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Abstract 

Zinc is a bio-essential micro nutrient which is essential to the health of humans and other 

organisms. However, high Zn concentrations, as has been observed in mining waste water and 

urban runoff, can be harmful. The major remediation methods used to reduce the mobility of Zn 

in groundwater flow systems include Zn precipitation and adsorption. Zero-valent Iron (ZVI) has 

been used as a remediation material in permeable reactive barriers (PRBs), and it can be used to 

reduce the concentration of Zn in waste water. Measurements of Zn isotope ratios, may provide 

information to trace Zn(II) migration and help define reaction mechanisms during remediation of 

Zn contamination using ZVI. Laboratory batch experiments, combined with traditional 

geochemical analysis, non-traditional stable isotope analysis and solid-phase analysis (XANES 

and EXAFS) were used to evaluate Zn removal mechanisms associated with ZVI in differing 

initial Zn-bearing solutions and with varying alkalinity concentrations. Decreasing 

concentrations of Zn were observed throughout all of the experiments. X-ray absorption near 

edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) analyses 

indicted the presence of Zn(II) on the solid phase with a coordination number of four, compared 

to a coordination number of six in the initial solutions. Models based on the measurements of 

EXAFS were used to assess the possible products on the solid phases. The results suggest that a 

combination of sorption and precipitation mechanisms dominated the removal of Zn for all of the 

aqueous solutions.  The decline in dissolved Zn concentrations was accompanied by a decreasing 

value of δ66Zn in the experimental solutions, indicating preferential accumulation of 66Zn in the 

solid phase. The differences in dissolved Zn solutions and alkalinity did not significantly affect 

the extent of Zn isotope fractionation. The change in Zn concentration and δ66Zn can be fit with 

equilibrium fractionation models. The fractionation factors were similar for all batch experiments, 
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reflecting the consistent change in coordination. The fractionation factors, which were calculated 

from the fitting process, cannot separate sorption-dominated and precipitation-dominated 

removal mechanism in these experiments.    
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Chapter 1: Introduction 

Zinc is a bio-essential trace nutrient for nearly all organisms, and can become toxic at high 

concentrations (Allen et al., 1983). Both sorption and precipitation limit the mobility of Zn in 

groundwater (Roberts et al., 2003; Ha et al., 2007). Passive remediation technologies, such as 

treatment using zero-valent iron (ZVI), have been used at sites contaminated with heavy metals 

due to the relatively low cost of ZVI and suitable reaction rates (Blowes et al., 1999; Jamieson-

Hanes et al., 2014). The processes that control Zn mobility, including precipitation, dissolution 

and sorption, result in Zn isotope fractionation. Because Zn undergoes limited fractionation, 

extended X-ray absorption fine structure (EXAFS) was used with traditional aqueous 

geochemical analyses and measurements of Zn isotope ratios to understand the mechanisms 

controlling the attenuation of Zn under anaerobic static saturated- conditions. In addition, another 

goal of this research is to assess whether differences in Zn aqueous solutions (ZnSO4 and ZnCl2) 

or differences in alkalinity, impact isotope fractionation and the remediation mechanisms. This 

chapter provides background information regarding the behavior of Zn in groundwater, a brief 

overview of the ZVI/H2O system, a review of Zn isotope fractionation and the relationship 

between Zn coordination number changes and isotope fractionation. 

1.1 Background  

1.1.1 Zn in the environment 

Zinc is a bio-essential micronutrient for most organisms, and it is ubiquitous in soils, 

sediments, water system and the biosphere. It is an essential cofactor of more than 300 enzymes 

and required for cell growth (Plum et al., 2010). Both Zn deficiency and excess have a negative 
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impacts on human health, for example, excess levels of Zn may alter lymphocyte function and 

cause copper deficiency (Plum et al., 2010).  

Zinc can be released into the environment by natural processes, such as during the 

weathering of Zn-bearing minerals including spalerite (ZnS) and smithsonite (ZnCO3). Elevated 

aqueous concentrations of Zn in soil and water systems are also associated with anthropogenic 

activities, such as atmospheric emissions from metallurgical industries, slurry spreading of swine 

manure, urban road runoff, mining wastes and smelter slags (Juillot et al., 2011; Matthies et al., 

2014). De Giudici et al. (2008) and Medas et al. (2012) reported the Zn concentration exceeded 

100 mg L-1 in the mine drainage in the stream in southwestern Sardinia, Italy, the Rio Naracauli. 

At the former Sherritt-Gordon Mine, located in Sherridon Manitoba Zn concentrations of up 

55000 mg L-1 were observed in the pore water of a tailings impoundment, and up to 155 mg L-1 

Zn were observed in the impoundment effluent (Moncur et al., 2005; Moncur et al., 2012)    In 

Canada, the regulatory drinking water limit for Zn is 5 mg L-1 (Health Canada, 2017), and for the 

protection of freshwater aquatic life Zn concentrations cannot exceed 34 μg L-1 (Canadian 

Council of the Ministers of the Environment [CCME], 2016).   

Under normal environmental conditions, Zn predominately exists in the 2+ oxidation state, 

and its fate is dominantly controlled by sorption and precipitation. Zinc mobility is limited by 

precipitation of zinc hydroxide (ZnOH2)  in systems with pH greater than 8, and smithsonite 

(ZnCO3) or hydrous Zn carbonate minerals when the pH increases from 7.5 to 8.2 (Nuttall and 

Younger (2000). Compared to the precipitation rate of smithsonite, zinc hydroxide precipitates 

faster (Patterson et al., 1977). When dissolved sulfide is in contact with Zn, zinc sulfide will 

form and limit the mobility of Zn.  

Zinc sorbs to soil comprised  predominately of inorganic clays (Viers et al., 2007), iron and 
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manganese oxides and hydroxides (Balistrieri et al., 2008; Bryan et al., 2015; Lemarchand et al., 

2007; Pokrovsky et al., 2005; Swedlund et al., 2009), metal carbonates and phosphates (Bradl, 

2004). Thus Zn can be released to the aqueous phase by reductive dissolution of iron and 

manganese oxides and hydroxides under oxygen deficient conditions. Under aerobic conditions, 

Zn can partition onto iron oxyhydroxides, iron and manganese oxides (Balistrieri et al., 2008; 

Bryan  et al., 2015; Lemarchand et al., 2007; Pokrovsky et al., 2006; Pokrovsky et al., 2005; 

Reynolds, 2012; Swedlund et al., 2009), granular zero-valent iron (Lindsay et al., 2008; Wilkin 

& McNeil, 2003), clay minerals (Lin & Juang, 2002; Sheta et al., 2003) and organic materials. 

The relative sorption efficiency of these materials is a function of pH, oxidation/ reduction 

potential (Eh), salinity, concentrations and nature of complexing ligands, cation exchange 

capacity, and the concentration of Zn. 

1.1.2 Treatment of Zn by Zero-valent Iron 

Zero-valent Iron (ZVI) has been used as a treatment media to mitigate highly mobile 

contaminants in groundwater for more than two decades (Blowes et al., 1996; Blowes et al., 

1999; Cantrell et al., 1995; Katsoyiannis et al., 2015; Lindsay et al., 2008). Zero-valent Iron has 

been successfully used for permeable reactive barriers (PRBs) and for the reduction of source 

contamination (Blowes et al. 1999). The corrosion of ZVI under anaerobic conditions was 

reported by Agrawal & Tratnyek (1996) as, 

(1) 2H2O + Fe0 (s) → Fe2+ +2OH- +H2 (aq) 

During this iron corrosion process, the metallic iron is oxidized to ferrous iron leading to an 

increased pH, a decreased oxidation-reduction potential (ORP) and yielding H2(g). Ferrous iron 

ions (Fe2+) are not stable in the presence of species which have higher oxidation states (e.g. 
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Cr(VI), As(V) and Se(VI)). Subsequently, ferric iron (Fe3+) is formed by the oxidation of ferrous 

iron (Fe2+), and the oxidized Fe3+, which hydrolyses and precipitates as ferric (oxy)hydroxide 

phases.  

In the Fe0-H2O system, the possible contamination removal mechanisms include: 1) 

reduction and precipitation of contaminants to lower oxidation states (Jamieson-Hanes et al., 

2014); 2) mineral precipitation caused by increased pH; and 3) adsorption to or co-precipitation 

with newly formed poorly crystallized iron hydroxides and oxides (Klimkova et al., 2011; Li and 

Zhang, 2007; Wilkin and McNeil, 2003). These removal mechanisms can occur simultaneously 

and contaminant removal may be due to more than one mechanism. 

As the standard potential E0 of Zn (-0.76 volts) is slightly lower than Fe (-0.41 volts) (Li and 

Zhang, 2007) Zn can be considered to have one oxidation state (Zn2+) in the ZVI treatment 

systems in this study. Therefore, the most important removal mechanisms are sorption and 

surface complex formation or Zn precipitation, or a combination of these processes. 

 

1.1.3 Zn isotope measurements 

Zinc has five stable isotopes 64Zn, 66Zn, 67Zn, 68Zn and 70Zn, with average natural 

abundances of 48.63, 27.90, 4.10, 18.75, and 0.62%, respectively (Rosman and Taylor, 1998). 

Multicollector inductively coupled plasma mass spectrometry (MC-ICP-MS) can be used to 

measure variations in the composition of Zn isotopes (Cloquet et al., 2008) and attain a precision 

level that is lower than 0.05‰ per mass unit (Maréchal et al., 1999). With the help of purification 

methods, for example those introduced by Maréchal et al. (1999), and the double spike technique, 

greater precision can be achieved by reducing the isobaric interferences on Zn, adjusting for 

isotope fractionation during  purification and instrumental mass bias. 
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Although there are other expression methods, Zn isotope ratios in this thesis are expressed as 

66/64Zn because 64Zn and 66Zn have relatively high abundances, and 66/64Zn ratios have been used 

to report Zn isotope ratios in previous research. Delta notation in per mil is used to determine Zn 

isotope ratios as, 

(2) δ 𝑍𝑛 
66 = [

( 𝑍𝑛 
66 𝑍𝑛 

64⁄ )𝑠𝑎𝑚𝑝𝑙𝑒

( 𝑍𝑛 
66 𝑍𝑛 

64⁄ )𝐼𝑅𝑀𝑀−3702
− 1] × 1000‰ 

The delta δ 𝑍𝑛   
66 values reported in this thesis are relative to the standard IRMM-3702. Another 

standard (JMC Lyon Zn) has been used to report Zn isotopes in previous papers. Based on the 

research of Moeller et al. (2012) the ratio of 66/64ZnIRMM-3702 is -0.29±0.05‰ when JMC Lyon is 

used as a standard. Thus, the value of δ66Zn reported to standard JMC can be converted to the 

one reported to standard IRMM-3702, following, 

(3) δ66𝑍𝑛𝐼𝑅𝑀𝑀−3702 =
δ66𝑍𝑛𝐽𝑀𝐶+0.29

0.99971
 

This conversion was made to compare to previous Zn isotope measurements determined using 

JMC Lyon standard instead of IRMM-3702 standard. 

 

1.1.4 Zn isotope fractionation 

Different isotopes of an element have similar chemical and physical properties. However, 

when different isotopes are involved in reactions the slight differences in mass between the 

isotopes can manifest into significant differences during physical, chemical and biological 

processes. In the mass-dependent reactions, the relative proportion of isotopes changes to a new 

and unique ratio. Thus, the isotope ratio is considered an indicator of the source of the isotopes 

produced in a reaction, or, the specific reaction mechanism. Zinc isotope fractionation has been 
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reported during sorption (Balistrieri et al., 2008; Bryan et al., 2015; Juillot et al., 2008; 

Pokrovsky et al., 2005), precipitation (Veeramani et al., 2015), reduction (Kavner et al., 2008), 

chemical diffusion (Rodushkin et al. 2004), and biological incorporation (Kafantaris and Borrok, 

2014). 

Zinc isotope ratios have been reported as indicators in terrestrial minerals, marine sediments 

and biological materials. In addition, significantly different Zn isotope ratios were found in 

anthropogenic contamination in water samples, watersheds, wetlands, ore deposits, and waste-

rock drainage (Matthies et al., 2014; Juillot et al., 2011; Borrok et al., 2008; Mason et al., 2005; 

Viers et al., 2007). The isotopic fractionation between terrestrial minerals and marine sediments 

can indicate the physical weathering and chemical separation of Zn isotopes. Fractionation is 

found during mineral precipitation along hydrothermal fluid pathways (Yamakawa et al. 2009). 

