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ABSTRACT 

Nano zero-valent iron (nZVI) is continuously being studied as its use as a stabilising 

chemical agent for remediating contaminated water and soils evolves. This study is 

focused on the efficiency of nZVI application in soil as a potential sorbent of the risk 

elements in soils under different incubation conditions. A set of leaching experiments 

in combination with geochemical modelling has been performed, with the emphasis 

on the leaching behaviour of contaminants and their release as a function of the liquid-

to-solid ratio (L/S). The behaviour of zinc (Zn), lead (Pb), cadmium (Cd), and arsenic 

(As) was investigated in control soils and test samples (amended with 1% (w/w) of 

nZVI) and the results were evaluated. 

Firstly, both the control and nZVI-treated soil samples were subjected to incubation in 

order to reach pseudo-equilibrium conditions under various moisture content. The pots 

were maintained at 0%, 30%, 60%, 90% and 130% of water holding capacity (WHC) 

for 3 months. The samples were dried and subjected to a set of laboratory experiments 

at L/S 2, 5, and 10 ml/g, respectively. The test included physico-chemical 

measurements and metal concentrations analyses.  

The influence of moisture content on the leaching behaviour was element specific. The 

best result for the stabilisation of Pb was observed at 60% moisture content, while 

90% moisture content was the best condition for the stabilisation of Zn, Cd and As. 

The addition of nZVI to the soil generally increased pH across the various samples 

used and decreased the amount of metal(loids) leached from the samples. The 

effectiveness of immobilisation of contaminants by nZVI depends on several factors 

and as such deep analysis should be carried out before its use in the field.  
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1. INTRODUCTION 

1.1 Background 

Restoring contaminated soils to pristine conditions is one of the main concerns for 

environmental scientists today (Mueller and Nowack, 2010). Of the many innovative 

techniques, environmental scientists are using nano zero-valent iron (nZVI) as they 

are cost effective and a less distractive method (Mueller and Nowack., 2010; 

Komáreket al., 2013). Also, due to its high reactivity, nZVI shows high potential for 

environmental remediation as was shown in numerous laboratory and field studies 

(Nurmi et al., 2005; Kumpiene et al., 2006; Komárek et al., 2013; O’Carrol et al., 

2013. 

Many studies have looked at nZVI and reported successful treatment of soils 

contaminated with metal(loid)s (Gil-Díaz et al., 2014a, b; Vítková et al., 2017). 

Nanoiron, being a strong reducing agent, oxidizes into secondary oxides that trap 

metal(loid)s and effects the speciation of redox-sensitive elements like As (Gil-Díaz 

et al., 2014b). 

Various factors affect the leaching behaviour of metalloids in the soil including but 

not limited to liquid-to-solid ratio, time, pH-Eh, leaching available fraction, particle 

size and morphology (Evanko and Dzombak., 1997). Generally, the leaching of most 

metals increases at low pH and increasing redox potential (Kumpiene et al., 2008; 

Schulin et al., 2010; Antoniadis et al., 2008; Vítková et al., 2017) 

This diploma thesis focuses on the study of nZVI as a sorbent and its behaviour in 

soils under simulated site-specific conditions, as information on this aspect is still 

limited. The results of this work and its further developments will provide valuable 

information about the performance of nZVI in remediating contaminated soils under 

different environmental conditions and the influence of pH-Eh on the behaviour of 

nZVI as an intensively studied agent in decontamination technology. 

1.2 Purpose and aims of the study 

The overall aim of this study is to determine the efficiency of nano zero-valent iron 

(nZVI) application in soil under different conditions. To accomplish this aim, the 

following specific objectives are addressed;  
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(i) Assess the effect of different moisture content and liquid-to-solid ratio on 

the leaching behaviour of contaminants in soil amended with nZVI. 

(ii) Evaluate the effect of different moisture content on the changes in pH-Eh 

conditions. 

(iii) Assess the optimal conditions for efficient metal stabilisation in soils by 

nZVI. 
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2. REVIEW OF LITERATURE 

2.1 Soil contamination with risk metal(loid)s 

A soil is said to be contaminated if the present concentration of contaminant in the soil 

is above the background level and causes the loss of some soil functions 

(ec.europa.eu). Metals abound naturally in the soil, some of which are needed for 

plants and other soil living organisms, but rarely in toxic levels with their 

concentrations spatially variable (Pierzynski et al., 2005). Table 1 illustrates common 

and geochemically anomalous levels of selected metals/metalloids. Risk metals 

represent the highest percentage of various types of contaminants found in 

contaminated sites in the European Union as seen in Figure 1 (Huber and Prokop, 

2012). Contamination sources range from industrial activities, poor waste disposal, 

mining, military activities to accidents (ec.europa.eu). The most discussed metalloid 

contaminants include As, Cd, Cr, Cu, Hg, Ni, Pb, and Zn (Dermont et al., 2008). This 

study is focused on Pb, Zn, As, and Cd, which are described in chapter 2.2 

 

Table 1. Selected metal(loid)s with their common and anomalous concentrations in soils 

(Pierzynski et al., 2005) 

Element Normal range [mg/kg] Metal-rich range [mg/kg] 

Arsenic (As) <5 to 40 Up to 2500 

Cadmium (Cd) <1 to 2 Up to 30 

Copper (Cu) 2 to 60 Up to 2000 

Molybdenum (Mo) <1 to 5 10 to 100 

Nickel 2 to 100 Up to 8000 

Lead (Pb) 10 to 150 10000 or more 

Selenium (Se) < 1 to 2 Up to 500 

Zinc (Zn) 25 to 200 10000 or more 
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The Příbram region represents one of the most polluted sites with sources from mining 

and smelting activities. The known risk metals in the area include Zn, Pb and other 

risk elements like Cd and As (Vítková et al., 2017). 

2.2 Characteristics of risk metals and arsenic 

Risk metals in soils is often present in several forms with different levels of solubility 

as follows: (i) dissolved (in soil solution), (ii) exchangeable (in organic and inorganic 

components), (iii) structural components of the lattices in soils and (iv) insolubly 

precipitated with other soil components (Aydinalp and Cresser, 2003; Ur Rehman et 

al, 2012). 

2.2.1 Zinc (Zn) 

Zinc is a transition metal that occurs in ores such as sphalerite (ZnS), the principal Zn 

ore, and wurtzite ((Zn,Fe)S), a less encountered mineral. Zinc exhibits only one 

oxidation state of +2. At low concentrations in the soil, Zn is essential for plant growth 

as well as in animal nutrition (Schulin et al., 2010). 

2.2.2 Lead (Pb) 

Lead is a naturally occurring, bluish-grey metal usually found as a mineral combined 

with other elements, such as sulphur, i.e., galena (PbS), anglesite (PbSO4), or oxygen, 

i.e., cerussite (PbCO3).  However, there is little evidence for nutritive role of Pb in 

Figure 1. Most frequently occurring contaminants in soil (Huber and Prokop, 2012). BTEX 

= Benzene, toluene, ethylbenzene and xylene. PAH = Polyaromatic hydrocarbons. CHC = 

Chlorinated hydrocarbons. 
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plants and animals (Hooda, 2010). Lead has three naturally occurring oxidation states: 

Pb (0), Pb(II) and Pb(IV). However, Pb(II) is important over the wide range of 

environmental conditions that exist in soils. 

2.2.3 Cadmium (Cd) 

Cadmium is a soft, silver-white metal that occurs as oxides, sulphides, and carbonates 

complex in Zn, Pb, and Cu ores (UNEP, 2010). It may be present in sphalerite as a 

solid solution of ZnS (Chaney, 2010). The average concentrations of cadmium in soils 

range from 0.1 mg kg−1 to 11 mg kg−1 (Bradl, 2004). In solution, Cd occurs largely as 

a divalent ion Cd2+ (Wuana and Okeimen, 2011).  

2.2.4 Arsenic (As) 

Arsenic is a metalloid that occurs naturally in many mineral ores including Cu, Zn, Ag 

and Au ores. Arsenic can be present in several oxidation states (−3, 0, +3 and +5) 

(Smedley and Kinniburgh, 2002). Compared to Cd, Pb and Zn it forms oxyanion 

species, such as: AsO4
3- or AsO3

3- (Wuana and Okieimen, 2011) and occurs together 

with Fe and S (Frumkin and Thun, 2008).  

 

2.3 Factors that affect mobility of metals in soils. 

As has been already indicated, the mobility and availability of risk metals in the soil 

is affected by some soil properties like; pH, organic matter, cation exchange capacity 

(CEC), oxidation-reduction status (Eh), clay mineral content, calcium carbonate, Fe 

and Mn oxides (Kashem and Singh, 2001; Antoniadis et al., 2008; Schulin et al., 

2010). 

2.3.1 pH 

pH is considered as the key factor of metal mobility and bioavailability due to its 

strong influence on the speciation and solubility of metals in the soil especially under 

oxidising conditions (Kumpiene et al., 2008; Schulin et al., 2010; Gil-Díaz et al., 2014; 

Vítková et al., 2017). Risk metal sorption onto soil constituents is known to decrease 

with decreasing pH and vice versa (Antoniadis et al. 2008; Zeng et al. 2011). Metal 

cations are mostly mobile under acidic conditions while anions sorb to oxide minerals 

in acidic environments. On the other hand, at high pH ranges, cations precipitate or 

adsorb to mineral surfaces while anions are mobile (Zeng et al., 2011). The availability 
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of Zn and Pb increases with a decrease in soil pH as observed by Chaney (2010), 

UNEP(2010) and Vítková et al. (2017). At higher pH values, Zn can form carbonate 

precipitate (ZnCO3(s))  and hydroxide (Zn(OH)2(s)) (Evanko and Dzombak, 1997). At 

pH above 6 units, Cd is adsorbed by the soil solid phase or is precipitated, and thus 

lowering the concentrations of dissolved cadmium (UNEP, 2010).   

