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SUMMARY  

This thesis focuses on the synthesis and applications of nanoscale zero valent iron (nZVI) 

in the environmental remediation of contaminants. The polyvalent characteristics of this 

nanomaterial are evaluated in this work with the study of its application in a wide range of 

contaminants: heavy metals and pesticides in water medium, and malodorous sulfur compounds 

present in air streams. Moreover, a novel method of synthesis of encapsulated nZVI from a 

waste material is presented, which meets the principles of green chemistry and at the same time 

represents a low-cost method of obtaining nZVI with improved characteristics. 

Chapter 1 describes the current state of the topics that will be discussed in the rest of the 

thesis. Specifically, the different mechanisms of contaminant remediation by nZVI are 

discussed, a summary of the current synthesis methods is presented and the principal 

modifications of nZVI to improve its characteristics are described. Finally, the limitations of the 

current techniques are assessed, which will be the starting point of the thesis. 

 In Chapter 2, the application of nZVI to heavy metal removal during long time periods is 

explored. The contaminants studied are Zn, Cd, Ni, Cu and Cr, which are the most common 

heavy metals found in ground and wastewater. A delivery-effect of the heavy metal ions that 

had already been attached to nZVI surface is observed after long reaction times, which is a 

consequence of the nZVI aging and oxidation. The conditions that influence the delivery-effect 

are assessed and possible solutions to this detected problem are presented. 

 In Chapter 3, nZVI is applied to the removal of sulfur-based odorous compounds in air 

streams. The compounds studied are hydrogen sulfide and dimethyl disulfide (DMDS), which 

are commonly found in wastewater treatment plants. Both nZVI loading and pH are varied to 

assess their influence on the process. Bimetallic nanoscale particles of Cu/Fe, Ni/Fe and Pd/Fe 

are synthesized in order to improve the DMDS abatement by the nZVI. The advantages of this 

new method for odor removal are discussed at the look of the experimental results.  Lastly, a 

pilot scale test was performed in a wastewater treatment plant in order to test the effectiveness 

of the nZVI in a real application. The nZVI were applied in a scrubber to eliminate the sulfurous 

compounds from the pre-treatment area of the wastewater treatment plant. 

 Chapter 4 deals with the application of nZVI to the oxidation of non-biodegradable 

pollutants by the Fenton reaction. Specifically, the effect of pH on the degradation of the 

herbicide 2,4-dichlorophenoxyacetic acid (2,4-D) is studied. The advantages of using nZVI as a 

Fenton reagent compared to homogeneous Fenton are described. Furthermore, the addition of 

UV-light to the process is investigated. Finally, the main degradation intermediates of the 

reaction are identified and a degradation mechanism is accordingly proposed. 
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 In Chapter 5, the presence of polychlorinated dioxins and furans (PCDD/Fs) in the nZVI 

surface is addressed. Studies have shown that nZVI enhances the formation of such chlorinated 

compounds during thermal processes, but it is unclear which the origin of the compounds is. It 

has been suggested that nZVI could possess impurities such as PCDD/Fs in its surface. 

Therefore, the concentration of PCDD/Fs in both commercial and laboratory-synthesized 

nanoparticles is analyzed. PCDD/Fs pattern and WHO-TEQ concentrations are also obtained. 

As an outcome of the results obtained in this chapter, a recommendation for preventing the 

PCDD/Fs presence in nZVI is given.  

 Chapter 6 is dedicated to the synthesis of carbon-encapsulated nanoparticles using 

hydrothermal carbonization (HTC) of an agricultural waste, particularly, olive mill wastewater 

(OMW). This novel method, in addition to meet the green chemistry principles, makes profit of 

the high polyphenol content of OMW to maximize the fraction of incorporated iron into the 

nZVI. Moreover, the carbon layer surrounding the nZVI protects it against oxidation and avoids 

its aggregation. Several HTC conditions are explored to study their implications in the 

characteristics of the material obtained. A deep characterization of the encapsulated nZVI is also 

presented in this chapter. 

 In Chapter 7, the applications of the encapsulated nZVI synthesized in Chapter 6 are 

explored and compared for the same contaminants that have been studied in the previous 

chapters. Then, the advantages of encapsulated nZVI in comparison with common nZVI are 

discussed at the end of the chapter, and an estimation of the synthesis costs with this method is 

addressed. 