Laboratory experiments have demonstrated that fractionation can either be negative or positive 

during Zn adsorption onto oxides and hydroxides depending on mineral species and pH 

(Balistrieri et al., 2008; Juillot et al., 2008; Pokrovsky et al., 2005); Veeramani et al. (2015) 

reported a positive Zn fractionation in the dissolved Zn isotopic ratio associated with the 

precipitation of sphalerite (ZnS), and negative fractionation in conjunction with precipitation of 

hydrozincite (Zn5(CO3)2(OH)6) and hopeite (Zn3(PO4)2•4H2O). 

Zinc does not undergo redox reactions in standard surficial environmental conditions; thus 

isotope fractionation is considered to occur as a result of changes in Zn coordination number 

(Maréchal and Albarède, 2002). Zinc occurs as hexa-aqua ions or tetra-aqua ions with a 

coordination number of six or four (Bryan et al. 2015). The heavier isotope is preferentially 

concentrated in sites with stronger bonds and therefore smaller coordination number (Bigeleisen 

and Mayer, 1947; Schauble, 2004). The dominant Zn species present in aqueous solution is 
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Zn(H2O6)
2+, in which Zn forms an octahedral structure with a coordination number of six or 

seven (Balistrieri et al. 2008; Bryan et al. 2015; Cloquet et al. 2008). A tetrahedral oxygen Zn 

structure with coordination number of four in the solid phase was reported by Balistrieri et al. 

(2008), Bryan et al. (2015) and Juillot et al. (2008) and is associated with a negative Zn isotope 

fractionation in the aqueous phase.  

 

1.2 Research Objective 

The primary goal of this thesis is to characterize Zn isotope fractionation during treatment of 

dissolved Zn with ZVI, exploring the influence of starting material (ZnSO4 vs. ZnCl2) and 

increasing alkalinity. Characterizing Zn isotope fractionation associated with removal 

mechanisms will improve the ability to trace Zn mobility and identify reaction mechanisms in 

groundwater flow systems through the analysis of isotope ratios. This research combins 

traditional geochemical analysis, Zn isotope ratio measurements and solid-phase analysis to 

provide more information about the structure of Zn reaction products produced during 

remediation, the relationship between isotope fractionation and the local fine structure, the 

potential treatment mechanisms, reaction rates, and the reaction efficiency. The objectives of this 

research are to:  

o Measure changes in Zn isotope ratios during treatment with ZVI under steady-state, 

anaerobic conditions; 

o Assess the influence of different Zn salt solutions and aqueous matrices (i.e. alkalinity); 

o Combine solid phase analysis and isotope ratio measurements to identify potential removal 

mechanisms of Zn; 
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o Evaluate the relationship between Zn isotope fractionation and the change in Zn local fine 

structure.  

 

1.3 Thesis Organization 

 This thesis includes three chapters. Chapter 1 introduces the necessary background 

information for this research. Chapter 2 describes the experiments including the methods, results 

and discussion. Lastly, Chapter 3, provides a summary of the findings and recommendations for 

future work. 
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Chapter 2: Isotopic Fractionation During Removal of Zinc by Zero-valent Iron (ZVI)  

2.1 Summary 

Zinc has five isotopes (64Zn, 66Zn, 67Zn, 68Zn and 70Zn) which can undergo fractionation 

during different reaction processes, and thereby can be used as a tool to understand Zn 

attenuation mechanisms during remediation. Zero Valent Iron (ZVI) is used widely for the 

treatment of heavy metal contamination especially in permeable reaction barriers (PRB). In this 

study, batch experiments were conducted to simulate the anaerobic conditions found in sub-

surface environments that contain ZVI as a treatment material to (1) compare the effect of 

different input aqueous solutions and (2) understand the impact of increased alkalinity on the rate 

and extent of Zn attenuation and the associated isotope fractionation.  

Environmentally relevant Zn solutions (ZnCl2 and ZnSO4) were chosen for this study to 

investigate how using different Zn salts might influence Zn attenuation, removal mechanisms, 

and the associated Zn isotope fractionation during treatment with ZVI. Zinc sulfate was chosen 

because sulfate is a common co-contaminant, especially at sulfide-bearing mine sites. Zinc 

chloride was chosen because of its high solubility, and because it has been used in previous Zn 

isotope studies (Juillot et al., 2008; Veeramani et al., 2015). The impact of increased alkalinity on 

the behavior of Zn was assessed by using ultra-pure water, and ultra-pure water amended with 10 

mg L-1 CaCO3 in a solution containing a Zn(II) concentration of 5 mg L-1. The solid ZVI was 

examined by X-ray absorption near edge structure (XANES) and extended X-ray absorption fine 

structure (EXAFS) spectroscopy in order to examine the oxidation state, coordination 

environment and local structure of Zn associated with the ZVI. Results from this study 

demonstrate that precipitation and/or adsorption are the major mechanism that remove Zn from 
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solution and result in a change in δ66Zn signature that was small and negative. In addition, the 

presence of different counter ions (Cl- or SO4
2-) or increased alkalinity did not significantly affect 

Zn isotope fractionation. These results suggest that the observations of Zn isotope fractionation 

can be applied to a broader range of scenarios, and extending the potential for utilization of Zn 

isotope ratio measurement. 

 

2.2 Introduction 

Zinc is a naturally abundant element in water, and it is a bio-essential trace nutrient for all 

living organisms (Plum et al., 2010). Anthropogenic impacts, including atmospheric metallurgic 

industrial emissions, swine-manure spreading, urban road run off, mining wastes and smelter 

slags, have led to elevated concentrations of Zn in the environment. For example, Zn 

concentrations ranging from less than 1 mg L-1 to 55000 mg L-1 have been reported in industrial 

discharges and acid mine drainage (Bigalke et al., 2010; Deliyanni et al., 2007; Fernandez and 

Borrok, 2009; Juillot et al., 2011; Maréchalet al., 1999; Moncur et al., 2005; Moncur et al., 2012). 

At elevated concentrations, Zn is harmful to sensitive biota, such as salmon (Weis and Weis, 

1991) and vegetation (Eisler, 1993). Zinc exists in the 2+ oxidation state in the natural 

environment, and it is not considered redox sensitive under most natural conditions (Cloquet et 

al., 2008). Sphalerite (ZnS) and smithsonite (ZnCO3) are the two most significant Zn ores in the 

geosphere (Cloquet et al., 2008).  

Techniques such as coagulation-flocculation, membrane processes, ion exchange resin and 

activated carbon can be used to treat Zn wastewater in order to meet regulatory concentration 

limits, however these treatments are expensive, require ongoing maintenance and are inefficient 

at low metal concentrations (Deliyanni et al., 2007; Karabulut et al., 2000; Veeken et al., 2003). 
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Hence, precipitation, which has a relatively low cost (Veeken et al., 2003), and adsorption, which 

is effective at low metal concentrations (Karabulut et al., 2000), are becoming more popular 

treatment technologies. Hydroxide (Zn(OH)2), sulfide (ZnS), hydrozincite (Zn5(CO3)2(OH)6), 

and smithsonite (ZnCO3) precipitation were reported as effective methods to remove Zn from 

industrial and mine wastewaters (Brooks, 1986; Nuttall and Younger, 2000; Veeken et al., 2003). 

Sorbents such as iron and manganese oxide (Balistrieri et al., 2008; Bryan et al., 2015; 

Lemarchand et al., 2007; Pokrovsky et al., 2005; Pokrovsky et al., 2006; Reynolds, 2012; 

Swedlund et al., 2009), ( Wilkin and McNeil, 2003) and clay minerals (Lin and Juang, 2002; 

Sheta et al., 2003) have been used to remove Zn from solutions.  

Passive remediation technologies, including permeable reactive barriers containing reactive 

media such as zero-valent iron (ZVI), have been used to remediate contaminated groundwater for 

more than two decades (Blowes et al., 1999). Advantages of ZVI barriers include low cost, large 

treatment capacities and effective remediation of heavy metals when compared to other treatment 

methods. During the remediation process, ZVI can be used as a reductant that can reduce the 

heavy metals, or provide a substrate for sorption, co-precipitation or precipitation reactions.  

Zinc has five stable isotopes 64Zn, 66Zn, 67Zn, 68Zn and 70Zn, with average natural 

abundances of 48.63, 27.90, 4.10, 18.75, and 0.62% respectively (Rosman and Taylor, 1998). 

Zinc isotopes have been used as a tool to fingerprint Zn sources and elucidate the mechanisms 

controlling the transport, attenuation and cycling of Zn (Borrok et al., 2008; Gélabert et al., 2006; 

Juillot et al., 2011; Mason et al., 2005; Matthies et al., 2014; Veeramani et al., 2015; Viers et al., 

2007; Weiss et al., 2005; Wilkinson et al., 2005).  

Zinc exists in the 2+ oxidation under most environmentally relevant conditions and therefore 

changes in isotope fractionation are related to changes in the coordination environment. For 



12 
 

example, the coordination of Zn2+ in dilute aqueous solutions is usually octahedral; however, 

when Zn has a bond with oxygen or sulfur, it is commonly in tetrahedral coordination. In the 

shift to tetrahedral coordination preferential incorporation of heavier Zn isotopes is expected, 

because smaller coordination numbers are generally associated with stronger bonds and a 

preference for heavier isotopes (Bigeleisen and Mayer, 1947; Schauble, 2004).  The isotope 

fractionation associated with adsorption is variable. Fractionation may be negative or positive 

depending on the minerals (adsorbate) present, aqueous species, pH, and ionic strength or 

concentration (Cloquet et al. 2008). The difference in the reported magnitudes of isotope 

fractionation may be attributed to the structural differences of the adsorbed Zn (Juillot et al., 

2008). 

Zinc precipitation can result in either negative or positive isotope fractionation. For example, 

through the precipitation of sphalerite (ZnS), the lighter Zn isotope (64Zn) is preferentially 

removed from the aqueous phase leading to a negative fractionation factor (ε) -0.30 ‰. However, 

during the precipitation of hydrozincite (Zn5(CO3)2(OH)6) and hopeite (Zn3(PO4)2•4H2O), the 

enrichment of the light Zn isotope in aqueous solution reservoirs leads to a positive fractionation 

factors (ε) 0.18, and 0.25 ‰ (Veeramani et al., 2015).  

The chemical bonds formed during precipitation and adsorption of Zn impact the magnitude 

of Zn isotope fractionation in different degrees. Extended X-ray absorption fine structure 

(EXAFS) spectroscopy is utilized to analyze thestructure of the solid phase and help assist in the 

interpretation of isotope ratio measurements. 

 



13 
 

2.3 Experimental Methods 

2.3.1 Batch Experiments 

Batch experiments were conducted with different Zn salts and solution matrices to evaluate 

Zn removal and associated isotope fractionation during reaction with ZVI in anaerobic 

environments. The batch experiments included four independent experiments summarized in 

Table 1.  

Table 1 Metal salts and solutions of four batch experiments 

Experiment Metal salt and solution 

BT1 4.883 mg L-1 Zn2+ as ZnSO4 in ultra-pure water 

BT2 4.763 mg L-1 Zn2+ as ZnCl2 in ultra-pure water 

BT3 4.859 mg L-1 Zn2+ as ZnSO4 in 10 mg L-1 CaCO3 solution 

BT4 4.497 mg L-1 Zn2+ as ZnCl2 in 10 mg L-1 CaCO3 solution 

 

Different Zn solutions were chosen for this study to investigate whether different Zn species 

influence the removal mechanism. Zinc sulfate was chosen because SO4
2- is a common co-

contaminant reported at mine sites, especially in acid mine drainage; zinc chloride was chosen 

because of its high solubility, and it has been used in previous Zn isotope studies (Juillot et al., 

2008, Veeramani et al., 2015). Ultra-pure water and 10 mg L-1 CaCO3 were used as matrix 

solutions to evaluate the impact of increasing alkalinity. All four experiments were conducted in 

an anaerobic chamber (Coy Laboratory Products Inc., Grass Lake, MI) with a 3% H2/balance N2 

atmosphere to simulate anoxic groundwater conditions.  

Zero-valent iron was prepared for use in the batch experiments by sieving to obtain particles 

between 0.25 – 1.19 mm (16 to 60 mesh). Oxide coatings on the surface of the ZVI were 

removed by immersing it in 1.2 M HCl. After immersing for a few hours the solution was 
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decanted and replaced and this process continued until the ZVI changed in color from rust brown 

to black. After the last wash in 1.2 M HCl, ZVI was submerged in 0.12 M HCl and transferred 

into the anaerobic glovebox, where the ZVI was rinsed by vacuum filtration with Ar-purged 

ultra-pure Milli-Q® water to remove any acid residues. 

Zinc sulfate (ZnSO4) and zinc chloride (ZnCl2) stock solutions were prepared by dissolving 

reagent grade ZnSO4•7H2O and ZnCl2 salts in ultra-pure water to achieve ≈ 500 mg L-1 Zn in 

solution. The concentration of Zn in the stock solutions was confirmed by ICP-OES. Calcium 

carbonate saturated water was prepared by adding calcium carbonate salts to ultra-pure water 

(0.1 g L-1 CaCO3), and solution was bubbled with CO2 to help CaCO3 dissolve. 

