors influencing amendment efficiency are generally 

acknowledged to be soil pH and the application rate (X. Li & Liu, 2021; Liang 

et al., 2022; Palansooriya et al., 2020), therefore included in all tables. Similarly 

to our findings, BC was reported in the literature to be highly efficient for 

cationic metal immobilisation, e.g. Zn, Pb, Cd, Cu (Houben et al., 2013; Penido 

et al., 2019; F. Yang et al., 2021b). On the contrary, it was reported that BC 

was not efficient for anionic metal(loid)s (e.g. As, Cr, Sb, Mo) and particularly 

for As; BC was even considered responsible for its mobilisation in soils (Beesley 

et al., 2014; J. Wu et al., 2020). The potential mobilisation of As by BC is a 

certain limitation that was taken into account in our next study. The 

modification of BC with Fe-based products and especially nZVI has been 

suggested as a potential solution for the concurrent immobilisation of metals 

and metalloids (Mazarji et al., 2023; Sun et al., 2022; Trakal et al., 2019). 

Although a simple mixture of BC and nZVI was attempted in our first study, our 
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findings did not indicate that this material is superior than the individual 

products (Mitzia et al., 2020). According to Fan et al. (2020), one-pot synthesis 

of nZVI-BC composite resulted in a product with increased efficiency for As 

immobilisation in two soils compared to BC and nZVI alone and in combination. 

In view of limiting As mobilisation in soil, a nZVI-BC composite was used in our 

next study. Nano zero-valent iron, was reported by almost all studies to 

effectively decrease the concentrations of both metals and metalloids (Table 

6.2). However, in our study (Mitzia et.al., 2020) and also in Hiller et al. (2021), 

Pb yielded occasionally the same or higher concentrations than untreated soil. 

Also, As and Sb amounts were occasionally increased or similar to control soil 

after nZVI application (Hiller et al., 2021; Mitzia et al., 2023; Vítková et al., 

2018). Based on the previously observed affinity of Pb to Mn oxides, this 

mobilisation was explained by the tendency of nZVI to dissolve Mn in soils 

(Michálková et al., 2017). In the case of As, which has known affinity to Fe 

oxides, the similar concentrations to untreated soil could be owed to dissolution 

of nZVI particles in the acidic soil solutions (Hiller et al., 2021).  
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Table 6.1: Immobilisation of Zn, Pb, Cd, and As in contaminated soils by various pristine (i.e. 
not modified) biochars according to literature. 

Metal(loids) Soil pH 
Total 

concentration 
in mg/kg 

Mobility 
after 

application 

Application 
rate 

Incubation 
time 

Reference 

Pb 4.9 3192±45 Pb ↓ 1 & 3 wt.% 90 days 
Netherway 
et al., 2019 

Pb, Cd 6.23±1.56 
25.87±2.28 (Pb) 
4.80±0.56 (Cd) 

Pb ↓ 
Cd ↓ 

2 wt.% 45 days 
Mujtaba 

Munir et al., 
2020 

Zn, Pb,  
Cd 

7.4 
22145 (Zn)  
5887 (Pb)  
102 (Cd) 

Zn ↓ 
Pb↓ or similar 

to control 
Cd ↓ 

3 & 6 wt.% 28 days 
Penido et 
al., 2019 

Zn, Pb,  
Cd 

5.8 
530 (Zn)  
1253 (Pb)  
1.6 (Cd) 

Zn ↓ 
Pb ↓ 
Cd ↓ 

3 & 6 wt.% 28 days 
Penido et 
al., 2019 

Zn, Pb,  
Cd 

6.57 
2980 (Zn)  
3110 (Pb)  
24 (Cd) 

Zn ↓ 
Pb ↓ 
Cd ↓ 

1, 5, & 10 
wt.% 

Up to 56 
days 

Houben et 
al., 2013 

Zn, Pb,  
Cd 

5.98 
3082 (Zn)  
3857 (Pb)  
31.6 (Cd) 

Zn↓ 
Cd↓ 

Pb same as 
control 

2 wt.% 30 days 
Mitzia et al., 

2020 

Zn, Pb,  
Cd 

5.90 
1680 (Zn)  
248 (Pb)  
18.7 (Cd) 

All ↓ in order 
Pb>Zn>Cd 

1, 3, & 5 
wt.% 

42 days 
F. Yang et 
al., 2021 

Zn, Pb, Cd, 
As 

n.d. 