Conversely, As, an anion-forming element, shows a different leaching trend. No 

significant leaching is observed at low pH with leachability increasing at higher pH 

values (Cappuyns and Swennen, 2008; Wuana and Okieimen, 2011; Vítková et al., 

2017). 

2.3.2 Oxidation-reduction status (Eh) 

Redox potential has been well documented in many studies as a critical factor in metal 

mobility in soils. Considerable quantity of Zn is released to solution under well 

oxidised conditions, whereas low abundances are present under moderately and 

intense reducing conditions (Gambrellet al., 1991; Schulin et al., 2010). Lead 

concentrations are low at low Eh and rise when the Eh increase, which can be 

attributed to interactions with dissolved organic carbon and manganese and 

precipitation such as sulphide (Husson 2013).  

Arsenic can mobilise over a range of redox conditions (Smedley and Kinniburgh, 

2002). Under aerobic conditions and at low pH values arsenate co-precipitates with or 

is adsorbed onto iron hydroxides. Pentavalent forms of As (e.g. arsenate AsO4
3-), 

which are dominant in aerobic conditions, has less toxicity than trivalent compounds 

(e.g. arsenite AsO3
3-) (Ampiah-Bonney et al., 2007). Kumpiene et al. (2009) reports 

that under anoxic conditions, arsenate can be easily reduced to mobile arsenite. 

2.3.3 Presence of organic matter 

Organic matter (OM) contributes to the soils ability to retain risk metals (Tack., 2010; 

Zeng et al., 2011). Risk metal adsorption onto soil constituents lowers with less 

organic matter in soils and vice versa (Dai et al., 2004; Antoniadis et al., 2008). 

Organic matter enhances adsorption of As in agricultural soils (Cao and Ma, 2004). 

Organic matter effect on metal mobility has shown to be pH dependent with slight 

acidic (pH 5.5) conditions, fostering low As leaching, whereas at neutral soil pH, 

chemical reduction of As(V) to As(III) and consequent leaching was induced by 

compost (Shiralipour et al, 2002). Lead may form insoluble, highly stable complexes 
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with organic matter reducing its lability (Usman et al., 2006). Cadmium solubility 

decreases with organic matter inputs because of the induced decrease in Eh (Husson, 

2013). Dissolved organic matter in soils could increase risk metal release and 

subsequent uptake to plant roots (Du Laing et al., 2009). 

 

2.3.4 The effect of liquid-to-solid ratio (L/S) on risk metals 

The liquid-to-solid ratio of risk metals largely affects their mobility and bioavailability 

in soils (AlAbed et al., 2004; Degryse et al., 2009; Tang and Steenari, 2016). Metal 

concentrations decrease in most cases with increasing L/S ratio (AlAbedet al., 2004; 

Astrup et al., 2006; Silva et al., 2018). For instance, in the work by Tang and Steenari 

(2016), Pb concentrations decreased significantly from more than 90% to about 20% 

with increasing L/S ratio. Zinc and Cd in the same studies showed little differences in 

concentrations after samples were extracted at different L/S ratios. Negative 

correlation between concentrations of As and Cd with L/S ratio was reported by Silva 

et al. (2018).  

 

2.4 Soil remediation 

To remediate contaminated soils, it is essential to know both the physical and chemical 

properties of the contaminant as these strongly influence the selection of the applicable 

remediation approach (Wuana and Okieiman, 2011). Moreover, a detailed site 

characterisation must be performed to assess the mobility of risk elements and set the 

optimal remediation conditions, and the final use of the contaminated medium needs 

to be considered as well (Mulligan et al., 2001). 

 

2.4.1 Remediation technologies for metal(loid) contaminated soil 

There are various technologies available for the remediation of soils contaminated 

with risk metals. Different approaches include isolation, immobilisation, toxicity 

reduction, physical separation and extraction (Mulligan et al., 2001; Khalid et al., 

2016). Usually, a combination of two or more of the approaches increases the 

feasibility and efficiency (Evanko and Dzombak, 1997). The next paragraph focuses 
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on chemical stabilisation for this study. For an overview of remediation technologies, 

their description and applicability see Mulligan et al. (2001) and Khalid et al. (2016).  

 

2.4.2 Chemical stabilisation of metal(loid)s in contaminated soils 

Chemical stabilisation is a soil remediation technique which involves adding organic 

or inorganic amendments to contaminated soils to decrease the mobility, 

bioavailability and bioaccessibility of the target contaminant (Komárek et al., 

2013).Such amendments include e.g., phosphates, natural and synthetic 

aluminosilicates, iron-oxides, bio solids, amorphous manganese oxide (Kumpiene et 

al., 2008; Hooda, 2010; Ettler et al., 2012; Komárek et al., 2013; Michálková et al., 

2016b). Risk metals, unlike organic contaminants, are not degradable and remain in 

soils indefinitely (Kumpiene et al., 2008; Hooda, 2010; Gil-Díaz et al., 2014). 

Therefore, the immobilisation of risk elements in the soil is about the feasible, cost 

effective methods for cleaning up contaminated soils (Kumpiene et al., 2008; Lee et 

al., 2011). Also, soil deterioration hardly occurs from the use of chemical amendments 

in the right dose unlike other methods (Kim et al., 2017). 

 

The use of contaminant-immobilising amendments can decrease metal/metalloid 

bioavailability through sorption processes, which include adsorption to mineral 

surfaces, formation of stable complexes, and surface precipitation or ion exchange 

(Kumpiene et al., 2008). Identifying the type of sorption process occurring in a soil is 

difficult as all the processes may be happening all at once (Lair et al., 2007). The 

different processes of chemical stabilisation are summarised in Figure 2. 
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Figure 2. Sorption processes that occur in chemical stabilisation  (Nwuchekwa,  2007) 

 

2.5 Nano scale zero-valent iron (nZVI) 

Nano zero-valent iron is one of the potential amendments used in the chemical 

stabilisation of contaminated soils. A particle of nZVI as shown in Figure 3, consists 

of a core and shell (Li et al., 2006).  

 

 
Figure 3. A 3-dimensional core-shell model of nZVI particle (GeoNano Environ. Tech., Inc) 

 

The core is made up of mainly metallic iron that provides the reducing power for 

reactions, while the shell with mixed valence [Fe2+, Fe3+] serves as site for complex 

formation. The shell comprises iron oxides and hydroxides that resulted from the 

oxidation and hydrolysis of the core (Li et al., 2006; Li et al., 2007; Hooda, 2010).As 

shown by equation 1, nZVI (Fe0) with zero net charge loses electrons and thus 
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becomes oxidised reducing the metal in the process. The sorption of metalloids onto 

oxide occurs as a result of the coordinating and electrostatic interactions with metal 

ions on the surface and can be summarised by the reaction in equation 2 (Li et al., 

2007) 

Reduction: Fe0 +M2+          Fe2+ + M0      (1) 

Sorption: ≡Fe-OOH + M2+≡         Fe-OOM + H+    (2) 

Nano zero-valent iron have high reactivity (Mueller and Nowack, 2010; O’Carroll et 

al., 2013; Li et al., 2016) as a result of their high specific surface area (tens to 

hundreds of m2 g−1) and high sorption capacity (Komárek et al., 2013).  

 

2.5.1 Advantages of using nZVI 

Include: 

I. They are able to remove various risk metal(loid)s simultaneously(Li et 

al., 2016). Li et al., (2016) successfully removed multiple risk metals 

(Cu, Ni, Zn) with over 90% efficiency.  

II. It sorbs both anions and cations owing to its amphoteric nature (Cornell 

and Schwertmann, 2003). This occurs because of protonation and 

deprotonation of the functional groups on them (McBrige, 1994). 

III. One other advantage of using nZVI is that, it is one of the few 

amendments which causes minor changes in pH, preventing pH 

fluctuations (Kumpiene et al., 2006; Wang et al. 2016).  

The concern about this amendment is its limited mobility and the lifetime of nZVI 

particles (Mueller and Nowack, 2010; Gómez-Pastora et al., 2014). Some studies have 

reported negative influence of nZVI on plants and microbes. Němeček et al (2014) 

reported toxicity towards many microbial species.  

 

2.5.2 Interaction of nZVI with risk elements 

According to O’Carroll et al. (2013) nZVI-metal interactions for the various 

metalloids can be one of the following processes: 

I. Adsorption; Cr, Pb, Ni, Co, Cd, Zn, Ba, As, Se, 

II. Oxidation/re-oxidation; Se, As, U, Pb.  

III. Reduction; Se, Co, Pd, Pt, Hg, Ag, Cr, As, Cu, U, Pb, Ni, 
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IV. Precipitation; Cu, Pb, Cd, Co, Zn 

V. Co-precipitation; Cr, As, Ni, Se.  

The type of stabilisation process involved in lowering the amount of risk metals by 

nZVI depends on the redox potential of the risk metal species (O’Carroll et al. 2013). 