 Lastly, in Chapter 8, the main conclusions of the thesis are summarized and suggestions for 

future work are presented. 
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1.1 NANOTECHNOLOGY FOR CONTAMINANT REMEDIATION 

 The rapid evolution of industrialization and urbanization of our society in the last decades 

is affecting the environment by producing hazardous wastes and poisonous gases which are 

released to the water sources, the soil and the atmosphere. As a result, providing clean air and 

water for the community has become a challenging task. According to the World Health 

Organization (WHO), more than 2 billion people do not have access to clean water [1] and the 

European Environment Agency (EEA) estimates that around 3 million sites in its member 

countries have been affected by polluting activities, 250,000 of them requiring remediation 

measures urgently [2]. Moreover, there is a growing evidence of cardiovascular effects and even 

mortality related to long-term exposure to atmospheric air pollution, as particles, nitrogen 

dioxide and volatile organic compounds [3]. In 2005, 89 % of the world’s population lived in 

areas where the average ambient concentrations of fine particles exceeded the World Health 

Organization limit of 10 mg/m3 [4]. On the other hand, sulfur and nitrogen emissions to the 

atmosphere end in the deposition of them in ecosystems, rivers and lakes, causing their 

acidification and eutrophication [5]. The risk of eutrophication is expected to affect 40% of the 

natural area in Europe in 2020. With all this in mind, it is urgent to give a solution to the 

contamination generated by the anthropogenic activities in order to achieve a sustainable 

development and preserve the natural resources for the future generations. 

 In parallel, the rapid development of nanotechnology has received a great deal of attention 

due to the possibility of fabrication of nanomaterials with large surface to volume ratios and 

excellent properties to treat pollutants. Nanoscience is an area of knowledge that describes the 

analytical and processing techniques that enable the control of the size and composition of the 

matter at the nanoscale [2]. Due to the extremely fast development of the analytical techniques 

in the last 25 years, such as transmission electron microscopy, scanning electron microscopy or 

atomic force microscopy, nowadays it is possible to know and control the properties of the 

matter at the atomic and molecular level. The control of the nanoscale enables synthesizing 

materials with improved characteristics which are particular of the nanorange, or to control at 

will the already known ones. This has permitted the synthesis of materials with tailored 

properties and the production of devices which are progressively smaller [3]. In the last two 

decades, a wide range of different nanomaterials, like nanoparticles, nanowires, nanotubes and 

nanosheets have been synthesized for their application in diverse fields, such as electronics, 

biomedicine, energy sector and environmental remediation [6].  

 Nanomaterials possess unique chemical, catalytic, electronic, magnetic and optical 

properties due to their small size and quantum size effect [6, 7]. When the particle size 

diminishes, the proportion of atoms located at the particle surface increases. Surface atoms 
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possess more unsatisfied or dangling bonds, which makes them more susceptible to interact and 

react with other atoms in order to achieve charge stabilization [8, 9]. These unique 

characteristics can be applied for the environmental remediation of pollutants, providing cost-

effective treatment technologies which are successful in decomposing pollutants into less toxic 

substances. For example, while silver at the macroscale is regarded as chemically inert, at the 

nanosize it can be applied in the catalysis of numerous chemical reactions and for antimicrobial 

sterilization [8]. Other examples of such applications include: (i) the use of TiO2 nanoparticles 

as photocatalysts for the removal of organic contaminants [1]; (ii) the application of carbon 

nanotubes as adsorbents for dioxins, dyes and other organic contaminants [4]; (iii) the use of 

graphene nanosheets as adsorbents of heavy metals [5]. The list of applications of nanomaterials 

for soil, water and air remediation continues to grow every year. Indeed, according to the market 

research report published by BCC Research in September of 2015, the nanotechnology market 

in environmental applications reached $23.4 billion in 2014 and is estimated to reach about 

$41.8 billion by 2020. Among nanomaterials used for contaminant remediation, metal 

nanoparticles have shown to be the most versatile and effective to degrade pollutants from 

contaminated sources [10]. Specifically, nZVI is the most promising nanomaterial for 

environmental remediation due to its versatility, relatively low cost and high reactivity [8]. 