13200 (Zn)  
4170 (Pb)  
74 (Cd) 

7490 (As) 

Zn↓ 
Pb↓ 

Cd similar to 
control 

As↑ 

10% v/v 
Up to 28 

days 
Beesley et 
al., 2014 

Zn, Pb, Cd, 
As 

5.98 

3082 (Zn)  
3857 (Pb)  
31.6 (Cd) 
385 (As) 

Zn↓ 
Cd↓ 

Pb & As ↑ 
occasionally 

2 wt.% 
Up to 15 
months 

Mitzia et al., 
2023 

Cd, As 4.65 
46.9 (Cd) 

3.01 (As) μg/kg 

Cd ↓ 
As same as 

control 

1, 2, & 3 
wt.% 

160 days 
J. Wu et al., 

2020 

As 5.45 96 As ↑ 50 % v/v 60 days 
Beesley et 
al., 2010 

n.d.: value not defined 
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Table 6.2: Immobilisation of Zn, Pb, Cd, and As in contaminated soils by various nZVI products 
according to literature. 

Metal(loids) Soil pH 
Total 

concentration 
in mg/kg 

Mobility 
after 

application 

Application 
rate 

Incubation 
time 

Reference 

Zn, Pb, As 7.58 
63—81.5 (Zn) 
29—37.5 (Pb) 

110—1334 (As) 

As & Zn ↓ 
Pb similar to 

control 
1 wt.% 84 days 

Hiller et al., 
2021 

Sb, As, Pb, 
Zn 

3.85—6.05 

979—4430 (Sb) 
84—2030 (As)  
85—539 (Pb) 
10-71 (Zn) 

As ↓ or 
similar to 
control 

Sb↑ 
occasionally 

1 wt.% 84 days 
Hiller et al., 

2021 

Zn, Pb, Cd, 
As 

5.95 

4107±179 (Zn) 
4234±429 (Pb) 
42.1±2.14 (Cd) 
332±20.1 (As) 

Zn & Cd ↓ 
Pb & As ↓ or 

similar to 
control 

1 wt.% 90 days 
Vítková et 
al., 2018 

Zn, Pb,  
Cd 

5.98 
3082 (Zn)  
3857 (Pb)  
31.6 (Cd) 

Zn↓ 
Pb ↑ 

occasionally  
Cd ↓ or 

similar to 
control 

2 wt.% 30 days 
Mitzia et al., 

2020 

Zn, Pb, Cd, 
As 

5.98 

3082 (Zn)  
3857 (Pb)  
31.6 (Cd) 
385 (As) 

All ↓  
Zn, Cd, &  
As ↓ or 

occasionally 
similar to 
control 

2 wt.% 
Up to 15 
months 

Mitzia et al., 
2023 

Zn, Cu, As, 
Cr 

5.25 

1221±12 (Zn) 
1037±37 (Cu) 
5989±61 (As) 
2082±44 (Cr) 

Mainly Zn & 
As ↓  

2 wt.% 14 days 
Danila et al., 

2020 

Pb, Zn, As 6.8 
37781 (Pb) 
14062 (Zn) 
10926 (As) 

All ↓ in order 
As>Pb>Zn 

3 wt.% 60 days 
Santos et 
al., 2022 

As 7.14 5800±450 As ↓ 
~ 0.1 & 1 

wt.% 
33 days 

Gil-Díaz et 
al., 2016 

As 8.57 1305 
As ↓ mostly 

when 2 wt.% 
applied 

0.5, 2, 5, & 
10 wt.% 

- 
Baragaño et 

al., 2020 

As, Zn 6.09 
15910±1094 (As)  

193±12.2 (Zn) 