Cadmium and zinc with more electronegative redox potential than that of the iron are 

removed by sorption (O’Carroll et al. 2013; Vítková et al. 2017).Studies by Liang et 

al. (2014) reported that Zn was successfully immobilised by using nZVI due to 

adsorption and co-precipitation. Work by Boparai et al., (2013) further proved Cd 

removal by adsorption processes. Metals with slightly more positive redox potential 

than Fe0 (e.g., Pb and Ni) can be removed by both reduction and adsorption (Li and 

Zhang, 2007; O’Carroll et al., 2013). Lower levels of Pb were achieved by reduction 

and adsorption after treatment with nZVI as concluded by Fu et al. (2015) and Wang 

et al. (2016). 

Metalloids such as As with much more positive redox potential than nZVI are 

favourably removed by reduction and precipitation (Li et al., 2006). The results 

provided in studies by Kumpiene (2006), Ramos et al. (2009), O’Carroll et al. (2013), 

Li et al. (2016) or Vítková et al. (2017) have sufficiently documented the 

effectiveness of nZVI as an amending agent for arsenic. Nano zero-valent iron reduces 

less toxic arsenate (As5+) to arsenite (As3+) which is a toxic and mobile form of arsenic 

(Ramos et al., 2009).  Arsenite is then adsorbed or co-precipitated at the surface of the 

nanoiron alongside left over As5+ (Ramos et al., 2009). Figure 4 shows the interaction 

of nZVI with some of the risk elements. 

Figure 4. Scheme of removal processes of risk elements using nZVI (Li et al., 2016)  
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3. MATERIALS AND METHODS 

3.1 Nanoiron 

Nano zero-valent iron from NANO IRON, Ltd. (Czech Republic) in the form of 

surface stabilised air-stable nano powder (NANOFER STAR) was used. Each particle 

is coated with a thin layer of Fe oxides that protects nZVI from rapid oxidation. Based 

on the manufacturer’s recommendation of 1:4 solid-to-liquid ratio, 10 g of 

demineralised water was added to 2.5 g of 1% w/w nZVI and intensively mixed to 

remove the Fe oxide coating (protective layer). 

 

3.2 Soil samples 

The soil samples were collected from the superficial layer (0-25 cm) of the alluvium 

of Litavka River (Příbram District, Czech Republic), air-dried, homogenised and 

sieved through a 2-mm stainless sieve (Vítková et al., 2017). 

An experimentally determined water holding capacity (WHC100%) of 47.8 g DEMI 

water /100 g solid was reported (Vítková et al., 2017, unpublished results). Other basic 

soil properties are given in table 2. 

 
Table 2. Soil properties of the studied soil type (Vítková et al., 2017) 

Soil type  pHH2O pHKCl Particle size distribution (%) 

      Clay Silt Sand 

Fluvisol 5.95 5.14 5 20 75 

 

Bulk chemical composition (mg/kg)a    

Al As Ca Cd Fe K 

8191 ± 1542 296 ± 5 1099 ± 99 39 ± 0.90 37408 ± 159 6583 ± 239 

      
Mg Mn Na Pb Zn  

675 ± 142 4276 ± 28 5571 ± 306 3539 ± 306 4002 ± 55  
aMean  standard deviation (n = 3) 

3.3 Incubation of studied soil at different water content 

A mass of 250 g of soil was weighed and transferred into a plastic pot. In total, nine 

pots representing nine different incubation conditions (i.e., 0%, 30%, 60%, 70%, 80%, 

90% and >100% of WHC, and frozen samples denoted as F1, F2) were prepared. The 
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activated nZVI was added to the treated sample pots. A specific weight of deionised 

water was added to each pot based on the WHC of the soil (table 3) and maintained 

for 3 months. Anaerobic conditions were simulated by adding 100% of WHC so that 

the sample was approximately 0,5 cm under the water level.  Samples F1 and F2 were 

prepared with 60% WHC and frozen for 3 months (F1) or frozen for last 15 days of 

the 3-month period (F2), respectively (Figure 5). This treatment should simulate the 

effect of freeze during winter, in other words, what happens in permanently or 

temporarily frozen lands. 

Table 3. Quantity of deionised water added to each pot 

Pot 

label 

0 % 30 % 60 % 70 % 80 % 90 % 130% F1 F2 

WHC 0 % 30 % 60 % 70 % 80 % 90 % 130% 60 % 60 % 

DEMI 

H2O(g) 

0 36 72 84 96 108 155 60 60 

 

WHC (100%) = 47.8g DEMI water /100g solid (experimentally defined) 

WHC (100%) / 250g solid = 119.5g DEMI water 

 

Moisture content was maintained by regular addition of water (through checking the 

weight of individual pots) and covering the pots with porous filter to avoid excessive 

evaporation. The samples were thoroughly mixed occasionally to effectively distribute 

the nano-irons, homogenise the samples and keep them aerated (except for the flooded 

sample). After the incubation period, the soil was dried (30°C) and gently 

homogenised. 

 

Figure 5. Image of samples during incubation. 
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3.4 Determination of physico-chemical parameters (pH/Eh/EC) 

To evaluate the changes in pH-Eh conditions dry samples were prepared and used for 

the determination of pH per ISO standard (ISO 10390:2005). In particular, 5 ml of 

each soil sample was put in a 50-ml centrifuge tube and 25 ml of either demineralised 

water (pHH2O) or 1 M KCl (pHKCl) was added. The suspension was agitated for 60 min 

using a horizontal shaker (GFL3005, Germany; Figure 6). Then, the suspension was 

allowed to settle down for 1 hour and after that pH, Eh and electrical conductivity 

(EC) were measured directly (Figure 7). Measurements were carried out for each of 

the 9 test samples and their control in duplicates. 

 

Figure 6. Horizontal shaker (GFL 3005, Germany) for continuous mixing of soil and water. 

 
 

 

Figure 7. Measurement of pH, Eh and EC of the soil samples. 
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3.4.1 Determination of pH 

The pH of the soil was measured using a probe of pH meter (inolab® (pH7310, WTW, 

Germany)). Standardised buffers 4.00, 7.00, 10.00 (WTW, D- 822362, Germany) were 

used to calibrate the probe before use.  

3.4.2 Determination of Eh 

The probe of a digital multimeter (multi 3420 WTW, Germany) (value of the reference 

electrode is 207 mV for 25 °C) was inserted into the soil solution to measure the Eh. 

The value for the electrode was confirmed with a standard redox buffer solution (220 

mV; WTW, RH 28, Germany). The displayed Eh values were recorded as Ehmeasured. 

The final corrected Eh values were calculated using the equation (3): 

Eh = Eh measured + Eh reference       (3) 

where Eh reference = 207 mV 

For subsequent geochemical modelling using the PHREEQC-3 software, the final Eh 

value was converted to activity of electrons (pe) using the equation (4): 

pe = 
𝐸ℎ(𝑣)

0.05916
         (4) 

 

3.4.3 Determination of electrical conductivity 

The electrical conductivity was measured using a multimeter (multi 3420 WTW, 

Germany) equipped with a conductivity cell. The probe was inserted into the 

supernatant of the solid soil and the value recorded. 

During the measurements of the various parameters, the electrodes were carefully 

cleaned and dried using demineralised water and cellulose paper, respectively, in 

between different samples.  

3.5 Leaching experiments at different liquid-to-solid ratio. 

To study the effect of liquid-solid ratio (L/S) on the released amount of risk metals, 

extractions of the soil samples were conducted at different L/Ss. The one stage 

leaching test also served as basis for geochemical speciation modelling. All extractions 

for this thesis were performed using demineralised water as the extractant. The use of 

water as a solvent allows identifying the most mobile and potentially available metal 

species. The liquid-to-solid ratios used in this study were as follows: L/S = 2 ml/g (EN 

12457-1), L/S = 5ml/g, and L/S = 10 ml/g (EN 12457-2) (Table 4). For practical 



24 

reasons, the leaching experiments were done for all the soil samples at L/S 10 in 

duplicates, but selected samples were used for the L/S 2 and L/S 5 experiments as 

shown in table5and done in triplicates.  

Physico-chemical properties (pH, Eh and EC) of the centrifuged solution were 

measured immediately using an inoLab® pH metre (pH 7310, WTW, Germany) 

and/or digital multimeter (Multi 3420, WTW, Germany). The solution was filtered 

using a polycarbonate vacuum filtration apparatus (Sartorius) fitted with 0.45 μm filter 

paper (Millipore). 

 

Table 4.  Mass of soil used and pots selected for the experiments. 

L/S Mass of soil (g) Volume (ml) Selected pots 

2 15 30 0%, 30%, 60%, 90%, 130%, F1, F2 

5 6 30 

10 3 30 ALL POTS 

 

3.5.1 Determination of major and trace element concentrations 

Filtered samples were diluted and acidified (to contain 2% HNO3) and passed to the 

analytical laboratory of the Department of Environmental Geosciences, FES, CULS 

Prague to determine bulk concentrations of major and trace elements including the 

target metal(loid)s using inductively coupled plasma optical emission spectrometry 

(ICP-OES; Agilent 730, Agilent Technologies, USA). 

3.5.2 Determination of non-metals concentrations 

Filtered solutions were diluted based on the recorded conductivity measured for each 

sample and passed to the analytical laboratory of the Department of Environmental 

Geosciences to measure dissolved organic carbon (DOC) and total carbon contents 

using carbon analyser TOC-L CPH (Shimadzu, Japan) and inorganic anions using 

Dionex ICS-2000 ion chromatography system (Dionex, USA). 