1.2 nZVI AS A SOLUTION FOR ENVIRONMENTAL REMEDIATION 

 Iron is the most widespread transition metal and the fourth most abundant element in the 

Earth’s crust. As an element it is non toxic, cheap and has a relatively strong reducing power (Eº 

= -0.44V). Moreover, it is magnetic, which enables it to be easily separated with an external 

magnet from the medium being treated after its application. Another advantage of using iron for 

contaminant remediation is the production of nontoxic iron oxides after the removal of the 

pollutants [11]. Additionally, when using ZVI at the nanoscale range, the advantages increase. 

nZVI has a high surface area and great reactivity due to its low size. When the size of the 

particles is diminishes from 1 mm to 50 nm, the surface area increases 20 times (from 0.76 m2/g 

to 15 m2/g). Furthermore, the shell of the nanoparticles is highly disordered and defective, 

which makes them very reactive [12]. Equally important, another advantage of the 

environmental remediation with nZVI is that it can be easily applied to the treatments already in 

place. For example, they can be deployed in slurry reactors or can be easily anchored onto 

activated carbon filters [13]. 

 nZVI exhibits a core-shell structure, which is spontaneously formed during nZVI synthesis, 

as shown in Figure 1.1 [8]. The core is composed of metallic iron and acts as an electron donor 

source, being the responsible of reduction reactions. The shell layer composition depends on the 
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synthesis process and environment conditions [14]. In general, it is amorphous, has a thickness 

of ~3 nm and is composed of Fe2+, Fe3+ and O, having a similar structure to that of the coating 

of iron oxides immersed in water, including magnetite (Fe3O4), goethite (-FeOOH) and 

lepidocrocite (-FeOOH) [15-17]. For nZVI synthesized in aqueous medium, the oxide layer is 

composed primarily of iron oxohydride (FeOOH) [1]. Furthermore, it presents defective sites 

such as remaining boron, oxygen and vacancies. This chemical heterogeneity confined in a 

thickness of a few nanometers, generates a highly disordered structure that displays high 

reactivity. nZVI shell enables sorption, surface complexation, electrostatic interactions and 

electron transport from and to the core, which is favored by its semiconducting nature and 

defective structure [12].  

 

Figure 1.1. Transmission electron microscopy (TEM) image of nZVI showing its core-shell 
structure. 

 Due to all the advantages mentioned, nZVI has been widely studied for environmental 

remediation of wastewater and groundwater. Its versatility enables it to act by reduction, 

adsorption, co-precipitation and, in the presence of dissolved oxygen or hydrogen peroxide, it 

can produce hydroxyl radicals, which possess strong oxidizing capability towards organic 

pollutants [1]. Therefore, a wide range of organic and inorganic contaminants can be effectively 

removed by nZVI, such as halogenated organics, dyes, heavy metals, pesticides, oxyanions like 

nitrate and arsenite, etc. [6-10]. Summarizing, nZVI is a versatile material, as it shows 

properties from both iron oxide and metallic iron. Nowadays, nZVI has proven to be a 

promising technology that could provide cost-effective solutions to some of the most 

challenging environmental remediation problems. 

 

 

50 nm

Core
(Fe0)

Shell
(FeOOH, 

Fe2O4, FeO)
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1.3 MECHANISMS FOR CONTAMINANT REMEDIATION 

1.3.1 nZVI as a reducing agent 

The first and most recognized application studied for nZVI lies in the fact that it can easily 

get oxidized to Fe2+ and Fe3+ and during this process it can reduce other substances to non-toxic 

or less-toxic substances. Generally, dissolved oxygen and to some extent water, are the common 

acceptors of iron electrons in the environment (see reactions (1.1) and (1.2)), but there are a lot 

of compounds that can serve as final acceptors. This characteristic can be put into productive 

use for the transformation of contaminants into less toxic compounds [11].  