The Zn input solutions used in BT1 and BT2 were prepared by diluting the respective stock 

solutions (i.e. ZnSO4 and ZnCl2) with ultra-pure water whilst BT3 and BT4 were prepared using, 

10 mg L-1 CaCO3 to give a final concentration of 5 mg L-1 Zn. Input solutions were purged with 

Ar to remove O2 and excess CO2 and equilibrated in the anaerobic chamber for 24 hours prior to 

the start of the experiment to reach equilibrium with the glove box atmosphere. 

Aliquots of 150 mL of input solution were dispensed into amber bottles containing 2.50 ± 

0.02 g ZVI and individual bottles were capped. Twenty-one 250 mL amber glass bottles (VWR 

International, Radnor, PA, USA) were used for each set of batch experiments. Duplicate bottles 

(designated ‘A’ and ‘B’) were randomly selected and sampled simultaneously at each time step to 

assess reproducibility within the experiment. A control bottle was included in all four batch 

experiments, which contained the input solutions without ZVI to monitor changes in Zn 

concentration that were not caused by Zn reacting with the ZVI. Each bottle was sacrificed after 

sampling (i.e. each bottle had one sampling event). 
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2.3.2 Water Sampling and Geochemical Analysis 

Aqueous samples were collected at various time points throughout the experiment to 

examine changes in aqueous geochemistry, including pH, redox potential (Eh), alkalinity, cations 

and anions. All the filtering, sample manipulation and Eh, pH, and alkalinity measurements were 

completed in the anaerobic glovebox. Measurements of Eh and pH were conducted immediately 

on unfiltered samples. The pH was measured using an Orion Ross 815600 pH electrode (Thermo 

Scientific, Waltham, MA, USA) which was calibrated using pH 4, 7, and 10 standard buffers. 

The Eh was measured using an Orion 9678 electrode which was checked with Zobell’s solution 

(Nordstrom, 1977) and Light’s solution (Light, 1972).  Samples for alkalinity measurements 

were filtered using 0.2 μm Supor membrane filters (Acrodisc, Pall, UK) and polyethylene 

syringes (BD, Franklin Lakes, NJ), alkalinity was determined using bromocresol green-methyl 

red indicator and a digital titrator (Hach Co., USA) with a 0.16 N H2SO4 cartridge. Alkalinity 

was measured in duplicate, and the average value was recorded for each sample bottle. 

Samples were vacuum filtered using 0.45 μm cellulose acetate filters (Whatman, UK), to 

remove the ZVI particles. Aqueous samples were then filtered using 0.2 μm filters and 

polyethylene syringes. Samples for cation and isotope analyses were acidified to pH < 2 using 

concentrated ultra-pure HNO3 (Omnitrace ultra, EMD Millipore). Cations and S were measured 

by inductively coupled plasma-optical emission spectrometry (ICP-OES; Thermo Scientific 

iCAP 6500). 

 

2.3.3 Isotope sample preparation 

All sample preparation and purification procedures were conducted in a clean laboratory 
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environment and under a HEPA-filtered laminar fume hood. Omni trace ultra-nitric acid (VWR) 

and trace metal grade HCl, which was distilled with a sub-boiling still (Savillex, DST-1000), 

were used in the purification procedure and for isotope analysis.  

Aqueous samples were purified using a modified extraction procedure described by 

Maréchal et al. (1999) using an anion-exchange resin (AG-MP-1M 100-200 mesh; Bio-Rad, 

USA) to remove matrix effects and interferences. These include Fe (5 mg L-1) which was 

released from the ZVI, and can form a polyatomic interference (54Fe16O+) with 70Zn and Ca (≈ 4 

mg L-1) which was added as CaCO3 to increase the alkalinity in experiments BT3 and BT4. 

Before sample purification, the AG-MP-1M resin was washed to remove any contaminants 

including trace elements. The resin was first washed using a batch technique outlined in Table 2. 

After washing, the resin was regenerated using 7 M HCl and then 1.6 mL of resin was loaded 

into 3 mL SPE columns (Supelco, Bellefonte, PA, USA) packed between two 0.2 μm frits 

(Supelco, Bellefonte, PA, USA). Once loaded onto the column the resin was washed again and 

then regenerated in 7 M HCl (Table 2).  

Table 2 Resin wash and conditioning procedure 

Washing solution Batch Wash/Column Wash 

7 M HCl 10 times 

2 M HCl 5 times 

Milli-Q® ultra-pure water 5 times 

0.5 M HNO3 5 times 

7 M HCl Regeneration/ Condition 

Load 1.6 mL resin to each 3 mL SPE columns 

0.5 M HNO3 12 mL 

2 M HCl 12 mL 

Milli-Q® ultra-pure water 9 mL 

7 M HCl 15 mL 

Regeneration/ Condition 
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To adjust for fractionation during chemical purification and isotope measurement, 5.92 μg of 

Zn double spike solution (Isoflex, Sun Francisco, USA; 67Zn:70Zn = 0.43:0.57) was added to 

10.08 μg of Zn in the sample (Matthies et al., 2014). The ratio between the double spike and the 

sample was 0.37, which was calculated using  the Double Spike Tool Box (Rudge et al., 2009). 

Each sample was then evaporated to dryness in clean Teflon vials, the residue was re-dissolved 

in 1 mL of 7 M HCl and evaporated to dryness. This process was repeated twice, in order to 

convert sample to Cl- species which were retained on the ion-exchange resin. The Zn spiked 

sample residue was dissolved in another 1 mL of 7 M HCl acid and loaded into the SPE column.  

In each purification event, spiked samples were purified in duplicate along with one 

procedural blank and two spiked standard samples. The standard samples used IRMM 3702 

standard with the double spike which has a known isotopic composition, the blanks were 1 mL of 

5 M HNO3. 

Zinc was retained on the resin and interfering matrix elements such as Ni, S, Ca, Mg, Na and 

Cu were washed from the resin using 28 mL of 7 M HCl, Fe was washed from the resin using 32 

mL of 2 M HCl. Finally, Zn was eluted from the resin in 18 mL of 0.5 M HNO3. Zinc was 

collected and evaporated to dryness in 30 mL Teflon vials, the residues were dissolved in 5 M 

HNO3 and evaporated down twice to convert the chloride species to nitrate prior to MC-ICP-MS. 

These residues were then dissolved in 1 mL of 5 M HNO3, and ultra-pure water was then added 

to the vial to obtain a final HNO3 concentration of 0.5 M with 1.381 mg L-1 Zn. The purified 

samples were then diluted in 0.5 M HNO3 to give a final concentration of 0.69 mg L-1 prior to 

MC-ICP-MS. The procedural blank and standards were treated as samples. 
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2.3.4 Isotope sample measurement 

Zinc stable isotopes were measured using a multi-collector inductively-coupled plasma mass 

spectrometer MC- ICP-MS (Thermo Scientific Neptune) in medium-resolution mode. Samples 

were introduced by a stable inlet system (double cyclonic spray chamber). Each analytical 

sequence measured two purified spiked standards, one purified blank and a maximum of 9 

spiked samples. One wash blank (0.5 M HNO3) was bracketed between each sample (standards 

and blank) to ensure there was no Zn contamination from the wash step. Five Zn stable isotopes 

(64Zn, 66Zn, 67Zn, 68Zn and 70Zn) were measured simultaneously; additionally, 62Ni and 72Ge were 

measured at the same time to correct for isobaric interferences on 64Zn and 70Zn. To correct for 

the isobaric interferences, 64Ni and 70Ge were calculated assuming 66/64Ni (3.903225806) and 

70/72Ge (0.756717501). Off-center peak was measured to minimize polyatomic interferences. The 

signal sensitivity of 64Zn was approximately 1.5 V. Integration time was 8.389 s, with 100 cycles 

per block. A double-nested iteration correction procedure (Siebert et al., 2001) was used to 

account for analytical isotope fractionation and instrumental mass bias using the double spike 

technique.   Zinc isotopes ratios 67/64 and 70/64 were checked to verify mass-dependent 

fractionation. The total procedural blanks (purification and mass spectrometry) of Zn contributed 

an average 0.59% to the total Zn signal.  

Each sample and duplicate was measured in three separate analytical events, providing six 

measurements for each sample to assess the reproducibility. The final results were calculated by 

averaging and reported as δ66Zn in per mil (‰) relative to the international Zn isotope standard 

IRMM-3702, where 

 

(4) δ 𝑍𝑛 
66 = [

( 𝑍𝑛 
66 𝑍𝑛 

64⁄ )𝑠𝑎𝑚𝑝𝑙𝑒

( 𝑍𝑛 
66 𝑍𝑛 

64⁄ )𝐼𝑅𝑀𝑀−3702
− 1] × 1000‰ 
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To compare isotope ratios in different batch experiments, δ66Zn was reported relative to 

66Zn/64Zn of its input solution, where 

 

(5) δ 𝑍𝑛 
66 = [

( 𝑍𝑛 
66 𝑍𝑛 

64⁄ )𝑠𝑎𝑚𝑝𝑙𝑒

( 𝑍𝑛 
66 𝑍𝑛 

64⁄ )𝑖𝑛𝑝𝑢𝑡 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
− 1] × 1000‰ 

 

The fractionation factors, represented as α, were achieved by fitting experimental δ66Zn results to 

Rayleigh distillation models (Clark and Fritz, 1997): 

(6) 
𝑅

𝑅0
= 𝑓(𝛼−1) 

Where R is the isotope ratio, f is the fraction of Zn (II) remaining in solution. In Equation 6, α 

represents the fractionation factors of the solution (αZVI-solution). In addition, the experimental 

δ66Zn results were fitted using an equilibrium model, fractionation factors which represent the 

isotope fractionation in solution can be expressed using Equation 7 (Balistrieri et al., 2008;  

Juillot et al., 2008):  

(7) δ 𝑍𝑛 
66 =

(1−𝑓)×(𝛼−1)

(1−𝑓)+𝛼𝑓
 ×  1000‰ 

Where f is the same as in Equation 6, representing the Zn (II) fraction remaining in solution. 

However, in Equation 7, α represents the fraction from solution phase to solid phase. 

 Isotope fractionation value (ε) was introduced by Coplen et al., (2011) and expressed as  

per mil: 

(8) ε = (α − 1) × 1000‰  

Separation factor, which has been used in previous Zn isotope studies (Cacaly et al., 2004; 

Pokrovsky et al., 2005; Balistrieri et al., 2008; and Juillot et al., 2008), is described as: 

(9) ∆𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛−𝑍𝑉𝐼= 𝛿 𝑍𝑛𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 
66 − 𝛿 𝑍𝑛𝑍𝑉𝐼 

66    
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2.3.5 Solid-phase data collection and analysis 

 Following the method of Jamieson-Hanes et al. (2012) and Shrimpton et al. (2015), 

samples were vacuum filtered using a 0.45 μm cellulose acetate filter to separate ZVI in the 

anaerobic chamber. Solid samples were transferred to and stored in glass vessels, which were 

sealed with electrical tape and wrapped with several layers of zip lock bags to keep them 

anaerobic. Subsequently, solid samples were removed from the anaerobic chamber and frozen by 

immersion in liquid nitrogen. Frozen samples were then freeze dried (Labconco FreeZone, 

Kansas City, MO, USA). Once completely dry samples were stored in an anaerobic chamber for 

future analysis. 

 Synchrotron-based X-ray absorption near edge structure (XANES) and extended X-ray 

absorption fine structure (EXAFS) techniques were used at XSD beamline 20-BM-B at the 

Advanced Photon Source, Argonne National Laboratory (Chicago, IL, USA). XANES can be 

used to identify the oxidation states of Zn on the reactive media, and EXAFS can provide 

information about the coordination environment, and also the local structure of Zn. Because the 

batch experiments were performed over a relatively short time (11 days), and the input solution 

had a low concentration of Zn (5 mg L-1) and 2.5 g of ZVI, only the sample taken at the last time 

point was selected from each experiment for the XANES study. Samples that were used for 

EXAFS are required to have a greater concentration of Zn and in particular a higher Zn/ Fe ratio, 

in order to reduce the interference of Fe on the Zn signal.  

 Additional batch experiments were conducted to accumulate a greater concentration of 

Zn on the ZVI. In these experiments, 150 mL of input solution containing 5 mg L-1 of Zn was 

reacted with 2.5 g of ZVI, the input solution was replaced every 5 days and this process repeated. 
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Freeze dried samples collected from these batch experiments were packed separately in 0.5 mm-

thick and 1 mm2 acrylic sample holders and sealed using Kapton® tape in an anaerobic chamber. 