3.6 Data treatment and geochemical modelling 

The experimental data (means and standard deviations) were statistically treated and 

graphs plotted using the SigmaPlot 13 (StatSoft Inc., USA). The PHREEQC-3 

geochemical code (version 3 for Windows) (Parkhurst and Appelo, 2013) was used to 
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determine the possible oversaturation with respect to solid phases (saturation indices, 

SI). The T_H.DAT database was used for all the calculations, which enables the use 

of DOC in the simulations as documented by Ettler et al. (2012) and Michálková et al. 

(2016a). 
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4. RESULTS 

4.1 Changes in the physico-chemical parameters of the soil 

4.1.1 Soil pH 

The natural active and exchangeable pH of the soil was in the range of 5.3-7.1 and 4.9-

6.6, units respectively, for all variants (Figure 8). There was initial decline of soil pH 

(active and exchangeable) as the moisture content increased from 0% till 60%. The 

trend changed from 60% WHC and increased afterwards with higher water content. 

For instance, in the nZVI treated sample, pHH2O decreased from 6.0 in the 0% to 5.4 

in the 60% moisture sample and then increased to 7.1 in the 130% sample (Figure 8). 

The flooded sample (>130% WHC) recorded the highest values in active pHH2O of 7.1 

and pHKCL of 6.6, while sample with 60% moisture content recorded the lowest pH 

values (figure 8). For the frozen samples, pH for F1 (frozen for 3 months) was higher 

than that which was frozen for a 15-day period (F2).  The effect of liquid-to-solid ratio 

on pH was mostly increasing for an increase in liquid-to-solid ratio for all variants of 

moisture contents with just a few exceptions as seen in Table 5. Liquid-to-solid ratio 

2 had the lowest pH values in the range of 5.30- 6.97 units, followed by L/S 5 then 

L/S 10 for samples that had the same conditions. Overall, the application of the nZVI 

amendment resulted in a significant increase in soil pH for most of the incubation 

conditions at various L/S ratios compared to the control (Figure 8, Table 5) except for 

F1 (3 months frozen) and pHH2O for 0% and 30% WHC. 
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Figure 8. Changes in pH measurements as a function of incubation conditions. (mean ± SD; n 

= 3) F1= frozen 3 months, F2= frozen 15 days. Statistical evaluation was performed separately 

for each incubation condition. Data with the same letter represent statistically identical values 

(P < 0.05). 

 
Table 5. pH (H2O) changes as a function of liquid-to-solid ratio (means; n = 3) 

  Control  nZVI 

L/S 2 5 10 2 5 10 

0% 5.71 ± 0 5.74 ± 0 5.59 ± 0 5.84 ± 0.01 5.99 ± 0 6.12 ± 0.3 

30% 5.42 ± 0.01 5.54 ± 0 5.60 ± 0 5.52 ± 0.07 5.80 ± 0 6.00 ± 0 

60% 5.36 ± 0.02 5.54 ± 0 5.52 ± 0 5.34 ± 0.08 5.51 ± 0 6.11 ± 0 

90% 6.62 ± 0.04 6.64 ± 0 6.64 ± 0 6.90 ± 0.01 6.97 ± 0 6.94 ± 0.1  

130% 6.48 ± 0.05 6.62 ± 0.01 6.81 ± 0 6.88 ± 0.01 7.02 ± 0 6.52 ± 0 

F1 5.74 ± 0.02 5.93 ± 0 6.04 ± 0 5.88 ± 0.06 5.95 ± 0 6.23 ± 0 

F2 5.30 ± 0.04 5.51 ± 0 5.88 ± 0 5.40 ± 0.02 5.56 ± 0 5.52 ± 0 

Note; F1= frozen 3 months, F2= frozen 15 days. 

 

 

4.1.2 Soil Eh 

The Eh values measured in the soil ranged from 411 - 522 mV as indicated in Figure 

9. The Eh value for dry soil (0% WHC) was lower than moist samples except the 

flooded sample (130%) (figure 9). The Eh values measured for nZVI treated sample 

increased from 427 mV in sample 0% WHC till a peak at 60% WHC and then declined 

with increasing moisture content. The lowest Eh of 411 mV was recorded in the 

flooded sample with over 130% WHC test sample. There is no observable Eh trend 

with changing liquid-to-solid ratio with values of control samples over 500 mV for all 

L/S ratios except for 130% WHC. Soils treated with a dose of nZVI were generally 



28 

characterised by significant lower Eh values as compared to their controls. For all 

variants of the tested soil, the highest Eh value of 573 mV was measured at sample 

with control 30% WHC, and F2 (15-day frozen period). Low Eh up to 435 mV (nZVI 

130%) were recorded for treated samples (Table 6). 

 

Figure 9. Changes in redox potential as a function of incubation conditions. (mean ± SD; n = 

3). Statistical evaluation was performed separately for each incubation condition. Data with 

the same letter represent statistically identical values (P < 0.05). 

 
Table 6. Eh changes as a function of liquid-to-solid ratio (means; n = 3) 

  Control  nZVI 

L/S 2 5 10 2 5 10 

0% 535 511 568 507 520 547 

30% 558 531 573 520 547 545 

60% 554 553 572 522 543 535 

90% 493 508 521 488 462 441 

130% 504 493 513 439 435 492 

F1 535 517 560 448 481 517 

F2 544 503 573 484 494 562 
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4.2 Leaching behaviour of studied metal(loids) 

4.2.1 Effect of incubation conditions on risk metals and arsenic 

The leaching behaviour of the studied metal(loids) with changes in incubation 

conditions and liquid-to-solid ratios were investigated and shown in Figures 10 and 

11, Appendix 2-4). The concentrations of the risk metals and As are in mg/kg to be 

comparable among different L/Ss. The corresponding physico-chemical properties 

measured during the leaching experiments at the various L/S ratios are found in Table 

5 and 6. Mostly, incubation periods that recorded high pH values, low Eh, had the least 

leached amounts of the metalloids especially for Zn and Cd. Zinc leached most, 

followed by Pb, As and Cd, respectively. The leached amounts of Zn ranged between 

4.1 mg/kg (90% WHC, L/S 2) at pH 6.62 units to 131.9 mg/kg (F2, frozen 3 months, 

L/S 2) at pH 5.3 units and Eh 544 mV. For unfrozen soils, Zn concentrations increased 

from dry sample (0% WHC) till the highest concentration at 121.1 mg/kg at 60% 

WHC, but leaching decreased with further increase of moisture content (Figure 10). 

Lead had the second highest amount of its concentration leached, with amounts 

reaching 43 mg/kg (Figure 10). Unlike Zn, Pb values showed low concentrations for 

dry sample at 0% WHC as compared to moist soil except for flooded soil extracted at 

L/S 5 and 10. A decreasing pattern was observed from 0% WHC till minimum values 

were reached at 60% WHC. The highest Pb concentration leached in soil (43 mg/kg, 

130%WHC, L/S 2) represented approximately 1% of total Pb in the soil. The lowest 

amounts of Pb leached at 60% WHC for all L/Ss ranged between 2.1mg/kg to 15.7 

mg/kg. (Figure 10, Appendix 2-4). Arsenic depicted a concave trend like Pb for L/S 

5. Their concentrations decreased from 0% WHC till 60% (Figure 11). The highest 

amount of As leached (90%, control, L/S 5) at pH 6.64 units and Eh 508 mV, 

represented approximately1% of total As content. Concentrations below detection 

limit were reported for L/S 2, control 60% WHC and nZVI. Cadmium exhibited 

leaching trend like that of Zn with the maximum values of Cd released under 

incubation condition of 60% WHC and frozen for 15 days (Figure 11). A concentration 

of 1.7 mg/kg representing almost 3.6% of total Cd concentration was leached at this 

WHC (60%, control, L/S 2) at pH 5.74 units and Eh 535 mV. 

In the freezing conditions, metals leaching behaved differently. Whilst Zn and Cd 

recorded lower concentrations for soil frozen for 3 months, Pb and As yielded higher 
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amounts for soil frozen for 15 days. The amount of zinc leached in the sample frozen 

for 15 days (78-141) mg/kg, was almost equivalent to that of its unfrozen counterpart 

60% WHC (87-145) mg/kg (Figure 10). 

 

4.2.2 Effect of liquid-to-solid ratio on risk metals and arsenic 

The influence of liquid-to-solid ratio on metal release has been assessed and their 

findings are summarised in figures 10, 11 and Appendix 2-4. When the LS ratio was 

increased from 2 to 10, metal concentrations varied from metal to metal. However, Zn 

and Cd behaved similarly, yielding their highest concentrations mostly at low L/S of 

2 (Figure 10, 11 and Appendix 2-4). For example, highest Zn concentrations of 131.9 

mg/kg (nZVI F2), 141 mg/kg (LC F2) and 145 mg/kg (LC 60%) were all measured in 

the samples with liquid-to-solid ratio of 2. In sample WHC of 90% however, L/S 5 

leached the highest amount of 15.34 mg/kg for the nZVI-treated soil (Figure 10). 

Comparing the different variants, Pb values commonly increased mostly with 

increasing L/S with few exceptions observed in the dry sample and F1 (15 day frozen).  

Arsenic tends to yield its highest concentrations at L/S of 5 for most of the incubation 

conditions with concentrations ranging from 1.02 mg/kg to 2.83 mg/kg (Figure 11). 

 

4.2.3 Effect of nZVI on risk metals and arsenic 

Generally, lower concentrations of risk metals were released on addition of nZVI. 