2Fe(s)
0 +4H+ +O2(aq) Fe2++2H2O                                      (1.1) 

2Fe(s)
0 +2H2O(l) 2Fe2++H2(g)+2OH(aq)

-                         (1.2) 

 In Table 1.1, the standard electrode potential of iron and several contaminants is shown. As 

illustrated there, metallic iron is a moderately strong reductant, having a standard electrode 

potential at room temperature of -0.44 V. Additionally, Fe2+, which is the primary product of 

Fe0 oxidation, can undergo further oxidation, although with a standard potential less reductive 

than that of Fe0 (+0.77 V). The reduction process requires that the pollutant is adsorbed or is 

placed in the close vicinity of the iron surface. Then, either the pollutant is reduced after the 

transport of the electrons from the core to the nZVI surface, or by Fe2+ which is forming 

complexes at the nanoparticle shell. After the removal process, a beneficial characteristic of 

nZVI as a reductant is that the end products of its oxidation are iron oxides and hydroxides, 

which are non toxic compounds [18]. 

Table 1.1. Standard electrode potential of several elements at 25ºC. 

Zinc (Zn) Zn2++2e- Zn -0.76 

Metallic iron (Fe) Fe2++2e- Fe -0.44 

Cadmium (Cd) Cd2++2e- Cd -0.40 

Cobalt (Co) Co2++2e- Co -0.28 

Nickel (Ni) Ni2++2e- Ni -0.24 

Uranium (U) UO2
2++4H++2e- U4++2H2O 0.27 

Copper (Cu) Cu2++2e- Cu 0.34 

Ferrous iron (Fe2+) Fe3++e- Fe 0.77 

Silver (Ag) Ag++e- Ag 0.80 

Mercury (Hg) Hg2++2e- Hg 0.86 

Chromium (Cr) Cr2O7
2-+14H++6e- 2Cr3++7H2O 1.36 

Aliphatic halogenated 
hydrocarbons (RCl) RCl+2e-+H+ RH+Cl- 0.5-1.5 
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The first application discovered for nZVI was the reductive dechlorination of aliphatic 

halogenated hydrocarbons. The process includes the adsorption of the chlorinated compound 

into the iron surface, followed by the breakage of the carbon-halogen bond. Examples of 

halogenated organic compounds which have been proved to be degraded by nZVI include 

chloroethanes, chloroethenes such as trichloroethylene and polychlorinated biphenyls [16]. 

Moreover, other substances that have proven to be reduced by nZVI include metal ions [19-21], 

pesticides [22], polycyclic aromatic hydrocarbons [23], nitrate [24] and azo dyes [25].  

1.3.2 nZVI as an adsorbent 

 As mentioned in section 1.2., due to its core-shell structure, nZVI is capable of acting also 

as an adsorbent by means of its (hydr)oxide shell. Due to the small radius of the nanoparticles, 

the oxide shell is highly disordered and reactive. The nanoparticle shell enables surface 

sorption, complexation, precipitation or combinations of them [7, 26]. Compounds that have 

shown to be removed from water by absorption and/or chemical precipitation on the nZVI shell 

include Zn2+, Ni2+ [27], Cd2+ [19], Ba2+, phosphate [28], arsenate [29] and Co2+ [30]. In 

comparison with reduction processes, during adsorption the contaminants are merely 

immobilized on the nZVI surface without physical destruction. 

 However, the mechanism of removal by nZVI is never a pure reduction or adsorption 

process. In contrast, complex interfacial reactions such as adsorption, surface-mediated 

reduction, complexation and (co)precipitation can take place simultaneously or sequentially 

[31]. Several authors have suggested that the removal pathways depend on the nature of the 

contaminant being removed [26, 32]. For example, for metal ions which have a standard 

electrode potential (E0) much more positive than nZVI, such as Cr6+ and Hg2+, the removal 

mechanism is by reductive precipitation. In the case of metal ions which have E0 more negative 

than metallic iron, such as Zn2+, the dominant mechanisms of removal are sorption/surface 

complexation. Finally, for metal ions which have E0 only slightly more positive than Fe0, such 

as Ni2+ and Co2+, the removal occurs by sorption and partial chemical reduction. In Figure 1.2, 

the different mechanisms that lead to contaminant mitigation by nZVI are illustrated. 



Chapter 1   

8 
 

 

Figure 1.2. Illustration of the different mechanisms of removal of contaminants by nZVI. 