An anaerobic container was used to transfer samples from the University of Waterloo to APS. 

Reference materials (i.e. Zn foil) were scanned simultaneously with bulk samples for 

normalization in transmission mode while bulk samples were scanned in fluorescence mode. 

Aluminum foil was overlaid onto the detector during sample scanning to reduce the interference 

from the Fe signal. Up to 20 replicate scans were aligned, deglitched, merged and normalized 

before linear combination fitting was conducted on the merged scans. The data processing was 

completed with the program ATHENA, which is a component of the IFEFFIT software package 

(Ravel and Newville 2005).  

 Athena and WinXAS were used for data reduction and R space curve fitting, respectively. 

The amplitude of χ(k) damped quickly at high k because of static and thermal disorders, however, 

the amplitude of χ(k) at high energy includes significant information regarding structure; thus k3-

weighted results were used to emphasize the oscillations. Fourier transformed k3χ(k) spectra used 

a Gaussian window with a window parameter of 30 to obtain radial distribution functions (RDFs).  

Theoretical calculation was processed using FEFF 7, based on the crystal structural 

information from the American Mineralogist Crystal Structure Database. The structural 

information of each shell was determined including phase-shift and scattering amplitude 

functions. The Fourier filtered experimental spectra from this study were least-squares fitted with 

the theoretical function using WinXAS providing the structural information (i.e. coordination 

number, distance between Zn and nearest atoms and Debye-Waller factor).  

The process of EXAFS modeling was included in the following flow chart (Figure 1): 
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Figure 1 EXAFS modeling flow chart 
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The magnitude of the Fourier Transformed spectra, and the imaginary part of Fourier 

Transform spectra, were compared for each of the experimental spectra. Further comparisons 

were made by fitting the residual of the magnitude of Fourier Transform for the whole R region, 

the Fourier Transform at the second-shell R region and the imaginary part of Fourier Transform 

at the second shell region.  

 

2.3.6 Geochemical Modeling 

 Aqueous geochemical data was used to provide input to PHREEQC (version 3) 

(Parkhurst and Appelo 2013) with the WATEQ4f thermodynamic database  to simulate the batch 

experiments and determine the thermodynamic stability of solid phases. In every batch 

experiment, a sample collected from each different time point was considered as an isolated input 

solution, and the calculation results were used to interpret the Zn precipitates in the solid phase 

co-existing with the solution at the different time points. The results were expressed as the 

saturation index values, where 

(10) SI= log IAP- log K 

In equation 10, IAP is defined as the ion activity product and K is defined as the solubility 

constant. A positive SI value indicates the solution is supersaturated with respect to the target 

mineral. An SI value of 0 indicates that equilibrium has been attained. When the SI value is less 

than 0, the solution is unsaturated with respect to the mineral. 
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2.4 Results and Discussion 

2.4.1 Geochemical analysis  

The initial pH of the solution in BT1 was 6.41. The pH dropped to 5.92 after one hour and 

kept dropping to 5.37 after four hours. The pH of samples collected at the eighth hour was 

increased back to 6.42, and the pH was kept increasing after eight hours. The pH increased 

rapidly in the time period between 8 hours to 48 hours and then changed less rapidly for the 

remainder of the experiment (Figure 2, BT1). 

In BT2, the initial pH of the input solution was 5.81. The pH of the samples collected at the 

eighth hour was dropped to 2.97 in replicate A and to 3.53 in replicate B. The pH stayed lower 

than before 24 hours, and after 24 hours, the pH was increasing over time (Figure 2, BT2).  
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Figure 2 Change in pH as a function of time in the batch experiments. The solid line shows the 

pH of ZVI-free Zn stock input solution control. 

   

Despite the similar general trend in pH over time in the ultra-pure water systems (BT1 and 

BT2), there was variability in the pH measurements between duplicate experiments (Figure 2), 

especially at the earlier sampling times. Although the duplicates were set up and measured under 

the same conditions, the reactions occurred in separate independent bottles.  

Two major reactions could control the differences in pH between replicates observed in 

these experiments. The reduction of H2O and the oxidation of Fe can increase pH (Equation 11), 

and this reaction is a characteristic of ZVI corrosion under anaerobic conditions (Lindsay et al. 

2008):  

(11) 2H2O + Fe0 (s) → Fe2+ +2OH- +H2 (aq) 
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If O2 was entrained in ZVI/H2O, the oxidation of Fe2+ by  dissolved O2 could  produce H+ 

(Equation 12) and decrease the pH (Lindsay et al. 2008): 

(12) O2 + 10 H2O + 4 Fe2+ → 4Fe(OH)3 + 8H+ 

If the reaction described in Equation 11 was the only reaction occurring, the concentration of 

dissolved Fe would gradually increase; however, in the first 48 hours, Fe(aq) concentrations 

varied over time (Figure 3). The pH fluctuates downward with a decreasing Fe concentration at 

the beginning of the experiment. This observation suggests that precipitation of Fe(OH)3, 

subsequently removed during filtration resulted in the low Fe concentration and low pH. 

Therefore, the samples which had low Fe concentration and low pH were likely caused by the 

reaction described in Equation 12. 

 

Figure 3 Concentration of Fe change as a function of time in BT2. In the beginning of 

experiments, the concentration of Fe fluctuates causing a difference between replicate samples.  

 

With no alkalinity to buffer changes in the pH, the pH in the ultra-pure water systems BT2 

were sensitive to the presence of traces of O2. Oxygen entrapment may have affected the early 

time points. The pH of the solution was lower than the initial pH during the initial 4-24 hours 

after the initiation of the experiment, and the duplicates were inconsistent until 150 hours. After 
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150 hours, the pH became more stable than during the initial period (0-48 hours), the pH 

between duplicates was more consistent, and the pH values were similar to those from the other 

experiments. 

In BT2, the samples from the early time period (4 hours to 24 hours) had the pH within 2-4. 

The low pH suggested the anaerobic environment of BT2 was changed by oxygen, and the 

mechanisms which removed Zn might be changed. According to Equation 12 and Figure 3, in 

BT2, during the initial 12-24 hours, the ferrous iron in the solution formed Fe(OH)3, which is an 

active sorbate for Zn(II). In addition, the acid environment inhibits the formation of Zn 

precipitation. The reaction condition of BT2 was different from the other batch experiments. 

Except the low pH, the influence of the trapped oxygen in BT2 had uncertain influence on other 

geochemical results, isotope results, or solid phase results. Therefore, in the following discussion, 

the collected data of BT2 were processed the same as the other three batch experiments, but it 

will be discussed separately.  

The pH was less variable in the system which contained CaCO3 (BT3 and BT4). In BT3, the 

pH increased from 7.22 to 7.65 over 288 hours, and the pH increased from 7.03 to 7.77 in BT4. 

The pH change was buffered by the alkalinity, thus the duplicates were more consistent and only 

one measurement of pH (replicate B, experiment BT4 at 48 h) was lower than the overall trend.  

The input solutions of the four batch experiments had Eh values ranging from 370 to 460 

mV. (Figure 4). In all of the experiments the Eh decreased over time, and after 288 hours, the Eh 

values were between 0 to -250 mV. These observations suggest that the experimental conditions 

changed from oxic to weakly reducing over time. The increase in alkalinity did not affect the Eh 

measurements. There was some variability in the Eh measurements between replicates which 

may have been due to the low concentrations of redox active elements. The Eh cannot be 
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measured accurately by Eh probe in solutions with weak exchange currents (Lindberg & 

Runnells, 1984). Also, the increasing ferrous iron in solutions may yield unstable readings 

(Nordstrom & Wilde, 2005); thus, scattered between data points appeared at later times.  

 

Figure 4 Eh change as a function of time in all batch experiments. 

  

In the system, with CaCO3 (BT3 and BT4) the alkalinity of the input solutions was 6 mg L-1 

(as CaCO3) and remained constant throughout the experiment. In the ultra-high purity water 

experiments (BT1 and BT2), the alkalinity was stable during the entire experiment and lower at 

< 0.2 to 2 mg L-1 as CaCO3 due to the absence of CaCO3 in the input solution. 

The concentration of Ca remained constant over time in BT3 and BT4 approximately 4 mg 

L-1 indicating that Ca was not removed through reactions with the ZVI and that no Ca was 

released from the ZVI. In the control experiments Fe(aq) remained below ICP-OES quantification 
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limit of 200 μg L-1 over time; however, in all of the experiment samples containing ZVI, there 

was an increase in Fe(aq) reaching a maximum of 5 mg L-1 suggesting that Fe in solution was 

released from the ZVI. Other dissolved metals the input solution, samples and controls were 

below the ICP-OES quantification limit of 200 μg L-1, demonstrating that the acid washed ZVI 

did not release significant concentrations of other elements. 

 

2.4.2 Zinc removal  

In the initial stages of all of the experiments Zn was rapidly removed from solution (Figure 

5). The reaction rate slowed over time, and after 216 hours the concentration of Zn did not 

decrease by more than 5% of the input Zn concentration. At the end of the experiment (288 h) 

the concentration of unreacted Zn decreased from 5 mg L-1 to < 0.2 mg L-1. Because the Zn 

concentrations in the initial solutions of the four batch experiments were differed, the fraction of 

Zn remaining in solution (f in Figure 5) was used to compare Zn removal across the experiments. 

At the end of experiments, 98%, 95%, 97% and 98% aqueous Zn was removed in BT1, BT2, 

BT3 and BT4, respectively.  
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Figure 5 Fraction of Zn in solution (f) as a function of time in all batch experiments. The error 

bars represent the σ uncertainty due to duplication of the samples. 

 

The Zn(aq) concentrations in the ZVI free controls did not change significantly over time 

which suggests that Zn removal was due to attenuation/reaction with the ZVI rather than 

precipitation from solution or loss to the vessel walls. Despite the differences in the pH and Eh 

between replicates, the Zn concentration was reproducible.  

Duplicate samples collected at 12 hours in BT2 and at 96 hours in BT3 had standard 

deviation values (σ) approximately equal to 0.1, while others had smaller standard deviation of f 

value which is less than 0.1. Among the 56 samples, only two sample pairs (duplicates collected 

at 12 hours in BT2 and duplicates collected at 96 hours in BT3) had larger standard deviation 

values (σ) (around 0.1) of f values. The variations between these duplicates may be caused by the 

differences in the surface area of the ZVI in the reaction vessels. The surface area would 

influence the reaction rate (Wilkin and McNeil, 2003) and contribute to the variability in Zn 

concentration between duplicates observed here. 
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 Zinc removal rates were modeled using a pseudo-first-order equation (Wilkin and McNeil 

2003) (Figure 6), as: 

(13) 
d[Me]

dt
= −𝑘𝑜𝑏𝑠[𝑀𝑒] 

Where Me represents the molar concentration of Zn, kobs is the rate coefficient, and t is elapsed 

time in hours. With the measured input concentration of Zn (II) (Me
0), the equation can be 

integrated to: 

(14) ln(𝑀𝑒) − ln(𝑀𝑒
0) = −𝑘𝑜𝑏𝑠 × 𝑡 

and, 

(15) f = 𝑒−𝑘𝑜𝑏𝑠×𝑡 

The rate coefficients in different batch experiments were calculated and listed in Table 3, and the 

R2 values, also listed in Table 3, show the pseudo-first order model fit for the experimental data.  

Table 3 Zn removal rate coefficients and fitting R2 calculated by pseudo-first order model for all 

batch experiments 

kobs 

(h-1) 

BT1 BT2 BT3 BT4 

0.0234± 0.0037 0.0238± 0.0047 0.0186± 0.0036 0.0214± 0.004 

R2 0.9217 0.7553 0.8216 0.8930 

 

A t-test was applied to compare the reaction rate of four batch experiments; p-values of T-

test was given in Table 4: 

Table 4 p-value of T test for Zn removal rate coefficient comparison in different batch 

experiments 

 

p-value 

BT1/BT2 BT1/BT3 BT1/BT4 BT2/BT3 BT2/BT4 BT3/BT4 

0.9766 0.7675 0.9333 0.7348 0.9063 0.8274 
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 According to the results of the t-test of kobs, the reaction rates of four batch experiments 

were not significantly different (p > 0.05; Table 4). the variation of all four kobs (0.0024) is 

smaller than the standard deviation of each kobs. These reaction rates indicate that, within the 

concentration range of the initial solutions (ZnCl2 or ZnSO4) and the changes in alkalinity, the 

rates of Zn removal are consistent. In addition, the reaction rate in the different batch 

experiments was controlled by the availability of ZVI surface area (Johnson et al., 1996). Thus, 

the specific reaction rate of Zn removal can be normalized to ZVI surface area using,  

(16) 𝑘𝑠𝑎 =
𝑘𝑜𝑏𝑠

𝑎𝑠×𝜌𝑚
 

Where a is the specific surface area of ZVI, and ρm is the concentration of ZVI in the batch 

experiment (16.67 g L-1). A specific surface area of the ZVI was 2.8306±0.0059 m2 g-1, was 

determined using the Brunauer-Emmett-Teller (BET) method. Similar kSA values are observed in 

Table 5. 