Even though treated samples of Zn, Pb and Cd recorded lower concentrations, 

significant differences between their means and that of the control were usually 

recorded for incubation condition 90% WHC (L/S 2 and 5). Samples extracted at L/S 

of 10 showed very few samples having significant differences between the test 

samples. Few instances where control sample leached less amount of metals include; 

(Zn; 0% WHC L/S 2), Pb; 30% WHC L/S 2, 3 and 130% WHC L/S 10, Figure 10, 

12).  Arsenic behaviour in the samples followed that of the risk metals. Low 

leachability was observed when soil was treated with nZVI for most variants of 

incubation conditions. Just like metals, there were significant differences between the 

treated and control samples at 90% WHC (L/S 2 and 5) mostly.
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L/S 2                                                                 L/S 5                                                                        L/S 10 

 

 

Figure 10. Leaching of zinc (top row) and lead (down row) as a function of incubation conditions. Statistical evaluation was performed separately for each 

incubation condition. Data with the same letter represent statistically identical values (P < 0.05). 
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L/S2                                                             L/S 5                                                                L/S10

 

 
Figure 11. Leaching of arsenic (top row) and cadmium (down row) as a function of incubation conditions. Statistical evaluation was performed separately for 

each incubation condition. Data with the same letter represent statistically identical values (P < 0.05). 
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4.3 Leaching behaviour of Fe, Mn, DOC and SO4
2- 

4.3.1 Effect of incubation conditions. 

The release of major ions (Fe, Mn), DOC and SO4
2- was studied to evaluate their 

behaviour under the various incubation conditions and L/S (Figures 12 and 13, 

Appendix 2-4) and influence on metal leaching. A very low amount of Fe was leached 

for all the different variants of the setup. The highest concentrations of Fe (133.1, 

262.05, 203.43 mg/kg) were released at nZVI 130% at L/S 2, 5, and 10 respectively 

(Appendix 2-4).  Low concentrations of Mn were observed in samples with WHC 60% 

or less with a sharp increase at WHC 90% (Figure 12). Manganese yielded the highest 

concentrations (113-180) mg/kg at 90% WHC for the various liquid-to-solid ratios 

except for L/S 10 where sample nZVI 130% WHC had the highest concentration of 

94.06 mg/kg. In the frozen soils, Fe and Mn both leached less concentration for the 

samples F2 (frozen for 15 days) for the various L/Ss (Figure 12).   

Dissolved organic carbon amounts ranged between 72 up to >1000 mg/kg (Figure 13). 

The highest value of 6566 was detected in the soil sample (90% WHC, control, L/S 

10). The concentrations of DOC in leachates were considerably variable with change 

in the water content of the samples.  Sulphate concentrations displayed different trends 

for the incubation conditions for the three different L/Ss. For example, it increased 

marginally with increasing WHC for L/S 5. The sulphates in L/S 2 and 10 did not 

really show an observable pattern (figure 13).  In frozen soils, DOC and sulphate were 

lower for the sample F2 which was frozen for 15 days as compared to the 3-months 

frozen sample F1. 

4.3.2 Effect of liquid-to-solid ratio 

The lowest amount of Fe concentrations was leached at L/S 2 for most of the different 

moisture content. The leached amount of Fe did not however increase with increasing 

L/S as concentrations leached in L/S 10 were less than that leached in L/S of 5. Unlike 

Fe the leaching behaviour with respect to L/S for Mn was highest at L/S of 2 and 

decreased with an increase to L/S 5 (figure 12). Most of the samples decreased with 

further increase to L/S 10. Dissolved organic carbon values in terms of L/S, were 

highest at L/S of 10 for all samples. There is observable decrease with a decrease in 

L/S as observed in figure 14except for sample (90% WHC) of the nZVI treated 
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sample, where L/S of 5 (475 mg/kg) had a higher concentration of DOC compared to 

L/S 10. The concentrations for sulphate showed an increase with higher L/S for the 

control samples. This trend is not followed by the nZVI treated sample which 

exhibited an increase from L/S of 2 to 5 but significantly decreased when the L/S was 

increased to 10 (figure 13). 

 

4.3.3 Effect of nZVI on Fe, Mn, DOC and SO4
2- 

Iron and manganese were observed in most cases to be higher for nZVI-treated 

samples (Figure 12). Minimum concentration of Fe leached at L/S 2 (6.3 mg/kg, 60% 

WHC). Low values of Mn (8.3-44 mg/kg) were recorded for most variants of 

incubation conditions except for samples with 90% and 130% moisture content, which 

released Mn over 100 mg/kg averagely. Figure 13 illustrates the leaching 

characteristics of DOC upon the application of nZVI. The control soil contained higher 

amounts of DOC than the nZVI treated soils. The maximum values of DOC were 

measured at L/S of 10, ranging from 358 mg/kg (nZVI 90% WHC) to 6566 mg/kg 

(control 90% WHC). Sulphate (SO4
2-) was slightly higher when the soil was treated 

for L/S 2 and 5 but samples in L/S 10 had their treated samples having lower 

concentrations as compared to their controls.   
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LSR 2 

 

LSR 5 LSR 10 

   

Figure 12. Leaching of Fe (top row) and Mn (down row) as a function of incubation condition. 
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L/S 2 L/S 5 L/S 10 

   

 
 Figure 13. DOC (top row) and Sulphate (down row) as a function of incubation condition. 
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4.4 Solubility of contaminants and saturation phase indices 

Saturation indices of selected phases that could probably affect the release of the 

studied risk metal(loid)s are given in Appendices 5-7. According to the PHREEQC-3 

calculations, leachates were undersaturated with respect to Cd and Zn bearing phases, 

indicating no precipitation under studied conditions (SI <0). From the PHREEQC-3 

calculations it is observed that CO2 had an influence of the precipitation of Pb 

carbonates. Mineral phase influencing Pb precipitation was cerussite (PbCO3) and 

predicted to form at 90%WHC and 130% WHC for all liquid to solid ratio. Other Pb 

minerals were only precipitated at L/S 5 and these include plumbogummite 

(PbAl3(PO4)2(OH)5·H2O) and hxypyromorphite (Pb5(PO4)3OH) due to the presence of 

phosphate. Arsenic was predicted to form a (Ba3AsO4)2 complex. There were a high 

number of mineral phases influencing iron and these were, goethite (FeOOH), 

hematite (Fe2O3), maghemite (Fe2O3), and magnetite (Fe3O4), all of which had very 

high saturation indices. A rare form of iron phosphate, strengite (FePO4·2H2O) was 

formed at L/S 5. The PHREEQC-3-3 calculations, reported no Mn bearing phases, 

indicating that no precipitation under studied conditions (SI <0).  
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5. DISCUSSION 

5.1 Effect of incubation conditions on the leachability of contaminants 

Periodic changes of the soil moisture regime may affect soil properties, which would 

consequently affect the release of contaminants (Matranga, 2012). Results from this 

work have shown that leaching characteristics of metal(loids) are dependent on 

environmental conditions. Yang et al. (2009) suggest a negative correlation between 

water content in a soil and redox potential (Eh). Results from this study however 

followed this suggested trend only when moisture content increased from 90% WHC 

to flooded condition (>130% WHC) with the flooded sample being the highest 

reduced. Kashem and Singh (2001) also observed a decrease in Eh when they 

submerged soil to check the effect of flooding on the soil conditions.  

The pH values generally increased slightly with increase in the moisture content. 

Converse to the Eh and consistent with literature, the highest pH was recorded at the 

flooded sample (>130% of WHC). This could be attributed to the H+ consumption in 

reduction reactions, resulting in pH rise in acid soils (Narteh and Sahrawat, 1999). 

Metal behaviour in the soil samples under the different moisture content can be 

attributed to changes in Eh and pH (Kashem and Singh, 2001). The results of this 

work, show low amounts of leached contaminants when there was an increase in pH 

and a reduced Eh. For example, sample with 90% WHC extracted at L/S 2 had a high 

pH of 6.9 units and Eh 488 mV, leached only 4.1mg/kg of Zn (figure 10). Work by 

Vítková et al., (2017) documented similar decrease in leaching concentrations of Zn 

towards pH 7. Lead values were lowest for 60% WHC for most samples even though 

the highest pH values were recorded at 90% and 130% WHC setting. This gives 

credence to the fact that other soil parameters influence metal availability apart from 

soil pH. In Kashem and Singh, (2001), it is suggested that the Eh, pH changes that 

occurred may result in increased negative charge on soil particles which fosters higher 

adsorption of metals and decrease the solubility in especially flooded conditions. It is 

noteworthy to mention here that, even though flooded condition (> 130% WHC) 

provided the lowest Eh values, it leached more metals than 90% WHC in many 

scenarios. Under waterlogged conditions, Fe oxides are dissolved because of the 

reduction of Fe (Millaleo et al., 2010) and consequently metals become more 

available. 
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Low levels of As reported at near neutral pH in this study is contrary to other studies. 

Smedley and Kinniburgh, (2001) documented As mobilisation at the pH values 6.5–

8.5. The low levels of As at near neutral pH could mean As existed as As(v) which is 

reported by Villalobos et al. (2014) to be sorped better at are lately higher pH value. 

 

5.2 Effects of liquid to solid ratio. 

The L/S is defined as the volume of extractant in contact with given mass of dry solid 

sample (Hyks et al., 2009). The L/S was performed to depict different extraction 

/leaching conditions. Therefore, in this thesis, L/S application is to determine its 

influence on nZVI contaminant stabilization on metals and Arsenic leaching. An 

increase in the L/S from 2 to 10, provided different results for individual metals. The 

elements Zn and Cd had higher leaching concentrations at the lowest L/S of 2, whilst 

Pb and arsenic leached most at L/S 5.A study of metal leachability from coal 

combustion residuals by DaSilva et al. (2018) reported similar results. They concluded 

that this occurrence may be as a result of elements reaching their maximum leaching 

at low L/S. 