As↓ 
Zn↓ or 

similar to 
control 

1 wt. % 90 days 
Vítková et 
al., 2018 

Sb, As 4.02—4.44 
1118—1273 (Sb) 
855—970 (As) 

As↓ 
Sb↓ 

2 wt. % 70 days 
Zarzsevszkij 
et al., 2023 

It is evident from Tables 6.1, 6.2 and 6.3 that most of the studies had a rather 

short life-span and the possible interactions between the sorbents and the soil 

in longer time (i.e. >12 months) were still undiscovered. Nevertheless, the 
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long-term efficiency of soil amendments is of paramount concern for 

remediation technologies. The interactions between soil and sorbent are 

continuous and can have variable effects on the actual metal(loid) availability 

in soil. Desorption or release of previously contained metal(loid)s from BC and 

nZVI is not unlikely and this aspect needs to be carefully considered before 

field-scale applications. It was reported that retention of Cd, Cu, and Ni in 

spiked soils (Vasarevičius et al., 2020) and Cu, Pb, and As in mining-

contaminated soil (Danila et al., 2020) decreased over time. In particular, when 

nZVI gets oxidised usually ferrihydrite is the first Fe oxide to be formed which 

has a poorly crystalline character and a high specific surface area. Further 

oxidation of ferrihydrite and formation of more-crystalline phases (such as 

goethite or haematite) is expected to occur over time. However, as these more 

crystalline phases have lower specific surface area than ferrihydrite, their 

formation can result in metal(loid) release (Danila et al., 2020; Kumpiene et 

al., 2012). In addition, ageing of Fe0 and Fe oxides can provoke changes in Fe 

oxides crystallinity and consequently in metal(loid) retention (Shi et al., 2021). 

These observations and remaining questions regarding amendment efficiency 

paved the way for our next study. 

We tested the long-term efficiency of a woody BC, an air-stable nZVI, and an 

nZVI-BC composite. The nZVI oxidation process in the soil was also investigated 

in detail. Incubation times from 1 up to 15 months were employed to show 

potential differences of amendment behaviour over time. The objectives of this 

study were 1) to present the amendments’ efficiency for metal(loid) 

immobilisation over time and 2) to understand the pathway of Fe0 oxidation in 

soil. Soil extractions and pore water sampling were conducted to show the 

progress of immobilisation in the soil. Additionally, the visual changes in nZVI 

and potential immobilisation mechanisms were observed by SEM/EDS where 

the formation of new (hydr)oxides was indicated and statistically verified. 

Potential Fe phases that were present in the soil were initially assessed by XRD 

but this method lacks robustness when it comes to non-crystalline phases. 

Therefore, XANES was later employed to validate the presence and the 

amounts of specific Fe oxides in the solid phase. Geochemical modelling using 

the PHREEQC code proposed possible changes in metal speciation over time 

and the most important phases in the soil solution. It was shown that BC was 

efficient for long-term immobilisation of Zn and Cd, and nZVI for rather short-

term immobilisation of Pb and As. These findings were similar to our first study; 
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yet the longer incubation experiments were key for the result validation. The 

pH was suggested as a crucial factor affecting metal(loid) mobility and 

fluctuated over time but less in the BC-treated samples compared to nZVI-

treated ones. The detailed SEM/EDS analyses allowed us to statistically verify 

and suggest that the main immobilisation mechanism induced by the 

amendments was retention on Fe and Mn oxides. In fact, the amended soil 

samples showed at least 2 higher presence of Fe and Mn oxides in 

combination with risk metal(loid)s rather than untreated soil. Despite the 

possible heterogeneity of the soil samples, more than 6000 EDS measurements 

were acquired per each tested soil sample which makes this result significant. 

Regarding Fe0 oxidation we observed that nZVI transformation was more rapid 

in the short-term and was not directly proportional to time. Eventually, the 

newly formed Fe oxides (ferrihydrite, lepidocrocite, magnetite) existed in the 

same proportions in all samples regardless of the incubation time. The results 

of this study were enlightening regarding the behaviour of amendments over 

time. It was shown again that BC might not be as rapid as nZVI but provides 

long-lasting metal(loid) immobilisation and mainly pH retention in the soil. 