Table 5 Specific surface area normalized Zn removal reaction rate 

kSA 

(mL h-1 m-2) 

BT1 BT2 BT3 BT4 

0.50± 0.08 0.50± 0.10 0.39± 0.08 0.45± 0.08 
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Figure 6 Pseudo-first order model was used to fit the measured fraction of Zn in solution (f) as a 

function of time (elapsed time). Zinc removal rate coefficients for all batch experiments can be 

given as a parameter by this fitting. The error bars σ represent the variations determined from 

duplicate samples. 

 

2.4.3 Modeling of geochemical data 

 Geochemical modeling of each of the separate batch experiments (including replicates) 

was conducted using PHREEQC to understand (a) the speciation of Zn in the input solutions, (b) 

the aqueous Zn species during the experiment and (c) to determine thermodynamically stable 

solid phases and likely precipitates. 

In the low alkalinity batch experiments (BT1 and BT2), regardless of which salt was used 

for the Zn input solution and the influence of oxygen in BT2, the calculation indicated that more 

than 97% of the Zn in solution was free Zn2+ (Table 6). At the end of batch experiments (288 
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hours), the fraction of Zn2+
(aq) had decreased, but was still predominant. The contribution of 

ZnHCO3
+, ZnOH+, and Zn(OH)2 increased slightly over time but accounted for < 5% of the total 

aqueous species.  

Table 6 Fraction of Zn species in the input and 288 hrs solution of BT1 and BT2 

 
BT1 replicate A BT1 replicate B BT2 replicate A BT2 replicate B 

0 288 0 288 0 288 0 288 

Zn2+ 97.83 94.98 99.25 93.35 99.42 87.02 99.42 92.89 

ZnSO4 1.36 1.32 0.47 1.27 0 0 0 0 

ZnHCO3
+ 0.45 0.84 0 0 0.48 0.77 0.48 0.84 

ZnOH+ 0.26 1.59 0.27 3.77 0.07 5.34 0.07 3.13 

ZnCO3 0.08 0.99 0 0 0.02 3.31 0.02 1.99 

Zn(OH)2 0.01 0.29 0.01 1.65 0 3.55 0 1.14 

 

Zinc (II) accommodates six water molecules with an octahedral structure forming 

Zn(H2O)6
2+ (Kuzmin et al., 1999), thus most of Zn in the solution of BT1 and BT2 occurred in 

an octahedral structure with a coordination number of 6. The increase in ZnHCO3
+, ZnOH+ and 

Zn(OH)2 would not significantly contribute to the overall coordination environment of Zn in 

solution. Although the dominant coordination number of Zn in the aqueous phase did not change 

over time, the coordination number of Zn in solid phase may have changed.  

The solutions of BT1 and BT2 were supersaturated with respect to Fe(OH)3, goethite 

(FeOOH) and hematite (Fe2O3) and undersaturated with respect to siderite (FeCO3), smithsonite 

(ZnCO3), sphalerite (ZnS), and Zn(OH)2. 
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Figure 7 Concentrations and PHREEQC predicted saturated index of dissolved Zn as a function 

of time. A: BT1 replication A; B: BT1 replication B; C: BT2 replication A; D: BT2 replication B. 

 

Dissolved Zn concentration and PHREEQC predicted saturated index (SI) of Zn(OH)2 

was plotted as a function of time in Figure 7. The solutions of BT1 and BT2 were undersaturated 

with respect to Zn(OH)2. The predicted SI values of Zn(OH)2 in BT1 replicated A and replicated 

B were within the range of -2 to -3.5. The predicted SI values of Zn(OH)2 in BT2 were within a 

range of -1.5 to -9.5, and the time points where had lower pH had more negative SI values of 

Zn(OH)2 (Figure 8), indicating the oxygen trapped in BT2 reduced the pH and inhibited the 

formation of Zn precipitation (Zn(OH)2)  
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Figure 8 PHREEQC predicted SI of Zn(OH)2 and pH of the solutions in BT2 as a function of 

reaction time. A: BT2 replication A, B: BT2 replication B. 

 

In the higher alkalinity experiments (BT3 and BT4), total soluble Zn concentration in the 

input solutions was similar to lower alkalinity batch experiments. However, the Zn (aq) species 

in the input solution were dominated by the Zn(OH)2 (aq) species. The concentration of the four 

most abundant soluble Zn species (Zn(OH)2, Zn2+, Zn(OH)+ and ZnCO3) are listed in Table 7. 
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Table 7 Concentrations of the four most abundant soluble Zn species in BT3 and BT4, calculated by PHREEQC 

Time 

(h) 

BT3 Replicate A  

(mg/L) 

BT3 Replicate B  

(mg/L) 

BT4 Replicate A 

(mg/L) 

BT4 Replicate B  

(mg/L) 
Zn2+ Zn(OH)2 Zn(OH)+ ZnCO3 Zn2+ Zn(OH)2 Zn(OH)+ ZnCO3 Zn2+ Zn(OH)2 Zn(OH)+ ZnCO3 Zn2+ Zn(OH)2 Zn(OH)+ ZnCO3 

0 4.86 2.31 0.60 0.23 4.86 2.31 0.60 0.23 4.50 2.01 0.57 0.18 4.50 2.01 0.57 0.18 

1 3.67 2.99 0.28 0.11 3.61 3.27 0.17 0.06 3.35 1.53 0.42 0.13 3.49 1.63 0.44 0.14 

4 3.38 1.18 0.41 0.16 3.46 2.76 0.28 0.11 3.07 1.68 0.37 0.11 3.08 1.60 0.38 0.12 

8 3.05 2.06 0.32 0.12 3.20 1.15 0.39 0.15 2.83 0.75 0.34 0.11 2.96 1.18 0.37 0.11 

12 3.34 2.68 0.26 0.10 3.10 2.11 0.32 0.12 2.69 1.30 0.34 0.10 2.77 1.02 0.35 0.11 

24 2.65 0.07 0.12 0.05 2.64 1.81 0.27 0.11 2.09 1.39 0.23 0.07 2.40 1.15 0.30 0.09 

36 2.64 0.29 0.23 0.09 2.48 2.27 0.10 0.04 2.27 0.57 0.27 0.08 2.16 1.52 0.22 0.07 

49 2.29 1.92 0.15 0.06 2.50 2.09 0.17 0.07 1.66 0.32 0.18 0.06 1.73 1.12 0.19 0.06 

60 2.38 2.01 0.16 0.06 2.09 1.92 0.08 0.03 1.54 0.74 0.19 0.06 1.48 0.76 0.18 0.06 

72 1.39 1.21 0.08 0.03 0.63 0.60 0.01 0.00 1.61 0.45 0.19 0.06 1.67 0.23 0.16 0.05 

96 0.63 0.55 0.04 0.01 0.93 0.86 0.04 0.01 0.83 0.11 0.08 0.02 0.71 0.55 0.06 0.02 

144 0.83 0.05 0.06 0.05 1.55 1.05 0.15 0.11 0.38 0.19 0.04 0.03 0.78 0.40 0.09 0.07 

216 0.25 0.04 0.02 0.02 0.26 0.16 0.03 0.02 0.16 0.07 0.02 0.02 0.27 0.20 0.02 0.02 

288 0.18 0.09 0.02 0.02 0.20 0.16 0.01 0.01 0.11 0.10 0.00 0.00 0.13 0.12 0.00 0.00 
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In the solid phase, Zn bonds with oxygen in Zn(OH)2 with a tetrahedral geometry (Mokili et 

al., 1996); however, aqueous hydrolysis Zn species (e.g. Zn(OH)(H2O)5+, Zn(OH)2(H2O)4
0) 

commonly have octahedral coordination (Barak & Helmke,1993). Zinc in ZnCO3 adopts an 

octahedral structure with a coordination number of six (Brown, 2014). The dominant dissolved 

Zn species varied over time. However, the concentration of Zn(OH)2 and Zn2+ was much greater 

than other species during the experiments. In addition, in the input solutions, Zn(OH)2 and Zn2+ 

have comparable concentrations, and Zn(OH)2 (aq) became more dominant at the end of the 

experiments. In a summary, soluble Zn in the input solution occurred as aqueous species with a 

coordination number of six. Despite the difference in soluble Zn species (ZnSO4 and ZnCl2), 

aqueous Zn in the ultra-pure water system and the higher alkalinity system have the same 

coordination number of six. 

Experimental solutions from BT3 and BT4 were supersaturated with respect to Fe(OH)3, 

goethite (FeOOH) and hematite (Fe2O3), these minerals had higher SI values in the higher 

alkalinity experiments. For example, solutions were undersaturated with respect to siderite 

(FeCO3) in BT1 and BT2, whereas solutions in BT3 and BT4, were slightly supersaturated with 

respect to siderite (FeCO3) with low SI values (0 <SI <2). Early in the experiment the solutions 

of BT3 and BT4 were slightly supersaturated with respect to Zn(OH)2 with low SI values (0 <SI 

<2) and later in the experiment undersaturation with respect to Zn(OH)2 was observed (Figure 9). 

The solutions in BT3 and BT4 remained undersaturated with respect to smithsonite (ZnCO3), 

sphalerite (ZnS), and other Zn-containing minerals. 
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Figure 9 Concentrations and PHREEQC predicted saturated index of dissolved Zn as a function 

of time. A: BT3 replication A; B: BT3 replication B; C: BT4 replication A; D: BT4 replication B. 

 

Geochemical modeling (PHREEQC) was used to identify the Zn species as a function of 

time in order to understand the potential Zn removal mechanisms. Formation of metallic Zn or 

sphalerite would not be favoured under the weakly reducing conditions prevalent in all four 

batch experiments. According to the results of the modeling, there is no tendency for 

precipitation of smithsonite (ZnCO3) or Zn(OH)2 in BT1 and BT2. Combining the modeling 

results and the pH measurement of BT3 and BT4, precipitation of zinc hydroxide Zn(OH)2 is 

favoured at pH> 7.2. and precipitation of ZnCO3 was not favoured under these conditions. This 

observation was consistent with previous work by Gélabert et al. (2006), who stated that the 

precipitation of Zn(OH)2 was more rapid than ZnCO3 precipitation under the similar conditions. 

Thus, the decreasing concentration of Zn in BT1 is likely caused by Zn adsorption onto surface 

of Fe (oxy) hydroxides. In BT2, the reaction between oxygen and ferrous iron produced Fe(OH)3; 
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thus, the reducing Zn concentration in solution is likely caused by Zn adsorption onto Fe(OH)3. 

In BT3 and BT4, Zn may be removed by either adsorption, similar to the ultra-pure water system, 

or by precipitation of Zn(OH)2.  

In all four of the batch experiments, the concentration of aqueous Zn decreased from nearly 

5 mg L-1 to 0.1 mg L-1, and the pH increased from nearly 6 to 8. This pH range is an optimum pH 

for aqueous Zn adsorption to amorphous Fe(III) oxyhydroxide (Balistrieri et al. 2008), goethite 

and 2-Line ferrihydrite (Juillot et al. 2011). Pokrovsky et al. (2005) reported that Zn was rapidly 

adsorbed to the surface of Fe minerals when the pH was between 6 and 7; Balistrieri et al. (2008) 

found that above pH 4.5, Zn was adsorbed onto amorphous Fe precipitates; in addition, 

adsorption of Zn onto amorphous iron is negligible at pH <5, and most extensive at pH 7 to 8. 

Juillot et al. (2008) also reported Zn adsorption onto 2-line ferrihydrite at the pH of 

approximately 6 to 8, and significant adsorption to goethite at pH range of 4 to 8. 

Thus these results suggest that the most probable removal mechanisms occurring in these 

experiments is either the precipitation of Zn(OH)2 and/or Zn adsorption onto coatings on the ZVI 

or co-precipitation. 

 

2.4.4 Solid-phase Characterization 

 Input solutions of all batch experiments and untreated ZVI (control) were studied using 

X-ray absorption near edge structure technology (XANES). Samples (after 288 hours of 

treatment) of four batch experiments were examined using extended X-ray adsorption fine 

structure technology (EXAFS). Both Zn and Fe were studied using the samples that were reacted 

for 288 hours; however, because Fe0 was the majority of ZVI, and only a thin layer surrounding 

of ZVI was reacted with the Zn (II) solutions, the EXAFS spectra showed the structural 
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information of the Fe0 rather than the reacted Fe. Thus, the structural information regarding the 

thin coating of reacted Fe, used in the following EXAFS fitting and discussion, was based on 

previous research. 