In L/S leaching test, the test conditions are meant to approximate chemical equilibrium 

between the aqueous and solid phases for maximum leaching (Garrabrants et al., 

2010). Therefore, the study elements showed different L/S for maximum leaching due 

to occurrence of different chemical equilibrium between their solid and liquid phases, 

since in most situations, attaining chemical equilibrium demands longer periods than 

test durations. This can also be attributed to differences in complexation or chelation 

with different ligands, thus shifting the equilibrium to the aqueous phase (Kosson et 

al., 2014). 

5.3 Assessment of soil stabilisation after treatment with nZVI. 

Upon application of the nZVI amendment to the experimental soil, there was 

significant increase in the pH values as high as 7.2 and a concomitant decrease of Eh, 

that foster conditions which promote immobilisation process of risk metals. The surge 

in pH is a result of the further oxidation of already corroded iron by the spontaneous 

reaction between nZVI and water (Essington, 2004; Gil-Díaz et al., 2014). In 

anaerobic conditions, this reaction is described as (5) (Ponder et al., 2000): 



 

 

40 

 

Fe0
(s) + 2H2O ==== Fe2+ + H2(g)+ 2OH-

(aq)   (5) 

 

The pH surge also helps abate compounds not reducible by nZVI, as it aids 

precipitation, sorption and/or incorporation in the structure of the formed iron 

oxyhydroxides (Klimkova et al., 2011). The pH increments upon addition of nZVI 

however, will increase to the extent that the soil buffering capacity allows (Gil-Díaz 

et al., 2014). Many studies show that DOC significantly influences the mobility of risk 

metals (Weng et al., 2002; Vítková et al., 2017). Lower concentrations of DOC were 

recorded for nZVI-treated samples as compared to the control. This is in sharp contrast 

to observations made by Zhao et al. (2012) who reported an increase in the DOC upon 

addition of nZVI. 

 

The efficiency of the stabilisation process can be assessed by the retention of the risk 

metalloids (Komárek et al., 2013). There was a considerable decrease of leached 

amount of metal(loids) upon the addition of nZVI. Zinc leaching was the highest 

because of the loose binding by solids than other metals (Chaney, 2010). The lowest 

concentration of Zn was recorded in the nZVI-treated sample with 90% moisture 

content. This low amount of about 10% of the control value conformed with the high 

pH and low Eh recorded at that condition. No Cd and Zn potential solubility 

controlling phase were reported by the PHREEQC-3 calculations. From the phases 

presented by PHREEQC-3 calculation, the low presence of the studied elements’ (Zn, 

Cd) mineral phases may mean that, these elements were only sorbed onto the 

secondary Fe (oxyhydr)oxides developed in the soil upon reaction with water. A recent 

study conducted by Vítková et al. (2017) tends to support this reasoning, as they 

observed from transmission electron microscopy that Zn was retained under near 

neutral condition by newly formed Fe oxides. The low levels of Pb recorded upon 

treatment with nZVI can be as a result of both reduction and adsorption of Pb ions 

(O’Carroll et al., 2013; Li and Zhang, 2007;  Fu et al. 2015 and Wang et al. 2016). 

Cerussite was predicted by the PHREEQC-3 calculation as the mineral phase 

influencing Pb precipitation in the soil samples. Similar observations were made by 

Vítková et al. (2017) as they found that Pb was present in the form of cerussite 

(PbCO3) or Pb(OH)2. That same study observed retention of Pb by newly formed 

oxides. According to the PHREEQC-3 calculations, goethite (FeOOH), hematite 
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(Fe2O3), maghemite (Fe2O3), and magnetite (Fe3O4) could be responsible for the 

retention of contaminants. Low concentrations of As in nZVI-treated soils could result 

from reduction and precipitation as As is much more positive in terms of redox 

potential than nZVI (Li et al., 2006). The lower concentrations of As leaching 

observed in the soil was as a result of the complexation with Ba to form Ba3(AsO4)2 

complex. Nano zero-valent iron has been proposed as a suitable chemical 

amendmentment in numerous studies (Kumpiene, 2006; Ramos et al., 2009; O’Carroll 

et al., 2013; Li et al., 2016; Vítková et al., 2017). Ramos et al. (2009) reported that, 

nano zero-valent iron causes reduction of less toxic arsenate (As5+) to arsenite (As3+) 

a toxic and mobile form of arsenic, which is subsequently adsorbed or co-precipitated 

at the surface of the nano iron alongside residual As5+. Kumpiene et al. (2008) 

documented that immobilisation of As could be through the adsorption on Fe oxides 

by replacement of hydroxyl groups with As ion which forms insoluble secondary As 

bearing minerals.  
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6. CONCLUSION 

This work was focused on the efficiency of the use of nano zero-valent iron 

stabilisation of contaminants in the soil. Leaching of risk metal(loids) was studied as 

a function of incubation conditions and also liquid to solid ratio. An application of 

nZVI led to a considerable decrease in the contents of all the monitored contaminants 

(i.e., Pb, Cd, Zn and As). Based on the results of this work, it is possible to confirm 

the hypothesis that the leachability of the hazardous metals in the soil depends on the 

moisture content of the soil. The release of metal(loid)s showed different leaching 

patterns with an increase in moisture content. Zinc and Cd concentrations increased 

till 60% WHC and then decreased at 90%. Lead depicted decreasing concentrations 

with increasing soil moisture content up to 60% WHC. From this experiment, we can 

conclude that, the influence of moisture content on the leaching behaviour is element 

specific. Lead tends to be efficiently stabilised at 60% moisture content setting while 

90% moisture content is the best condition for the optimal stabilisation of Zn, Cd and 

As. The addition of nZVI to the soil generally increased pH across the various samples 

used and decreased the amount of metal(loids) leached in the samples. The results 

showed a significant effect of pH, Eh, and DOC on the leaching characteristics of the 

studied elements. The amount of information about nZVI particles transformations, 

their behaviour in soils, and the mechanisms of capturing different forms of 

contaminants is still limited. The focus of this thesis fits into the broader context of 

studying geochemical transformations of nanoiron interactions with risk elements and 

influence of various environmental conditions on the leachability of metal(loids) from 

contaminated soils. 
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APPENDIX 

Appendix 1.DOC values for the various liquid to solid ratio. 

 

 L/S 2 L/S 5 L/S 10 

WHC LC nZVI LC nZVI LC nZVI 

0% 79 215 690 612 6430 0 

30% 155 125 370 367 3693 885.7 

60% 119 72 317 252 4457 754.5 

90% 194 154 573 475 6566 358.22 

130% 126 156.03 450 506 4774 910.9 

F1  154 155.08 488 502 6152 572.7 

F2 74 68.08 271 273 4442 3837.5 
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Appendix 2. Concentration values from of the various elements measured (L/S 2) 

 
  mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg 

  
Mn Fe Cu Zn Pb Mg Ca K Na As Cd Ba Ti Al Sr Si S 

LC 0%  16.5 93.8 1.1 74.9 23.8 14.8 76.6 169.9 6.7 1.7 0.8 2.0 0.2 28.0 0.2 32.6 60.7 

LC 30%  19.3 18.7 0.4 118.6 5.3 27.2 129.3 128.2 6.2 0.5 1.2 1.9 0.1 6.1 0.5 28.9 42.9 

LC 60%  11.6 6.3 0.3 145.1 2.1 32.5 159.8 131.5 6.7 0.0 1.4 2.0 0.0 2.0 0.5 30.9 41.0 

LC 90%  180.9 77.8 1.4 38.3 28.9 21.6 102.4 157.3 5.4 1.5 0.7 2.3 0.3 28.7 0.3 60.4 62.3 

LC 130%  101.5 133.1 1.4 50.4 43.0 15.7 74.4 99.6 6.0 2.6 0.7 2.0 0.3 32.8 0.2 57.3 62.5 

LC F1  21.8 116.6 1.2 75.4 32.7 14.6 72.7 158.1 5.9 1.7 0.9 2.1 0.2 33.4 0.2 36.7 69.9 

LC F2 9.7 8.6 0.2 141.2 2.0 32.9 161.2 151.6 8.2 0.3 1.4 2.2 0.1 4.1 0.6 34.3 48.4 

nZVI 0%  44.4 94.8 1.3 84.6 24.8 21.1 114.1 104.2 8.3 1.1 0.9 1.9 0.3 29.8 0.3 40.8 74.4 

nZVI 30%  40.1 49.3 0.6 76.5 10.9 22.0 110.1 109.1 8.6 0.6 0.8 1.5 0.2 19.0 0.3 35.8 64.9 

nZVI 60%  13.1 9.8 0.2 121.1 2.4 29.3 145.5 109.0 7.2 0.1 1.2 1.7 0.1 4.2 0.5 30.6 48.4 

nZVI 90%  150.4 21.8 0.6 4.1 3.5 20.6 86.1 150.7 7.9 0.1 0.2 1.3 0.1 4.7 0.2 68.9 28.2 

nZVI 130% 87.0 88.4 1.0 10.7 16.4 12.9 52.8 111.8 3.9 1.1 0.2 1.4 0.3 12.3 0.2 50.6 32.7 

nZVI F1  19.9 116.2 1.2 62.8 28.4 12.7 57.3 84.3 3.7 1.5 0.7 1.9 0.1 28.6 0.2 33.8 62.0 

nZVI F2  15.5 4.0 0.2 131.9 1.0 33.6 173.7 282.7 8.2 0.0 1.5 2.2 0.0 1.7 0.6 31.6 45.9 