Furthermore, the role of natural attenuation was highlighted by the longer 

incubation showing that a decrease in available metal(loid) concentrations is 

possible even in untreated soil. Although this is a positive outcome, natural 

attenuation needs to be reinforced with soil amendments -preferably natural 

analogues- for improved remediation results.  

In Table 6.3, the existing literature about nZVI-BC composites used for 

remediation of real (i.e. not spiked) contaminated soils is summarised. It is 

apparent that the use of nZVI-BC in soils is still scarce although a few studies 

dealing with nZVI-BC composites for Cr remediation in soils have been excluded 

from this table since Cr was not a contaminant in the studied soil. Therefore, 

these studies were considered irrelevant in this context. In all the studies 

reviewed in Table 6.3., the nZVI-BC products decreased the concentrations of 

metals and As in soils even when applied in low concentrations (D. Yang et al., 

2021). Nevertheless, based on our findings the composite material did not 

outweigh the efficiency of the individual products; it did immobilise the target 

metal(loid)s though. Similarly, Zarzsevszkij et al. 2023 used the same nZVI-BC 

composite in soil with increased levels of As and Sb and found it effective, yet 

not more effective than nZVI alone. Further studies evaluating the potential of 

nZVI-BC composites in soil (especially in the field) are therefore recommended. 
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Table 6.3: Immobilisation of Zn, Pb, Cd, and As in contaminated soils by various nZVI-BC 
composite products according to literature. 

Metal(loids) Soil pH 
Total 

concentration in 
mg/kg 

Mobility 
after 

application 

Application 
rate 

Incubation 
time 

Reference 

As 
8.19 & 
7.91 

3015±20 
& 

1902±20 
As ↓ 5 wt.% 15 days 

Fan et al., 
2020 

Cd 7.64 
30.9±0.47 

(in sediment) 
Cd↓ mostly 
at 8 wt.% 

2, 5, & 8 
wt.% 

Up to 140 
days 

Q. Liu et al., 
2021 

Pb, Cd 7.42 
281±42.7 (Pb) 
2.43±0.29 (Cd) 

Pb↓ 
Cd↓ 

5 wt.% 30 days 
Aborisade et 

al., 2023 

Zn, Pb, Cu, 
Cd, As 

8.47 

898 (Zn)  
252 (Pb)  
62.1 (Cu) 
1.97 (Cd) 
54.9 (As) 

All↓ 3 wt.% 40 days 
Song et al., 

2022 

Zn, Pb, Cd, 
As 

5.98 

3082 (Zn)  
3857 (Pb)  
31.6 (Cd) 
385 (As) 

All ↓  
Pb & As ↑ 

occasionally 
2 wt.% 

Up to 15 
months 

Mitzia et al., 
2023 

Pb, Cd, As 7.93 
2811 (Pb)  
23.5 (Cd)  
119 (As) 

All ↓ 
max at 0.5 

wt.% 

0.5 wt.% 
and 

0.05—1 
wt.% 

48 h and up 
to 

120 h 

D. Yang et 
al., 2021 

Pb, Zn, As 6.8 
37781 (Pb) 
14062 (Zn) 
10926 (As) 

All ↓ in order 
As>Pb>Zn 

3 wt.% 60 days 
Santos et 
al., 2022 

Sb, As 4.02—4.44 
1118—1273 (Sb) 
855—970 (As) 

As↓  
Sb↓ 

2 wt. % 70 days 
Zarzsevszkij 
et al., 2023 

Except for the direct effect of amendment application in metal(loid) 

immobilisation, there are other indirect effects or external factors that can 

influence the metal(loid) mobility in soils. The most important, as highlighted 

in numerous studies, is the pH, which strongly affects metal(loid) mobility in 

water and soils. Furthermore, the co-existence of different metal(loid)s can 

yield variable results in soil remediation due to the competition for sorption 

sites between them (Covelo et al., 2007; Sipos et al., 2019). The actual level 

of metal(loid)s concentrations also plays a key role in the effect of 

immobilisation. In this sense, soils with increased levels of contamination may 

show different remediation results compared to less contaminated soils even if 

the same amendment is used (Lwin et al., 2018). At last, the soil type and the 
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origin of metal(loid) contamination can significantly affect the mobility and 