2.4.4.1 XANES and Linear Combination Results  

XANES spectra of all of the batch experiments and standards are shown in Figure 10. 

Compared to Zn0 oxidation state, the Zn K-edge position of Zn2+ is shifted to a higher energy. 

The Zn K-edge positions of all batch experiments were consistent with the Zn (II) oxidation state.  
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Figure 10 XANES spectra (9640 eV to 9760 eV) for batch experiments and standards. 

 

Linear combination fitting (LCF) was performed to compare the similarity between the 
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batch experiment samples and a series of standards [including Zn0, ZnSO4 in ultra-pure water, 

ZnSO4 salt, Zn adsorbed onto ferrihydrite, ZnO and Zn(OH)2. Table 8 summarizes the 

contribution of the standards to the sample XANES spectra, and the combination percentage is 

shown in Figure 11. In BT1, ZnO is the dominant Zn species in the solid phase (71.2 %) and the 

second most abundant Zn phases are Zn(OH)2 and Zn adsorbed onto ferrihydrite. In BT2, both 

ZnO and Zn adsorbed onto ferrihydrite are the dominant Zn species in the solid, and Zn(OH)2 is 

the less abundant species. Compared to BT1, there is more Zn adsorbed onto solid phase than Zn 

precipitation. In BT3 and BT4, Zn adsorbed onto ferrihydrite is the dominant species, while ZnO 

and Zn(OH)2 are the less abundant species. 

 

Table 8 Linear composition fitting (LCF) results of all batch experiments 

 BT1 BT2 BT3 BT4 

Zn adsorbed on ferrihydrite (%) 16.4 33.5 40.5 42.8 

Zn(OH)2 (%) 11.1 16.5 27.4 21.6 

ZnO (%) 71.2 47.6 30.1 34.4 

ZnSO4•7H2O (%) 0 0 0 0 

ZnSO4 in ultrapure water (%) 0 0 0 0 

Zn(0) (%) 0 0 0 0 

Reduced χ2 0.00166 0.00087 0.00058 0.00077 
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Figure 11 Bulk XANES spectra of Zn for last time point of ZVI samples. Reference standards 

include Zn adsorbed onto ferrihydrite, Zn(OH)2 and ZnO. The linear combination fitting energy 

range is (-20eV, 74.012eV) relative to the peak energy. 
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2.4.4.2 EXAFS fitting results 

The oscillations at high k values include significant information regarding the atomic 

structure, thus k3-weighting was used to magnify the signal of χ(k) at high k values and avoiding 

the attenuation and dampening which is caused by static noise and thermal disorders. Gaussian 

window, with a window parameter of 30, was used as a window function during Fourier 

Transform (FT) into R-space. 

To have a clear comparison, spectra were plotted to show the differences between the 

different Zn salts and different alkalinity environments. In k-space (Figure 12), the spectra of all 

four batch experiments had a similar frequency of oscillations which suggest that the distance 

between Zn and the first shell atom (Zn-O) in the four batch experiments was similar. 

 

Figure 12 Experimental EXAFS spectra of all batch experiments in k-space with k3-weight 

magnification of the amplifies. 
 

All samples had the first peak appearing at ~1.5 Å in R-space (Figure 13), which confirms 

that the distances of Zn-O in four batch experiments were similar. A double peak structure is 

shown at ~2-3 Å for BT1, BT2 and BT3 and at ~2.2-3.4 Å for BT4, suggests that there are two 

subshells in that R region. 
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Figure 13 Experimental EXAFS spectra in R-space of all batch experiments. 

  

The fitting results of the first shell of all four experiments suggest that the first shell is 

oxygen, and the Zn-O distance is 1.99 ± 0.01 Å and the coordination number is 3.8 ± 0.3. This 

Zn-O distance and coordination number is consistent with Waychunas et al. (2003), who  

reported a similar Zn-O distance of 1.97± 0.1 Å, and a coordination number of 4± 0.5, when Zn 

complexes on a surface of 2-line ferrihydrite samples. The local structure information of the first 

shell was also consistent with Juillot et al. (2011), who stated that when Zn is adsorbed onto 2-

Line ferrihydrite, the Zn-O distance is1.96 Å and the coordination number is 3.2. A comparison 

was conducted between the samples from this study and previously reported Zn precipitates, 

based on the local structure information of the first shell (Table 9).  The tetrahedral oxygen 

coordination observed in the solid samples differs from the octahedral oxygen coordination of 

Zn(H2O)6
2+ present in the initial solutions of all of the batch experiments, which has a Zn-O 

distance of 2.11± 0.2 Å, and a coordination number of 6 or 7. 

Table 9 First shell comparison between reference materials and samples in this study 

Compound CN (Å) Mechanisms References 

N/A 3.8 ± 0.3 1.99 ± 0.01 N/A This study 

ZnO (zincite) 4 1.978 Precipitation 
Kihara and 

Donnay (1985) 
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ZnFe2O4 

(franklinite) 
4 1.99 Co-precipitation Hill et al. (1979) 

γ-Zn(OH)2 4 1.96 Precipitation 
Christensen 

(1969) 

ε-Zn(OH)2 

(Wülfingite) 

 

4 1.96 Precipitation 
Schnering 

(1964) 

Zn adsorbed to 

2-lines 

ferrihydrite 

3.2 1.96 Adorption 
Juillot et al. 

(2011) 

Zn adsorbed to 

2-lines 

ferrihydrite  

4± 0.5 1.97± 0.1 Adorption 
Waychunas et al. 

(2003) 

 

Based on the specific reaction environment observed in this study (i.e. Zn (II) solution 

reacted with ZVI), there are five possible models for the Zn local structural environment of the 

second and third shell (Table 10). These five models include the possible Zn products associated 

with different removal mechanisms.  

Table 10 Five models for Zn local structural environment 

Model  First shell Second shell  Third shell 

1 Zn-O Zn-Fe Zn-Fe 

2 Zn-O Zn-O Zn-Fe 

3 Zn-O Zn-Zn Zn-Zn 

4 Zn-O Zn-O Zn-Zn 

5 Zn-O Zn-Fe Zn-Zn 

 

R-space curve fitting of the experimental data from BT1, BT2, BT3 and BT4 was performed 

using these five models; during this comparison, attention focused on the magnitude of the 

Fourier Transform (FT) and the imaginary part of the FT. Considering the residual in terms of the 

whole R region, the second shell magnitude and imaginary parts of second shell, fitting results 

are summarized in Table 11. 
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Table 11 R space curve fitting result for four batch experiments 

Experiment Model configuration Shell Path CN R DW 

Total 

Fitting 

Residual 

E0 

BT1 

1 Zn-O-Fe-Fe 

1 Zn-O 3.9 1.99 0.00591 

11.3 -0.5 2 Zn-Fe 0.8 2.70 0.0009
1
 

3 Zn-Fe 0.7 3.01 0.0100
2
 

2 Zn-O-O-Fe 

1 Zn-O 3.8 1.98 0.0059
1
 

15.4 -1.2 2 Zn-O 1.8 2.66 0.0009
1
 

3 Zn-Fe 1.0 3.06 0.0094 

3 Zn-O-Zn-Zn 

1 Zn-O 3.9 1.99 0.0059
1
 

10.5 -0.4 2 Zn-Zn 0.9 2.68 0.0009
1
 

3 Zn-Zn 0.4 2.98 0.0100
2
 

4 Zn-O-O-Zn 

1 Zn-O 3.7 1.98 0.0059
1
 

16.3 -1.2 2 Zn-O 1.7 2.65 0.0009
1
 

3 Zn-Zn 0.8 3.04 0.0072 

5 Zn-O-Fe-Zn 

1 Zn-O 3.9 1.99 0.0059 

11.8 -0.7 2 Zn-Fe 0.7 2.69 0.0059
1
 

3 Zn-Zn 0.7 3.01 0.0100
2
 

BT2 

1 Zn-O-Fe-Fe 

1 Zn-O 3.7 1.98 0.0075 

8.2 -1.9 2 Zn-Fe 0.4 2.72 0.0075
1
 

3 Zn-Fe 0.4 3.16 0.0095 

2 Zn-O-O-Fe 

1 Zn-O 3.6 1.98 0.0072 

9.8 -2.2 2 Zn-O 0.8 2.69 0.0072
1
 

3 Zn-Fe 0.7 3.15 0.0100
2
 

3 Zn-O-Zn-Zn 

1 Zn-O 3.7 1.98 0.0075 

8.0 -1.9 2 Zn-Zn 0.6 2.71 0.0100
2
 

3 Zn-Zn 0.5 3.17 0.0100 
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4 Zn-O-O-Zn 

1 Zn-O 3.7 1.98 0.0075 

23.3 -2.3 2 Zn-O 0.9 2.69 0.0075
1
 

3 Zn-Zn 0.6 3.13 0.0087 

5 Zn-O-Fe-Zn 

1 Zn-O 3.7 1.98 0.0075 

8.5 -1.9 2 Zn-Fe 0.4 2.72 0.0075
1
 

3 Zn-Zn 0.5 3.15 0.0100
2
 

BT3 

1 Zn-O-Fe-Fe 

1 Zn-O 3.5 2.00 0.0075
1
 

10.9 -0.5 2 Zn-Fe 0.2 2.68 0.0075
1
 

3 Zn-Fe 1.0 3.19 0.0075
1
 

2 Zn-O-O-Fe 

1 Zn-O 3.5 1.99 0.0075
1
 

12.4 -0.6 2 Zn-O 0.4 2.67 0.0075
1
 

3 Zn-Fe 1.1 3.18 0.0075
1
 

3 Zn-O-Zn-Zn 

1 Zn-O 3.4 2.00 0.0075
1
 

8.5 -0.3 2 Zn-Zn 0.4 2.67 0.0075
1
 

3 Zn-Zn 1.1 3.18 0.0075
1
 

4 Zn-O-O-Zn 

1 Zn-O 3.4 2.00 0.0075
1
 

18.2 -0.2 2 Zn-O 0.4 2.67 0.0075
1
 

3 Zn-Zn 2.7 3.14 0.0075
1
 

5 Zn-O-Fe-Zn 

1 Zn-O 3.5 2.00 0.0075
1
 

9.1 -0.5 2 Zn-Fe 0.3 2.68 0.0075
1
 

3 Zn-Zn 1.0 3.17 0.0075
1
 

BT4 

1 Zn-O-Fe-Fe 

1 Zn-O 3.9 1.99 0.0091 

14.4 -2.5 2 Zn-Fe 0.4 2.65 0.0091
1
 

3 Zn-Fe 1.1 3.55 0.0100
2
 

2 Zn-O-O-Fe 

1 Zn-O 3.7 1.96 0.0084 

13.6 -6 2 Zn-O 1.4 2.56 0.0084
1
 

3 Zn-Fe 1.3 3.51 0.0100
2
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3 Zn-O-Zn-Zn 

1 Zn-O 4.0 1.98 0.0091 

13.5 -3.5 2 Zn-Zn 0.6 2.63 0.0100
2
 

3 Zn-Zn 1.2 3.53 0.0100
2
 

4 Zn-O-O-Zn 

1 Zn-O 3.7 1.96 0.0084 

13.8 -6 2 Zn-O 1.3 2.56 0.0084
1
 

3 Zn-Zn 1.4 3.5 0.0100
2
 

5 Zn-O-Fe-Zn 

1 Zn-O 4.1 1.98 0.0096 

13.1 -3.8 2 Zn-Fe 0.5 2.64 0.0100
2
 

3 Zn-Zn 1.3 3.52 0.0100
2
 

1. Low limit; 2. High limit. 

 

 

 

 

 

 



51 
 

Based on an examination of the residuals (Figure 14), the experimental data of BT1 can be 

better fitted with model 1, model 2 and model 3; BT3 and BT4 can be better fitted with model 3 

and model 5. The fitting residual of BT2 is lower compare to BT1, BT3, and BT4, and BT2 can 

be better fitted using model 1, model 2, and model 3. The lower residual of BT2 suggested that 

the reaction in BT2 might be different to the other three batch experiments. All four batch 

experiments can not be fit with model 2 or model 4 (Figure 14). The second shell cannot be 

oxygen. Unlike the initial solutions, in which two shells of water surround each Zn, no water 

molecules are present within the inner-sphere of Zn associated with the solid phase. Fitting for 

all four samples suggests a double metallic coordination at the second FT peak in the R region. 