1.3.3 Application of nZVI for oxidation of organic compounds 

 nZVI can also be applied in Advanced Oxidation Processes (AOPs), like the Fenton 

process, as a slow-delivering source of Fe2+, which is needed for Fenton reaction (see reactions 

(1.3) and (1.4)) [33, 34]. Fenton process consists of the production of highly reactive hydroxyl 

radicals through the reaction between ferrous iron and hydrogen peroxide under acidic 

conditions (reaction (1.5)). These hydroxyl radicals are able to rapidly and effectively oxidize 

organic compounds, such as pesticides, hydrocarbons and dyes, which are non-biodegradable 

compounds difficult to remove by current wastewater treatments [35]. The generated ferric ions 

by reaction (1.5) can further react with hydrogen peroxide, regenerating ferrous iron and 

producing O2H radicals, which may also attack contaminants, although with lower efficiencies 

[36].  

Fe0+H2O2+2H+→Fe2++2H2O  (1.3) 

2Fe3++Fe0→3Fe2+  (1.4) 

Fe2++H2O2→Fe3++HO·+HO-  (1.5) 

Fe3++H2O2→Fe2++H++·O2H  (1.6) 

 The use of nZVI for the Fenton process has the advantage compared to conventional 

Fenton that results in less iron dissolved in the solution after the process and thus the cost of 

treatment that would be required to precipitate the iron out of the solution is reduced [37, 38]. 

Moreover, when using nZVI for the Fenton reaction, it is possible to work at higher pH because 

Fe3+ species are “immobilized” within the structure and in the pore/interlayer space of the 

catalyst [39]. Compounds that have already been proved to be removed by nZVI through 

Fe0
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R-H

Reduction
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Me(OH)x
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heterogeneous Fenton reaction include phenol [40], molinate [41], metronidazole [42] and other 

phenol-related compounds such as 4-chloro-3-methyl phenol [38]. 

1.3.4 nZVI as a substitute for permeable reactive barriers (PRBs) 

 Permeable reactive barriers are used as a passive in-situ treatment of contaminated 

groundwater, which is performed by excavating trenches in the soil and filling them with a 

granular reactive material which intercepts the contaminated plume. The groundwater passes 

through the PRB by a natural gradient, and the contaminants are removed by the reactive 

material. Common materials which are used as fillings in PRBs include activated carbon, 

zeolites, compost, etc. but the most used is ZVI, which has been applied in hundreds of PRBs 

worldwide, particularly for the degradation of chlorinated organic pollutants [16]. Over the last 

ten years, the use of PRBs has become a standard method for the treatment of groundwater 

contaminants. However, the technology presents some limitations: the excavation is limited to 

30-40 m due to high costs, precluding the treatment of deeper contaminants; it addresses the 

contaminant degradation in the plume instead of the direct treatment of the source of 

contamination; and it does not present a good long-term performance due to mineral 

precipitation, biomass growth and gas accumulation [43]. 

 In order to overcome these limitations, nZVI has been proposed has an alternative to 

common ZVI particles [44]. Due to its small size, lower than the aquifers pores, nZVI can be 

dispersed in aqueous slurries and be directly injected in the subsurface, facilitating the access to 

the source of pollution (see Figure 1.3). Moreover, its high surface area has also a positive 

impact on the degradation kinetics. Currently, the major obstacle to field application is the 

mobility and deliverability of the nZVI in the soil due to its aggregation [45]. Nevertheless, the 

process has been studied at about 50 pilot and full-scale field locations by 2012 [46, 47], mostly 

in the U.S, but also in Europe, and is starting to be applied in Asia [48]. 

 

Figure 1.3. Scheme of an in situ remediation technology for reductive dechlorination of chlorinated 
solvents using nZVI [45]. 
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1.4 nZVI SYNTHESIS  

 The techniques for nZVI synthesis consist of both physical and chemical methods that can 

be divided in bottom-up and top-down approaches (see Figure 1.4) [49]. The bottom-up 

approach consists of building up the nanoparticles by putting atoms or molecules together via 

nucleation, deposition, precipitation, etc. Examples include: condensation of atomic iron vapor 

under vacuum or inert gas atmosphere, aqueous chemical reduction from ferrous or ferric iron 

solutions, and dry chemical reduction from iron oxides in hydrogen atmosphere at elevated 

temperatures [50]. The top-down approach consists of breaking down micro or millimeter-sized 

iron materials to obtain nanoscale particles. Examples of top-down methods include lithography 

or grinding [51]. In the next subsections, the most common applied methods for nZVI synthesis 

and the ones that are being developed in recent years will be explained. 