consequently the immobilisation of metal(loid)s in soils (Palansooriya et al., 

2020). The effects of geogenic contamination are usually milder compared to 

anthropogenic (Kabata-Pendias, 2011). In many cases, regardless of the total 

concentrations, soils with anthropogenic contamination exhibit higher toxicity 

and metal(loid) mobility than those with geogenic contamination. In these 

terms, investigating the soil properties seems crucial before choosing 

amendments for soil remediation as their efficiency can be strongly affected by 

those. At the same time, remediation of contaminated soils does not solely 

regard amendment efficiency but is interconnected with environmental 

sustainability and cost efficiency. Sustainability shall not be sacrificed over 

remediation efficiency but preferably combined. Therefore, remediation 

projects which take into account sustainability and material reuse (especially 

waste), are rightfully gaining ground in the last years (Mayilswamy et al., 

2023). In this sense, waste-originated Fe-based amendments (e.g. Fe scrap; 

Appendix A) and organic amendments (e.g. sludge-derived biochars), can 

represent cost-effective and viable solutions promoting material reuse and 

circular economy. Based on these, and the observed long-lasting efficiency of 

BC for metal(loid) immobilisation, our next study dealt with waste-derived 

organic amendments and particularly pyrolysed sludge (sludgechar).  

Our study evaluated the performance of five different pyrolysed sludges for 

metal(loid) removal in aqueous solutions and their efficiency for immobilisation 

in contrasting soils. To achieve this, the retention efficiency of sludgechars of 

different origin and properties was evaluated under various conditions. Sludge 

with variable composition was pyrolysed at final temperature of 650 °C and 

thus five different SCs were produced. The pyrolysis procedure led to significant 

or total removal of organic contaminants enhancing the SC environmental 

safety. Detailed characterisation of the physical, chemical, and mineralogical 

content of sludgechars was conducted to give an insight of their individual 

composition and characteristics. Solid phase investigations using XRD and 

SEM/EDS suggested the main mineral phases existing in the SCs and their 

structural and mineralogical composition. The presence of Fe phases detected 

by SEM/EDS was crucial for the immobilisation of metalloids. Minimal leaching 

of risk metal(loid)s and nutrients from the sludgechars was observed in the 

water solutions while their removal efficiency for 9 metal(loid)s (i.e. Cd, Co, Cu, 

Ni, Pb, Zn, As, Cr, and Sb) at different pH values was validated. Afterwards, 
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the amendments were applied in soils. Five soils with distinct properties, 

variable contamination levels, different pH, and different land uses were 

employed in this study. Soil extractions and pore water sampling were 

conducted to evaluate the SC immobilisation efficiency for different 

metal(loid)s. Visual MINTEQ geochemical modelling and solid phase analyses 

using XRD and SEM/EDS suggested possible immobilisation mechanisms. This 

comprehensive study proved that the same amendment could behave 

differently under different conditions. Hence, our research proposed solutions 

which were tailored to the contamination status of each soil based on the origin 

and level of contamination, soil type and soil properties (especially pH). The 

presence of nutrients in the sludge was suggested as a positive side-effect of 

SC application in soils especially in terms of P recovery.  

In Table 6.4, our findings were compared with the findings from other studies 

employing sludge-derived biochars. It is interesting to note that SCs, unlike BCs 

made from other feedstock, exhibit a distinct immobilisation efficiency for 

metals and metalloids. In many cases, cationic metals yielded either the same 

(Álvarez-Rogel et al., 2018; Figueiredo et al., 2019; X. Yang et al., 2022) or 

higher (Méndez et al., 2012; J. Zhang et al., 2021) concentrations than the 

non-amended soil. This is mainly explained by the increased concentrations of 

risk metal(loid)s in the raw sludge and represents the main challenge of SC 

reuse. On the contrary, As, which is typically mobilised by conventional BCs, 

was immobilised as also reported by Khan et al. (2013). This behaviour was 

attributed to the increased levels of S and P (Khan et al., 2013) or Fe (Agrafioti 

et al., 2014) in the in the sewage sludge, which can lower As availability. 