However, both Zn-Zn and Zn-Fe can fit the second shell, with a small effect on the Zn-M (M=Zn, 

or Fe, or both) distance and coordination number.  
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Figure 14 EXAFS fitting residual in terms of the whole R region (total magnitude with solid line), 

second shell FT magnitude (dot line) and second shell FT imaginary (dash line) of 5 testing 

models listing in Table 10. The lower the residual is, the better the testing model matches the 

experimental data.   
 

A comparison between the R space curve-fitting results, based on the three shell models (a) 

Zn-O-Fe-Fe (Model 1 in Table 11), (b) Zn-O-Zn-Zn (Model 3 in Table 11) and (c) Zn-O-Fe-Zn 

(Model 5 in Table 11), respectively. The interatomic distance between center atom Zn and its 

second and third shell in different models in different batch experiments are listed in Table 12 

and Table 13. The fitted interatomic distances among the three models for the corresponding 

scattering paths are very similar, indicating the limitation of the XAFS analysis, specifically for 

the system under investigation (i.e. Zn (II) solution reacted with ZVI).   

The center atom Zn had tetrahedral geometry at distances between the center atom Zn and 

the second shell atom as summarized in Table 12. The distances in different test models and in 

samples from the batch experiments are similar, suggesting variations in Zn salt solutions and 

alkalinity concentrations assessed in these experiments did not influence the structure of the 
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second shell. Based on the EXAFS fitting, the possible model for second shell is ZnO4-FeO6 

edge sharing on ferrihydrite. Without direct information on the structure of the alteration coating 

on Fe0 the octahedron geometry of FeO6 was based on goethite (Gualtieri and Venturelli, 1999). 

Tetrahedral geometry of ZnO4 was based on R space curve fitting of the experimental data (Table 

11, 12).  

Table 12 Summary of the interatomic distance of second shell in R space curve fitting using 

model 1, 3 and 5 

Model Shell Path BT1 BT2 BT3 BT4 

1 2 Zn-Fe 2.70 2.72 2.68 2.65 

3 2 Zn-Zn 2.68 2.71 2.67 2.63 

5 2 Zn-Fe 2.69 2.72 2.68 2.64 

Average 2  2.69±0.01 2.71+0.01 2.67+0.01 2.64±0.01 

 

The conceptual structure model of ZnO4-FeO6 (ferrihydrite type) edge sharing (Figure 15a) 

and Zn centered tetrahedron rotated vs O1-O2 axis (Figure 15b) reflect changes in the Zn-Fe 

bond length. Figure 16 shows how the Zn-Fe bond distance changes with the rotation angle. At a 

specific rotation angle, the Zn-Fe bond distance matches the fitted distance of the Zn-Fe bond. 

Thus, the ZnO4-FeO6 (ferrihydrite type) edge sharing model can explain the corresponding 

scattering paths in the second shell. In addition, this model can explain one of the Zn removal 

mechanisms, in which is Zn was removed by sorption onto ferrihydrite coating at the surface of 

ZVI. 
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Figure 15 Conceptual structure model of ZnO4-FeO6 (ferrihydrite type) edge sharing mechanism 

for explaining the second shell EXAFS fitting results. The golden atom is Fe with octahedron 

geometry. The grey atom is Zn atom with tetrahedron geometry. The red atom is O, and Fe and 

Zn share O1 and O2. (a) is principle structure model, and (b) is the model when Zn centered 

tetrahedron is rotated vs O1-O2 axis.  

 

 
Figure 16. The ZnO4-FeO6 (ferrihydrite type) edge sharing conceptual model, showing changes 

in the Zn-Fe distance when the Zn centered tetrahedron is rotated. 
 

 The results for fitting the third shell and the distance between the center Zn atom and the 

third shell atom indicate that there is no significant difference in distance among models 1, 3 and 

5 in the same batch experiment (Table 13). However, the distance in higher alkalinity batch 

experiments (BT3 and BT4) is longer compared to the same Zn salt in the ultra-pure water batch 

experiments (BT1 and BT2). In addition, compared to ZnSO4, ZnCl2 formed longer Zn-Zn/Fe 

bond distances in the third shell. Combining Zn removal mechanisms discussed in previous 

section to the structural information given by EXAFS fitting results, there are two possible 
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models in the third shell: (a) ZnO4-ZnO4 corner sharing of ZnO type and (b) ZnO4-ZnO4 corner 

sharing of Zn(OH)2 type. Only one test model (i.e. ZnO4-FeO6 corner sharing of spinel type) was 

considered because Zn co-precipitated with Fe test model was analyzed, but the Zn-Fe distance 

was not within the range of EXAFS fitting results of the third shell. 

 

Table 13 Summary of the interatomic distances of the third shell in R space curve fitting using 

models 1, 3 and 5 

Model Shell Path BT1 BT2 BT3 BT4 

1 3 Zn-Fe 3.01 3.16 3.19 3.55 

3 3 Zn-Zn 2.98 3.17 3.18 3.53 

5 3 Zn-Zn 3.01 3.15 3.17 3.52 

Average 3  3.00±0.02 3.16±0.01 3.18±0.01 3.53±0.02 

  

In the first test model, the third shell includes ZnO4-ZnO4 corner sharing of the ZnO type, 

which is consistent with surface precipitated zinc oxide. This ZnO4 structure is based on the 

structure of mineral zincite (Kihara and Donnay, 1985), and is consistent with the conceptual 

model shown in Figure 17. When the bond angle between Zn1-O and Zn2-O is changed 

systematically, the Zn1-Zn2 distance changes simultaneously. The correlation between the bond 

angle and the Zn1-Zn2 distance was determined by geometry calculations, and the relationship 

shown in Figure 18. 

 

Figure 17 A conceptual model of ZnO surface precipitation/ The grey atom is Zn, and the red 

atom is O. Two ZnO4 units share an O atom, and the bond angle can change within a limited 

range. 

  



56 
 

 
Figure 18. The relationship between bond angle Zn1-O-Zn2 and interatomic distance Zn-Zn in 

ZnO model. 

 

 The corner sharing ZnO type of ZnO4 tetrahedron can address the Zn-Zn coordination 

distances observed for the for BT1, BT2 and BT3 experiments, with a Zn1-O-Zn2 bond angle 

107.4º, 109.07º and 109.13º respectively. However, this configuration cannot accommodate the 

fitting results for BT4. 

 For BT4, shell models 3 and 5 point to a Zn-Zn distance of 3.52 to 3.53 Å, which is 

consistent with the average Zn-Zn distance of the third shell Zn-Zn coordination of γ-Zn(OH)2 

type at 3.53 Å. The ZnO4-ZnO4 corner sharing with a γ-Zn(OH)2 type structure can explain the 

Zn speciation in the third shell of BT4 (Figure 19). 
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Figure 19 Conceptual model of ZnO4-ZnO4 corner sharing with γ-Zn(OH)2. Grey atom is Zn, and 

red atom is O. Three Zn share three O. 
 

 All samples of four batch experiments have ZnO4 tetrahedron geometry in the first shell 

with similar Zn-O bond distances. The Zn coordination geometry changed from octahedral (in 

the initial solution) to tetrahedral (solid phase). In the second shell, there is no significant 

difference among samples of different batch experiments. Zinc tetrahedral bonded with 

octahedral Fe hydroxide (Fe from ferrihydrite) sharing two oxygen atoms (edge sharing) 

provides the best match to the EXAFS results. These observations suggest that one of the Zn 

removal mechanisms is Zn absorption onto a ferrihydrite-type solid surface, which was produced 

by the reaction between ZVI and water. However, without the local structural information of this 

Fe hydroxide phase, no further information can be confirmed. Both the Zn-Zn path and the Zn-

Fe path were tested for the third shell for comparison with EXAFS results. However, Zn-O-Fe-

Fe test model failed to match the EXAFS fitting results. Thus, for the third shell, two types of 

ZnO4-ZnO4 corner sharing mechanisms, i.e., with ZnO and γ-Zn(OH)2, are suggested by fitting 

the by XAFS results. This outcome suggests that, Zn precipitation forming ZnO and Zn(OH)2, 

provides another Zn removal mechanism. The structure of Zn(OH)2 may or may not have 

changed during the freeze-drying process, and the structure of Zn(OH)2 might be similar to ZnO 

or keeping original Zn(OH)2 structure. Thus, using only EXAFS fitting, Zn(OH)2 and ZnO 
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production cannot be clearly discerned. In addition, from the EXAFS fitting results of the third 

shell, the experimental system with higher alkalinity has a longer Zn-Zn bond distance in the 

third shell. This observation suggests that alkalinity did change the structure produced during Zn 

precipitation, although it did not influence the coordination number. 

2.4.5 Isotope Fractionation 

Zinc removal in the duplicate experiments (A and B) followed similar trends (Figure 5), 

additionally the aqueous Zn species in the duplicates were in agreement when modeled using 

PHREEQC (Table 6 and Table 7). Isotope ratio measurements were only determined for one of 

the replicates (A) to evaluate the relationship between isotope fractionation and removal 

mechanisms in the different experiments.  

In this study isotope 66/64Zn was measured on the unreacted Zn in the solution phase rather 

than digesting the solid phase. Balistrieri et al. (2008) and Juillot et al. (2008) suggest that 

measuring isotope fractionation in the solution is preferable as: 1) when solid phase is filtered to 

separate it from the solution, the solid phase may retain some of the unreacted solution on the 

surface. Therefore, if this solid phase is digested, the Zn isotope ratio will be a mixture of Zn on 

the solid phase and Zn in solution; 2) if the solid phase was washed before digestion, the pH 

environment would be changed. Zinc sorption is significantly influenced by pH and Zn may be 

desorbed during washing and; 3) Zn might either absorb to or co-precipitate onto the solid phase 

(ZVI) or be suspended in the solution retained on the filters. Hence, it is necessary to digest not 

only the solid phase but also the filters. Digestion of the solid phase and filters might pose a 

challenge during isotope purification. For example, these experiments contain ZVI, which may 

dissolve during the digestion, leading to the potential for the concentration of dissolved Fe 

(which is an isobaric interference on Zn isotope measurement) to exceed the concentration of Zn; 
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additionally, organic materials or other metals may be released to solution.  

The notation for the isotopic ratios (δ66Zn) used in following discussion describes the 

isotopic fractionation occurring in the aqueous phase, rather than the solid phase. The isotopic 

composition of the stock input solution was normalized to daily measurements of IRMM-3702. 

Considering the uncertainty associated with the measurements there was no significant difference 

(p > 0.05) in the δ66Zn of the different input solutions (ZnCl2, ZnSO4 or changes in alkalinity 

Table 14). These δ66Zn values are similar to those reported by Veeramani et al., (2015), reported  

δ66Zn of solutions using ZnSO4 and ZnCl2 salts were -0.21±0.04‰ and -0.14±0.03‰ 

respectively. 

Table 14 Normalized δ66Zn of input solutions of all four batch experiments. 

BT1 BT2 BT3 BT4 

-0.20±0.04‰ -0.18±0.09‰ -0.21±0.04‰ -0.17±0.08‰ 
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Figure 20 Normalized isotopic value (δ66Zn) of the solution as a function of fraction of Zn in 

solution in all four batch experiments. The error bars represent the 2σ uncertainty due to 

separations and MC-ICP-MS measurement. 

 

In order to compare the isotope fractionation in the different batch experiments, the δ66Zn 

values have been reported relative to the isotopic composition of the starting solution (Figure 20), 

hence each batch experiment plot starts with a zero δ66Zn.  

Similar isotopic behavior was observed in all of the experiments, the δ66Zn decreased 

relative to the composition of the starting solution as Zn was removed from solution (Figure 20). 

After 288 hours, 95% or more Zn was removed from solution, and the δ66Zn in BT1, BT2, BT3 

and BT4 declined from 0 ‰ to -0.18±0.03‰, -0.27±0.03‰, -0.26±0.03‰, -0.17±0.07‰, 

respectively. 

The fractionation observed here is significant in comparison to analytical uncertainties 

http://pubs.acs.org/doi/full/10.1021/acs.estlett.5b00273#fig1
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(0.07 ‰). The preferential removal of the heavier Zn isotope leads to an enrichment of the 

lighter isotope in solution. These results are in agreement with Balistrieri et al. (2008) and Juillot 

et al. (2008), who found an enrichment of the lighter Zn isotopes in the solution phase when Zn 

was adsorbed onto 2-Line ferrihydrite, goethite and amorphous Fe (III) oxyhydroxide. 

Pokrovsky et al. (2005) reported a negative fractionation in the supernatant during Zn sorption 

onto hematite, corundum and gibbsite; however, a positive Zn fractionation was also reported 

sorption of Zn onto goethite which is inconsistent with the observations of Balistrieri et al. (2008) 

and Juillot et al. (2008). In addition, during the precipitation of hydrozincite (Zn5(CO3)2(OH)6) 

the heavier Zn isotopes were preferentially removed from solution leaving the remaining solution 

enriched in the lighter isotopes (Veeramani et al., 2015).  