 

 

52 

Appendix 3. Concentration values from of the various elements measured (L/S 5) 

  

  mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg 

  
Mn Fe Cu Zn Pb Mg Ca K Na As Cd Ba Ti Al Si S 

LC 0%  10.60 63.19 0.83 50.89 19.11 8.23 43.41 56.39 11.37 1.00 0.52 1.60 0.09 16.19 32.88 16.48 

LC 30%  10.73 94.86 0.46 62.30 11.23 16.43 64.77 70.51 12.30 1.13 0.65 1.56 1.55 89.01 133.56 15.45 

LC 60%  10.08 114.11 0.55 80.41 14.38 20.20 76.83 66.74 12.21 1.30 0.77 1.80 1.77 105.40 156.26 17.29 

LC 90%  113.09 214.77 1.45 48.24 36.40 23.59 59.63 70.09 11.86 2.82 0.63 2.49 3.54 211.71 286.44 29.59 

LC 130%  60.61 176.93 1.19 44.21 35.39 15.06 44.84 55.99 14.20 2.70 0.54 2.12 2.15 137.46 185.56 22.64 

LC F1  16.13 206.40 1.19 60.39 28.96 17.66 44.69 65.11 11.84 2.57 0.60 2.36 2.86 175.06 238.19 20.77 

LC F2 8.12 114.21 0.48 74.40 11.94 19.65 76.63 64.89 12.67 1.26 0.74 1.67 1.95 105.73 156.23 17.19 

nZVI 0%  22.64 206.79 0.97 47.58 18.98 19.83 209.59 75.71 16.74 2.35 0.49 1.74 3.43 192.70 264.56 23.25 

nZVI 30%  25.21 127.84 0.65 58.47 17.03 18.12 68.34 70.96 12.64 1.29 0.61 1.70 1.68 105.56 155.58 16.62 

nZVI 60%  8.94 101.04 0.45 67.53 9.82 18.83 72.56 66.92 12.50 1.02 0.66 1.50 1.57 95.66 146.87 17.21 

nZVI 90%  121.59 152.49 1.12 15.34 16.53 18.74 62.16 80.82 12.34 1.50 0.25 1.70 1.87 75.13 121.45 39.59 

nZVI 130% 81.67 262.05 1.87 29.44 42.14 13.90 44.03 70.22 13.97 2.42 0.42 2.19 1.83 91.95 121.94 27.95 

nZVI F1  13.33 167.58 1.02 48.84 22.03 15.00 42.22 67.66 13.49 2.03 0.49 2.02 2.31 141.57 196.14 20.17 

nZVI F2  9.23 95.04 0.45 70.64 11.06 19.52 82.85 65.92 12.41 1.12 0.71 1.80 1.41 85.37 133.22 16.37 
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Appendix 4. Concentration values from of the various elements measured (L/S 10) 

  mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg 

  Mn Fe Cu Zn Pb Mg Ca K Na As Cd Ba Si S 

LC 0% 10.46 75.65 1.17 50.95 16.00 10.02 42.34 175.63 22.05 0.83 0.54 1.87 50.18 25.21 

LC 30%  14.35 77.88 0.99 75.06 17.73 14.24 65.21 91.16 22.87 0.98 0.76 2.21 44.95 23.26 

LC 60%  10.48 65.50 0.81 87.31 15.70 16.85 80.87 95.56 23.29 0.70 0.87 2.31 43.11 25.35 

LC 70%  10.58 61.53 0.89 77.48 14.99 15.57 71.98 102.89 19.27 0.62 0.75 2.16 38.39 25.77 

LC 80%  89.72 83.86 1.27 35.40 27.50 11.91 45.06 78.30 20.10 1.26 0.48 2.17 48.45 34.74 

LC 90%  115.40 70.48 1.48 32.19 23.90 13.37 54.59 84.55 21.58 1.26 0.52 2.07 49.88 34.19 

LC 130%  66.51 99.22 1.36 34.31 28.88 9.32 38.38 95.99 21.30 1.70 0.42 2.03 47.07 28.33 

LC F1  11.57 79.51 1.12 46.71 18.18 8.60 37.71 101.60 20.56 1.18 0.51 1.85 42.96 25.21 

LC F2  8.99 69.25 0.53 78.13 15.85 15.20 77.25 88.25 21.74 1.17 0.80 2.27 42.48 24.25 

nZVI 0%  32.57 72.49 1.33 52.23 15.83 13.01 59.65 222.22 24.21 1.12 0.58 1.99 40.41 23.54 

nZVI 30%  27.41 84.16 0.93 63.28 18.01 14.88 69.90 118.47 23.87 1.43 0.65 2.14 48.48 25.92 

nZVI 60% 9.51 69.25 0.75 79.39 11.88 18.84 83.40 154.18 22.38 0.56 0.79 2.31 67.90 24.44 

nZVI 70%  13.09 70.43 0.59 58.72 11.98 14.41 69.67 100.48 22.77 0.56 0.58 2.08 42.49 25.89 

nZVI 80%  118.69 117.25 1.00 20.53 21.33 13.76 69.88 105.34 21.32 0.96 0.31 1.85 42.50 42.23 

nZVI 90%  74.70 57.95 0.82 7.78 9.56 9.01 26.89 79.73 21.21 0.38 0.13 1.00 22.19 21.92 

nZVI 130%  94.06 203.43 2.88 25.45 37.21 13.60 42.75 93.97 24.59 2.00 0.40 2.22 45.69 30.68 

nZVI F1  12.60 95.90 1.21 49.54 20.70 9.08 37.27 157.10 25.72 1.16 0.53 2.16 47.77 23.81 

nZVI F2  7.76 53.75 0.58 74.31 11.30 16.43 86.88 128.26 28.92 0.36 0.73 2.22 41.76 22.60 
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Appendix 5. Saturated indices for selected phases modelled with PHREEQC-3 program (version 3.0) (L/S 2) 

 

  

  CONTROL nZVI 

INCUBATION CONDITION 0% 30% 60% 90% 130% F1 F2 0% 30% 60% 90% 130% F1 F2 

PHASE COMPOSITION SATURATION INDEX 

Adularia KAlSi3O8 1.32 -0.69 -1.33 2.54 2.34 1.56 -1.04 1.61 0.54 -1.17 0.76 1.49 1.45 -1.27 

Alunite KAl3(SO4)2(OH)6 9.12 6.28 4.61 7.86 8.38 9.5 5.39 9.08 8.28 5.25 4.25 5.49 9.06 3.66 

Annite KFe3AlSi3O10(OH)2 0.78 -5.11 -7.08 3.5 3.49 1.23 -5.78 2.14 -0.5 -4.59 0.02 4.96 5.1 -4.29 

Ba3(AsO4)2 Ba3(AsO4)2 7.38 5.21 - 10.9 10.68 7.38 4.78 7.36 5.22 - - 10.96 8.17 - 

Barite BaSO4 0.43 0.31 0.34 0.74 0.69 0.5 0.38 0.44 0.37 0.26 0.69 0.61 0.54 0.34 

Basaluminite Al4(OH)10SO4 9.57 5.53 3.22 9.29 9.97 9.98 3.91 9.95 8.15 3.92 4.81 6.52 10.09 1.52 

Boehmite AlOOH 3.3 2.17 1.58 3.62 3.72 3.38 1.69 3.44 2.83 1.7 2.6 3.05 3.5 1.16 

Cerrusite PbCO3 0.19 -0.78 -1.44 1.17 1.31 0.52 -1.79 0.48 -0.53 -1.78 0.31 0.99 0.66 -2.14 

CupricFerrite CuFe2O4 14.31 10.57 9.72 16.96 17.3 14.15 - 14.22 12.27 - 16.41 17.91 14.6 - 

CuprousFerrite CuFeO2 9.32 6.68 6.27 11.07 11.14 9.09 - 9.47 8.24 - 10.69 12.39 10.62 - 

Diaspore AlOOH 5.01 3.87 3.29 5.32 5.43 5.09 3.4 5.14 4.53 3.4 4.31 4.76 5.21 2.86 

Gibbsite Al(OH)3 3.78 2.64 2.05 4.09 4.2 3.86 2.17 3.91 3.3 2.17 3.08 3.53 3.98 1.63 

Goethite FeOOH 8.81 7.61 7.17 9.51 9.67 8.88 7.21 8.87 8.24 7.25 9.14 9.75 9.01 6.88 

Halloysite Al2Si2O5(OH)4 3.88 1.32 0.1 4.54 4.75 4.17 0.47 4.34 2.99 0.48 1.81 2.85 4.31 -0.65 

Hematite Fe2O3 19.62 17.23 16.35 21.03 21.35 19.77 16.42 19.74 18.49 16.5 20.29 21.5 20.02 15.78 

Laumontite CaAl2Si4O12:4H2O 2.48 -0.77 -1.94 5.05 4.92 2.87 -1.62 3.47 1.4 -1.65 2.15 3.12 3.2 -2.56 

Leonhardite Ca2Al4Si8O24:7H2O 12.79 6.3 3.96 17.94 17.68 13.57 4.59 14.78 10.63 4.54 12.15 14.08 14.24 2.72 

Maghemite Fe2O3 9.23 6.84 5.95 10.64 10.96 9.37 6.03 9.35 8.1 6.11 9.9 11.11 9.63 5.38 