Nevertheless, other studies reported increased As concentrations after SC 

application (X. Yang et al., 2022) which indicates the need for further studies 

on the suitability of sludge-derived BCs for As remediation in soils. 
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Table 6.4: Immobilisation of Zn, Pb, Cd, and As in contaminated soils by various sludge-
derived biochars according to literature (part 1/2). 

Metal(loids) Soil pH 
Total 

concentration in 
mg/kg 

Mobility 
after 

application 

Application 
rate 

Incubation 
time 

Reference 

Pb, Cd 8.2 
7937 (Pb) 
9.92 (Cd) 

All ↓ esp. 
With 

increased 
app. rate 

2, 4, and 8 
wt.% 

42 days 
Karimi et 
al., 2020 

Pb, Cu, Zn 4.9 
254—281 (Pb) 
53.7—59 (Cu) 

26.4—30.8 (Zn) 

Similar to 
control 

0.7 wt.% 
1 year field 

trial 
Figueiredo 
et al., 2019 

Zn, Pb, Cd 4.7 
13956±406 (Zn) 
16758±291 (Pb) 
16.7±0.44 (Cd) 

All ↓ 6 wt.% 

20 days and 
up to 303 

days column 
experiment 

Álvarez-
Rogel et al., 

2018 

Zn, Pb, Cd 7.4 
11784±404 (Zn) 
7354±210 (Pb) 
30.9±2.21 (Cd) 

All similar to 
control 

6 wt.% 

20 days and 
up to 303 

days column 
experiment 

Álvarez-
Rogel et al., 

2018 

Pb, Zn, Cu 7.1 
845±12.6 (Pb) 
204±10.2 (Zn) 
45.7±3 (Cu) 

Pb ↓ 
Zn ↓ or 

occasionally 
similar  

Cu ↑, ↓ or 
similar to 
control 

7.5 t/ha 60 days 
Z. Wang et 
al., 2021 

Pb, Zn,  
Cd 

5.8 
1253 (Pb)  
530 (Zn) 
1.6 (Cd) 

Pb & Cd ↓  
Zn ↓ or 

similar to 
control 

3 & 6 wt.% 28 days 
Penido et 
al., 2019 

Zn, Pb,  
Cd 

7.4 
22145 (Zn)  
5887 (Pb)  
102 (Cd) 

All ↓ 3 & 6 wt.% 28 days 
Penido et 
al., 2019 

Cd, Pb, Zn, 
Cu 

8.63 

4.35 (Cd) 
26.8 (Pb) 
48.5 (Zn) 
7.6 (Cu) 

All ↑ with 
higher app. 

rate 
4 & 8 wt.% 200 days 

Méndez et 
al., 2012 

Pb, Cd, Zn, 
Cu 

5.27 

9.56±0.24 (Pb) 
0.20±0.01 (Cd) 
54.8±5.56 (Zn) 
7.30±0.46 (Cu) 

All ↑ with 
higher app. 

rate 
Pb 

occasionally 
similar to 
control 

7.5, 15, & 30 
t/ha 

Up to 1 year 
field 

experiment 

J. Zhang et 
al., 2021 

Zn, Pb, Cd, 
Cu, As, Cr 

4.02 

19 (Zn) 
3.58 (Pb) 
0.16 (Cd) 
7.56 (Cu) 
1.09 (As) 
6.56 (Cr) 

Pb, As, & Cr 
↓ 

Zn, Cd, & 
Cu↑ 

5 & 10 wt.% 12 weeks 
Khan et al., 

2013 
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Table 6.4: Immobilisation of Zn, Pb, Cd, and As in contaminated soils by various sludge-
derived biochars according to literature (part 2/2). 