The Zn concentration and δ66Zn in the supernatant decreased throughout the experiments 

(from 0 hours to 288 hours), and the reaction did not reach equilibrium. Hence, the behavior of 

Zn concentration and δ66Zn upon the whole removal process was kinetically limited.  Mass-

dependent fractionation was examined by plotting δ67Zn and δ70Zn of all of the samples as a 

function of δ66Zn (Figure 21). The slopes of the δ67Zn vs δ66Zn and δ70Zn vs δ66Zn relationships 

were 1.4902 and 2.9163, respectively (Figure 21). The theoretically calculated results from the 

exponential law ( kinetic expression) of the slopes of δ67Zn vs δ66Zn and δ70Zn vs δ66Zn were  

1.490 and 2.915 (Matthies et al., 2014). The slopes determined by this research and the 

theoretically calculated slopes are comparable; thus, the results can be discussed in term of mass-

dependent isotope fractionation.  
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Figure 21 δ67Zn and δ70Zn as a function of δ66Zn of all measured samples. The external 

reproducibility of the measurements is ±0.2‰ (2σ).  

 

 Zinc removal in this study is attributed to non-equilibrium (kinetic) processes, in which 

the back reaction between the reactant and product is negligible. Another Zn accumulation 

experiment was set up under similar experimental conditions (i.e. the same volume and 

concentration of Zn in the input solution, mass of ZVI, temperature and humidity, etc.) however 

the input solution was replaced every 5 days. Zinc was still removed from solution after 8 cycles. 

This observation suggests that, compared to the surface area of ZVI, there is a limited Zn supply 

in solution. Zinc isotopes in the solutions did not reach an isotopic equilibrium after 288 hours, 

as δ66Zn kept decreasing through the entire experiment. 

A reaction system can be considered an “irreversible” system or a “reversible” system. If 
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formation of the Zn reaction product is irreversible and will not react with the solution, the 

reaction product was isolated from the solution, and the system is “irreversible” system. On the 

contrary, in a “reversible” system, the removed Zn can still equilibrate with aqueous Zn. When 

Zn was removed from solution by irreversible precipitation, Veeramani et al. (2015) used a 

Rayleigh fractionation model to describe the Zn isotope fractionation as a function of the fraction 

of remaining fraction of aqueous Zn (f). Pokrovsky et al. (2005), Balistrieri et al. (2008) and 

Juillot et al. (2008) used an equlibrium model in a "reversible" system to describe the process 

when Zn is removed by adsorption.  

To evaluate whether the reactions in this research were occurring in an "irreversible" system 

or a "reversible" system, both the Rayleigh fractionation and equilibrium models were applied to 

calculate the theoretical δ66Zn remaining in the solution as a function of f in an “irreversible” 

system and in a “reversible” system to the measured ones. In theoretical plotting δ66Zn as a 

function of f should either fit the Rayleigh model (“irreversible” system, Equation 17) or 

equilibrium model (“reversible” system, Equation 18).  

(17) δ 𝑍𝑛 
66 =  [ 𝑓(𝛼−1) − 1]  ×  1000‰ 

(18) δ 𝑍𝑛 
66 =

(1−𝑓)×(𝛼−1)

(1−𝑓)+𝛼𝑓
 ×  1000‰ 

where f is the fraction of Zn in solution, and α is the fractionation factor. There is a α in Equation 

17 and in Equation 18, which can be used to compare the isotope fractionation in the four batch 

experiments; however, the fractionation factor α will be calculated to different values in the same 

experiment but use different fitting models (Rayleigh model or equilibrium model). For this 

reason, the fractionation factor α can be used to compare different experiments only if they used 

the same fitting method. Equation 17 and Equation 18 were respectively used to fit four sets of 

measured “δ66Zn vs. f" using SigmaPlot (v11.0) and the fractionation factor of each batch 
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experiment and uncertainty of each fitting was given at the same time (Figure 22). 

 

Figure 22 Evolution of isotopic ratios (δ66Zn) as a function of the fraction of Zn in solution for 

all batch experiments. Solid lines represent the theoretical calculation considered the system as 

an open system, and used Rayleigh Equation. Dashed lines were the theoretical calculation only 

considered the system as a closed system, and used equilibrium fitting. Error bars represents the 

external reproducibility.  

 

 The “irreversible” and “reversible” system fitting are compared in Figure 22. The 

calculated fractionation factors (α) and uncertainties (σ) are shown in Table 15. An R2 statistic 

was used to assess the goodness of fit. The factors indicating an “irreversible” system are in grey 

shaded rows in Table 15, and the factors indicating a “reversible” system are in the white rows in 

Table 15. 

Table 15 Comparison between irreversible system fitting and reversible system fitting 

 BT1 BT2 BT3 BT4 

αirre 1.000059085 1.000080704 1.000090014 1.000073466 
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εirre 0.06±0.04 0.08±0.02 0.09±0.05 0.07±0.05 

R2 (irreversible) 0.5923 0.9268 0.6115 0.4231 

αre 0.99983 0.99983 0.99977 0.99979 

∆re -0.17±0.02 -0.17±0.05 -0.23±0.03 -0.21±0.02 

R2 (reversible) 0.8753 0.6394 0.8863 0.8988 

 

The R2 values were used to compare how different models fit the data from the four batch 

experiments. BT2 was a better fit with Rayleigh model, which has R2= 0.9268, whereas BT1, 

BT3 and BT4 were a better fit with an equilibrium model (R2= 0.8753, 0.8863 and 0.8988, 

respectively). This fitting results suggested an “irreversible” reaction process, such as adsorption, 

might be the removal mechanism in BT2, while a “reversible” reaction process, such as 

precipitation, might be the dominant removal mechanism in BT1, BT3, and BT4. In 

consideration of the discussion in previous sections, this difference might be due to the presence 

of oxygen in BT2, which resulted in lower pH values, remaining below pH 5 for the initial 4-24 

hours of the experiment. These low pH values may have limited the extent of Zn(OH)2 

precipitation, and influenced the extent of Zn isotope fractionation. Furthermore, the 

accumulation of ferric oxyhydroxides may have provided a greater abundance of substrate for Zn 

adsorption in BT2. During the initial 100 hours of the experiment the δ66Zn values in experiment 

BT2 fell above the equilibrium fractionation trend. In BT2, enrichment factor (ε) (definition in 

Equation 8), can be used to compare to other Zn isotope fractionation research in “irreversible” 

systems. In BT1, BT3, and BT4, separation factor (∆) (definition in Equation 9) can be used to 

compare Zn isotope fractionation in “reversible” systems. 

Compared to the enrichment factor ε in BT2 (0.08‰±0.02‰), Veeramani et al. (2015) 

reports a more positive value of ε during Zn precipitation forming hydrozincite (ε= 0.18‰). 

However, forming different Zn precipitation products would result in differences in isotope 

fractionation. Because there is no information on Zn isotope fractionation during formation of 
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ZnO and Zn(OH)2 precipitation, Zn isotope fractionation in this study cannot discern if the Zn 

removal is by precipitation of ZnO and Zn(OH)2.  

Veeramani et al. (2015), did not observe fractionation of Zn in experiments in which Zn was 

adsorbed by ferrihydrite at pH= 7.2, because the Zn isotope ratios did not change as a function of 

time. Similar to their work, the initial concentration of Zn input solution was 0.08 M and ZnCl2 

was chosen as one of Zn input solutions. However, their work was conducted with a lower 

solid:liquid ratio (2 g L-1) than this study (33.33 g L-1). However, considering that the XAFS 

results suggest that Zn was removed by adsorption Zn to Fe (oxyhydroxides), which constituted 

a minor fraction of the total ZVI mass, the concentration of adsorbate (Fe hydroxides) was 

unknown. 

Separation factors of BT1, BT3 and BT4, which represent Zn fractionation in solution 

(∆solution-ZVI), were -0.17‰± 0.02‰, -0.23‰± 0.03‰, and -0.21‰± 0.02‰, respectively. The 

∆solution-ZVI values for BT1 were lower than BT3 and BT4; however, according to the t-test 

(p>0.05), there is no significant difference between these enrichment factors. Previous research 

on Zn isotope fractionation during Zn adsorption onto iron oxides or hydroxides is summarized 

in Table 16.  

Table 16 Summary of the previous research on Zn isotope fractionation during Zn adsorption 

onto iron oxides or hydroxides solid phases 

Adsorbate Separation factor (∆solution-solid) (‰) Citation 

Hematite -0.2±0.5 Pokrovsky et al. (2005) 

 

Goethite 

0.2±0.03 Pokrovsky et al. (2005) 

-0.15±0.08 Cacaly et al. (2004) 

-0.29 Juillot et al. (2008) 

Amorphous Fe(III) -0.58±0.08 Cacaly et al. (2004) 
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oxyhydroxide -0.52±0.04 Balistrieri et al. (2008) 

2-lines ferrihydrite -0.53 Juillot et al. (2008) 

N/A Veeramani et al. (2015) 

Corrosion of ZVI in 

ultra-pure water/ 

CaCO3 solution 

-0.17±0.02 This study BT1 

-0.17±0.05 This study BT2 

-0.23±0.03 This study BT3 

-0.21±0.02 This study BT4 

 

 Negative fractionation of δ66Zn was observed in all the previous studies except for Zn 

sorption on to hematite (Pokrovsky et al., 2005). Thus the heavier isotope of Zn (i.e. 66Zn) 

preferentially adsorbed onto the solid phase and leaving the lighter isotope (i.e. 64Zn) in solution 

resulting in a negative fraction (Balistrieri et al. 2008; Pokrovsky, et al. 2005). Compared to 

these previous studies, the extent of Zn isotope fractionation in this study is most similar to the 

experiments which used hematite and goethite as adsorbates, whereas experiments with 

amorphous Fe(III) oxyhydroxide and 2-line ferrihydrite showed greater Zn isotope fractionation. 

Thus, Zn isotope fractionation depends on the structure of the adsorbate.  
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Chapter 3: Conclusion and environmental implications 

3.1 Summary of Findings 

Four batch experiments were conducted to characterize the Zn isotope fractionation 

during reaction of Zn2+
(aq) with ZVI and to compare how different Zn solutions (ZnSO4 vs. ZnCl2) 

and alkalinity concentrations (ultra-pure water vs. 6 mg L-1 (as CaCO3)) affected Zn and removal 

mechanisms and isotope fractionation. Decreases in Zn concentrations were associated with a 

decreasing δ66Zn throughout the experiments. There is no significant different reaction rate 

among these four batch experiments. However, among these four batch experiments, samples of 

BT2, which used ultra-pure water and ZnCl2, reacted with the oxygen which is occasionally 

trapped in the glovebox. The consequences included low pH, and the difference in isotope 

fractionation and EXAFS modelling. 

The concentration and δ66Zn data of BT1, BT3 and BT4 can fitted equilibrium curve with 

different fractionation factors indicating that Zn(II) was not effectively isolated from the solution. 

The concentration and δ66Zn data of BT2 can best be fit by a Rayleigh fractionation curve. Thus, 

fractionation factors of BT1, BT3, and BT4 derived from equilibrium fitting were compared to 

previous research that also used equilibrium fitting. Fractionation factors derived from these 

three batch experiments were similar, suggesting different Zn solutions or alkalinity 

concentrations did not significantly affect the extent of isotope fractionation. According to the 

results of XANES and EXAFS studies, the coordination number of Zn changed from six in initial 

solution to four in the first shell of Zn on solid ZVI. The bond between Zn and solid phase was 

stronger than Zn in solution, the heavier isotope 66Zn was retained on the solid phase. Based on 

the possible EXAFS models for second shell and third shell of Zn, both adsorption and 
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precipitation are important removal mechanisms. Comparisons to previous studies indicate 

consistently negative fractionation factors, however, the degree of fractionation is dependent on 

the structure on the adsorbent solid. 

3.2 Recommendation for future research 

As dissolved Zn has one oxidation state, Zn was not reduced during the treatment by ZVI. 

Different Zn solutions and alkalinity did not have a significant effect on removal rate, attenuation 

efficiency, isotope fractionation, or removal mechanisms, suggesting that Zn isotope 

measurements can be widely used in different situations. Although Zn isotope measurements can 

provide an effective tool to track the extent of Zn attenuation during Zn transport, the use Zn 

isotope measurements in isolation are not sufficient to distinguish sorption-dominated and 

precipitation-dominated removal mechanisms. There is limited research reported δ66Zn 

fractionation during Zn precipitation, especially Zn(OH)2 and ZnO, this limited information 

constrains the application of Zn isotope measurements to determine reaction mechanisms in 

environmental systems.   

.  
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