Magnetite Fe3O4 18.01 14.32 12.99 19.92 20.3 18.22 13.4 18.48 16.71 13.93 18.61 21.23 19.8 13.33 

Phillipsite Na0.5K0.5AlSi3O8:H2O 0.02 -1.94 -2.56 1.22 1.15 0.26 -2.26 0.48 -0.6 -2.35 -0.47 0.07 0.17 -2.63 

Pyrophyllite Al2Si4O10(OH)2 11.97 9.11 7.86 12.66 12.87 12.39 8.37 12.61 11.15 8.38 9.23 10.4 12.42 7.21 

ZnSiO3 ZnSiO3 1 0.44 0.5 2.4 2.31 1.04 0.37 1.31 0.63 0.31 1.67 2.17 1.31 0.51 
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  CONTROL nZVI 

INCUBATION CONDITION 0% 30% 60% 90% 130% F1 F2 0% 30% 60% 90% 130% F1 F2 

PHASE COMPOSITION SATURATION INDEX 

Adularia KAlSi3O8 -0.15 2.02 2.27 5.06 4.22 3.9 2.26 4.32 2.97 2.16 3.66 3.69 3.76 2.21 

Alunite KAl3(SO4)2(OH)6 - - - 5.07 5.44 7.53 5.63 7.23 5.98 - 1.72 1.95 6.94 6.47 

Annite KFe3AlSi3O10(OH)2 -0.06 1.5 1.09 6.46 6.27 5.26 3.19 5.38 2.27 1.17 6.49 8.42 6.6 3.18 

Ba3(AsO4)2 Ba3(AsO4)2 6.81 5.88 6.59 11.66 11.27 8.9 6.24 8.57 7.42 5.92 11.74 12.58 8.87 6.64 

Basaluminite Al4(OH)10SO4 - - - 10.31 10.08 11.44 8.96 11.5 9.91 - 6.53 6.9 11.06 9.44 

Boehmite AlOOH 3.1 3.56 3.63 4.51 4.33 4.32 3.63 4.44 4.01 3.6 3.76 3.85 4.32 3.68 

Cerrusite PbCO3 -0.59 -2.53 - 0.74 0.45 -0.5 - -0.26 -1.94 - 0.56 1.02 - -0.39 

CupricFerrite CuFe2O4 14.09 14.28 14.48 18.74 18.63 16.28 14.16 16.36 15.43 14.22 19.47 20.24 16.21 14.11 

CuprousFerrite CuFeO2 9.69 9.68 9.5 12.1 12.37 10.85 10.08 10.64 9.9 9.38 13.16 14.1 11.29 10.01 

Diaspore AlOOH 4.8 5.26 5.33 6.21 6.03 6.03 5.34 6.14 5.71 5.3 5.46 5.55 6.02 5.38 

Gibbsite Al(OH)3 3.57 4.03 4.1 4.98 4.8 4.8 4.11 4.91 4.48 4.07 4.23 4.32 4.79 4.15 

Goethite FeOOH 8.62 8.62 8.7 9.95 9.87 9.34 8.6 9.44 9.05 8.66 10.03 10.27 9.33 8.61 

Halloysite Al2Si2O5(OH)4 2.94 5.08 5.36 7.65 6.9 7.11 5.37 7.44 6.12 5.24 5.4 5.59 6.93 5.32 

Hematite Fe2O3 19.24 19.24 19.4 21.91 21.75 20.69 19.2 20.89 20.12 19.33 22.07 22.54 20.67 19.23 

Hxypyromorphite Pb5(PO4)3OH 11.23 7.08 9.92 17.72 18.11 14.36 9.02 13.51 12.25 17.42 19.69 13.49 10.07 -8.93 

Laumontite CaAl2Si4O12:4H2O 0.78 3.88 4.34 9.22 7.99 7 4.36 8.29 5.64 4.19 7.05 7.08 6.87 4.39 

Leonhardite Ca2Al4Si8O24:7H2O 9.39 15.59 16.51 26.28 23.82 21.84 16.55 24.42 19.12 16.22 21.94 22 21.57 16.62 

Maghemite Fe2O3 8.85 8.85 9.01 11.52 11.36 10.3 8.81 10.5 9.72 8.93 11.68 12.15 10.28 8.84 

Magnetite Fe3O4 17.84 17.63 17.57 20.94 21 19.71 18.08 19.81 18.45 17.56 21.58 22.68 20.18 18.12 

Pb3(PO4)2 Pb3(PO4)2 7.81 5.27 7.12 11.5 11.73 9.71 6.54 9.15 8.44 - 11.17 12.55 9.1 7.19 

Phillipsite Na0.5K0.5AlSi3O8:H2O -1.08 1.06 1.31 4.09 3.33 2.95 1.32 3.4 2.01 1.21 2.67 2.76 2.83 1.26 

Plumbogummite PbAl3(PO4)2(OH)5:H2O 10.51 13.86 14.28 17.09 15.97 16.4 14.28 16.81 15.03 14.1 14.1 14.28 16.04 14.1 

Pyrophyllite Al2Si4O10(OH)2 10.51 13.86 14.28 17.09 15.97 16.4 14.28 16.81 15.03 14.1 14.1 14.28 16.04 14.1 

Strengite FePO4:2H2O 5.93 5.67 6.49 6.24 6.17 6.79 6.21 6.64 6.5 - 5.58 5.93 6.34 6.31 

ZnSiO3 ZnSiO3 0.61 0.87 1.05 3.28 3.07 1.9 1.02 2.03 1.51 0.96 3.22 3.51 1.95 1.12 
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Appendix 7 Saturated indices for selected phases modelled with PHREEQC-3 program (version 3.0) (L/S 10) 

  CONTROL nZVI 

INCUBATION CONDITION 0% 30% 60% 90% 130% F1 F2 0% 30% 60% 90% 130% F1 F2 

PHASE COMPOSITION SATURATION INDEX 

Adularia KAlSi3O8 -0.64 -1.12 -1.49 0.47 0.54 -0.33 -0.69 0.03 -0.13 0.79 0.21 0.31 0.4 -1.46 

Alunite KAl3(SO4)2(OH)6 6.91 6.53 6.29 5.07 4.14 6.55 4.69 8.04 6.63 7.28 4.1 5.23 6.71 - 

Ba3(AsO4)2 Ba3(AsO4)2 5.3 5.3 4.89 9 10.31 6.84 6.5 7.04 6.84 7.23 9.42 9.29 7.63 - 

Basaluminite Al4(OH)10SO4 7.58 7.39 6.74 7.41 6.56 8.18 6.92 8.77 8.18 9.02 6.25 7.5 8.57 - 

Boehmite AlOOH 2.87 2.81 2.59 3.31 3.21 3.22 3.05 3.24 3.22 3.46 3.06 3.3 3.42 2.52 

Cerrusite PbCO3 -0.25 -0.33 -0.46 0.79 0.92 0.29 0.06 0.14 0.06 -0.08 0.57 0.84 0.29 -0.68 

CupricFerrite CuFe2O4 12.28 12.64 11.99 15.87 16.94 13.87 13.52 14.99 14.8 15.05 16.27 16.51 15.81 11.85 

CuprousFerrite CuFeO2 7.34 7.55 7.2 9.82 10.52 8.16 7.86 9.42 9.35 9.7 11.3 10.67 10.43 7.35 

Diaspore AlOOH 4.58 4.52 4.29 5.01 4.91 4.92 4.76 4.95 4.92 5.17 4.77 5.01 5.12 4.22 

Gibbsite Al(OH)3 3.34 3.29 3.06 3.78 3.68 3.69 3.53 3.72 3.69 3.94 3.54 3.78 3.89 2.99 

Goethite FeOOH 8.26 8.31 8.11 9.17 9.45 8.73 8.58 8.79 8.77 8.77 9.29 9.56 9.01 8.02 

Halloysite Al2Si2O5(OH)4 2.25 2.05 1.55 3.12 2.87 2.81 2.47 2.81 2.91 3.7 2.55 3.04 3.31 1.4 

Hematite Fe2O3 18.53 18.64 18.22 20.35 20.9 19.47 19.16 19.58 19.55 19.56 20.58 21.13 20.02 18.05 

Laumontite CaAl2Si4O12:4H2O -0.64 -0.75 -1.39 2.32 2.26 0.54 0.29 0.83 0.99 2.37 1.94 1.88 1.52 -1.53 

Leonhardite Ca2Al4Si8O24:7H2O 6.55 6.34 5.06 12.48 12.35 8.91 8.42 9.49 9.82 12.57 11.72 11.59 10.89 4.78 

Maghemite Fe2O3 8.14 8.24 7.82 9.95 10.51 9.08 8.77 9.19 9.16 9.16 10.19 10.73 9.63 7.66 

Magnetite Fe3O4 15.87 15.92 15.4 18.39 19.12 16.98 16.41 17.35 17.4 17.51 19.95 20.16 18.4 15.35 

Pyrophyllite Al2Si4O10(OH)2 9.57 9.28 8.75 10.45 10.14 10 9.64 9.93 10.19 11.29 9.78 10.29 10.59 8.57 

ZnSiO3 ZnSiO3 -0.02 0.11 -0.05 1.66 2.06 0.65 0.68 0.84 0.85 1.3 1.76 1.4 1.15 -0.12 
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Appendix 8 - Abstract of International Conference on the Biogeochemistry of Trace 

Elements (ICOBTE)2017 in Zurich, Switzerland. 