Zn, Pb, Cd, 
Cu, As, Sb 

6.50 

561±9 (Zn) 
224±5 (Pb) 

3.52±0.18 (Cd) 
64.0±2.3 (Cu) 
291±10 (As) 
520±28 (Sb) 

Cu ↓ 
As ↑ 

rest similar 
to control 

5 wt.% 30 days 
X. Yang et 
al., 2022 

Zn, Pb, Cd, 
Cu, As, Sb 

5.95 

3082±83 (Zn) 
3854±121 (Pb) 

31.6±1 (Cd) 
82±1 (Cu) 

385±11 (As) 
63.7±4.7 (Sb) 

Zn & Pb ↓ 
(by specific 

SCs)  
Cd ↓or 

similar to 
control 

Cu & As ↑  
Sb similar to 

control 

3 % v/v 30 days 
Mitzia et 
al., 2024 

Zn, Pb, Cd, 
Cu, As, Sb 

7.49 

3559±207 (Zn) 
8604±675 (Pb) 

48±5 (Cd) 
309±13 (Cu) 
307±45 (As) 
231±86 (Sb) 

Zn ↓ (by 
specific SC) 

Pb & Cd 
similar to 
control 

Cu ↑ (by 
specific SC) 
As & Sb ↓ 

3 % v/v 30 days 
Mitzia et 
al., 2024 

Zn, Pb, Cd, 
Cu, As 

6.09 

193±12 (Zn) 
73±12 (Pb) 

3 (Cd) 
51±5 (Cu) 

17563±2798 (As) 

Zn & Cd ↑ 
Pb similar to 

control 
Cu ↑ (by 

specific SC) 
As ↓ (by 

specific SC) 

3 % v/v 30 days 
Mitzia et 
al., 2024 

Zn, Pb, Cu, 
As, Sb 

5.19 

86±7 (Zn) 
130±16 (Pb) 

13 (Cu) 
7 (As) 

20 (Sb) 

Zn ↑  
Pb ↓ (by 

specific SCs) 
Cd & Cu ↑ or 

similar to 
control 

3 % v/v 30 days 
Mitzia et 
al., 2024 

Zn, Pb, Cd, 
Cu, As, Sb 

7.38 

128±10 (Zn) 
79±10 (Pb) 

1 (Cd) 
38±2 (Cu) 
15±1 (As) 

2 (Sb) 

Zn ↑ 
Cu similar to 

control 
(rest not 
detected) 

3 % v/v 30 days 
Mitzia et 
al., 2024 
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Taking into account that immobilisation is tested in the lab but intended to be 

applied in the field, actual environmental conditions are important to be 

simulated in our experiments. Redox potential is an important factor controlling 

metal(loid) mobility and speciation in soils (Frohne et. al., 2014). Flooding 

events which are likely in many contaminated sites provoke reduced conditions 

in the soil and raise questions regarding risk metal(loid) mobility and 

amendment efficiency under this scenario. When amendments are applied with 

the scope of remediation, their efficiency as well as other aspects (e.g. 

oxidation, dissolution, element release) are assumed to change. This is 

especially the case of redox-reactive amendments. In particular, nZVI is 

expected to thrive under reducing conditions which can enhance its already 

strong reducing ability resulting in increased immobilisation efficiency. Biochar 

has also been reported to facilitate redox reactions on its surface and work 

simultaneously as an electron donor and acceptor affecting risk metal(loid) 

mobility and speciation (Klüpfel et al., 2014). For these reasons, in our last 

study we investigated the mobility of Zn, Pb, Cd, and As in Litavka soil using 

the unique biogeochemical microcosm system according to Yu and Rinklebe 

(2011). Except for the untreated soil, samples of BC-, nZVI-, and nZVI-BC-

treated soil were tested. The setup allowed us to: 1) simulate anoxic flooding 

conditions in soils 2) continuously monitor the existing redox and pH values in 

the soil and 3) control the redox potential by setting predefined Eh windows. 

Additionally, an 8-step sequential extraction and solid phase analyses were 

implemented for a complete assessment of the amendment behaviour under 

dynamic redox conditions. Our preliminary results were enlightening regarding 

the effect of redox changes and amendments towards metal(loid) mobility: 

redox changes were suggested to be the main factor influencing the metal(loid) 

mobility trend while pH was significantly correlated with metal mobility. Among 

the treatments, nZVI was the most efficient for both metal and metalloid 

immobilisation followed by nZVI-BC. The fractions of OM and Fe oxides 

increased in the treated samples and thus were found crucial for the decrease 

in metal(loid) mobility. Additional analyses are expected to reinforce our 

understanding about the interactions in the soil under changing redox 

conditions.  

In view of the increasing need for viable and affordable amendments for soil 

remediation, an attempt to make full use of valuable waste was made. Our final 

experiment contains unpublished results (Appendix A) regarding the efficiency 
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of various Fe-based amendments including Fe scrap (metallurgical waste). This 

ongoing research was initiated by the criticism against nZVI for its cost-

efficiency and other potential disadvantages. In particular, nZVI has been often 

accused for being toxic to plants and biota (Anza et al., 2019; Gómez-Sagasti 

et al., 2019; Kotchaplai et al., 2019) although this topic is still debateable as 

other authors found no toxicity risk (Teodoro et al., 2020; Vanzetto & Thomé, 

2022) or even positive effects (Němeček et al., 2014) by the use of nZVI. 

Furthermore, the synthesis of nZVI might involve toxic chemicals; when NaBH4 

is used for nZVI synthesis, boron residues are generated, which present an 

environmental danger. On top of that, this nZVI synthesis is rather expensive 

and complicated (Pasinszki & Krebsz, 2020) as compared to synthesis by H2 

reduction or “green” synthesis. These reasons contributed to a general vigilant 

attitude towards nZVI.  

Nevertheless, the research on the application of nZVI products for soil 

remediation is still flourishing as depicted in Figures 6.2 and 6.3 which present 

the publications involving nZVI and nZVI-BC in the last 15 years. It is evident 

that researchers are still interested in the potential of nZVI products for soil 

remediation. Based on the results of our first two studies, in which nZVI was 

not superior to BC and also exhibited short-term remediation efficiency, we 

decided to involve other Fe-based amendments in our experiments and make 

a step towards more efficient, sustainable and financially wiser applications for 

soil remediation (Appendix A).  
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Figure 6.2: Number of published papers per year as a result of search with the keywords: 

“nZVI; soil; metal; remediation” in the Web of Science database (assessed in February 2024). 

Figure 6.3: Number of published papers per year as a result of search with the keywords: 

“nZVI; biochar; soil; metal; remediation” in the Web of Science database (assessed in February 

2024). 
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Our preliminary results are surprisingly promising regarding the use of Fe scrap 

for soil remediation which was found to be similarly or more efficient as the 

commercial products used in the experiment (Appendix A). With the exception 

of As, which seemed to be mobilised, the cationic metals were immobilised by 

nZVI slurry, S-nZVI slurry and Fe scrap. Occasionally, Fe scarp was the most 

efficient sorbent among the rest. The pH values were also increased by 1 unit 

in the Fe-scrap-treated soil samples after 1 month of incubation (Appendix A) 

although they were later decreased again (finally same as untreated soil). 

Therefore, more research and possible cost-effective modifications of the Fe 

waste product, could result in an innovative, stable, and environmentally safe 

material for metal and metalloid remediation. Caution is recommended when 

applying Fe waste products as they might contain residues of other toxic 

metal(loid)s which can be released in the soil.  

The conclusive remark and essence of the presented thesis is that long-term 

and environmentally relevant studies which employ a wholistic investigation 

including variable conditions are necessary for the appropriate evaluation of 

soil amendments. More field studies are also needed to show the real potential 

and the real limitations of each amendment used for environmental 

remediation. At the same time, researchers are encouraged to keep in mind 

sustainability and not merely amendment efficiency in remediation projects.  
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Availability of risk metals, Fe, Mn, DOC and pH, Eh values in 0.01 M CaCl2 extracts in soil 

incubated with various Fe-based amendments. 
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Availability of risk metals, Fe, Mn, DOC and pH, Eh values in H2O extracts of soil incubated with 

various Fe-based amendments. 
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Availability of As and SO4
2- in H2O extracts of soil incubated with various Fe-based 

amendments.
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