 
Figure 1.4. Top-down and bottom-up approaches to synthesize nZVI. 

1.4.1 Aqueous chemical reduction method 

 The majority of published works regarding environmental remediation with nZVI employ 

the aqueous chemical reduction of iron (II) or (III) salts with sodium borohydride (see reactions 

(1.7) and (1.8)) to produce the nanoparticles. This method consists of the addition of an aqueous 

solution of sodium borohydride into a solution of a ferric or ferrous salt under vigorous mixing 

at ambient temperature and pressure. Sodium borohydride is added slowly and in a proportion 

higher than the stoichiometric in order to obtain particles at the nanosize [52]. The volumes of 

iron and borohydride salt are generally kept equal and the mixing time commonly maintained is 

1 hour [7]. Then, the resulting iron nanoparticles are washed with distilled water several times 

to remove the remaining borohydride and are stored in suspension with water and ethanol, or 

are vacuum-filtered and stored in ethanol.  

Fe(H2O)6
3++3BH4

- +3H2O Fe0↓+3B(OH)3+10.5H2↑  (1.7) 

Fe(H2O)6
2++2BH4

- Fe0↓+2B(OH)3+7H2↑  (1.8) 
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 The aqueous chemical reduction method has been widely used for laboratory and field tests 

because the synthesis can be performed at ambient temperature and pressure [13, 53]. Particles 

produced with this method are normally smaller and present higher surface areas than with other 

methods, they are regular and smoothed in shape, and the metallic iron in the core is amorphous 

[54]. The outer shell formed is composed of iron (hydr)oxides. Nevertheless, it involves high 

costs for large production of nanoparticles, due to the high price of sodium borohydride and the 

labor work required [50]. The estimated cost of the process is $200/kg of nZVI [45, 48]. 

Moreover, large quantities of hydrogen are produced and several separation steps are involved, 

which make the production at industrial scale difficult [8].  

 In order to decrease the synthesis costs of the method, the so-called green synthesis 

methods are being recently developed. Apart from being inexpensive, they are environmentally 

friendly, as they do not use toxic reagents. They consist of the use of eco-friendly substances, 

such as plant extracts of coffee, tea or grape, which are rich in polyphenolic compounds, as a 

reducing agent instead of sodium borohydride [55, 56]. Specifically, the polyphenols are 

extracted from the plants by heating them in water at a temperature close to the boiling point 

and then the extract is separated from the plant residue and mixed with a solution of Fe2+ or 

Fe3+. In addition, in order to make the process even more inexpensive, several wastes from 

agricultural or food industries, which are rich in polyphenols, can be used as reducing agents 

instead of plant extracts. Examples include residues from fruits, vine or eucalyptus leaves [57, 

58]. The main limitation of this method is the incomplete reduction of Fe2+/Fe3+ to nZVI by the 

plant extracts, which can lead to the formation of iron (hydr)oxides instead of metallic iron [59]. 

Also, depending on the plant extract used, the characteristics of the nZVI obtained (size and 

surface area) vary a lot [60].  

1.4.2   Gas phase reduction method 

 This method of production of nZVI consists of the reduction of iron compounds, such as 

goethite (-FeOOH) or hematite (-Fe2O3), at elevated temperatures using H2 as a reducing 

agent [14]. The nanoparticles produced with this method are usually larger (~100 nm) than with 

other methods, they are more irregularly shaped and present a crystalline structure in the core 

[48]. The composition of the oxide shell is usually magnetite (Fe3O4) [61]. This method of 

synthesis is easily scalable and has been applied for the synthesis of commercial nZVI [62].  

1.4.3  Chemical vapor condensation 

 The chemical vapor condensation method to produce nanoparticles consists of evaporating 

a metal, in this case iron, into a non-wetting surface in the presence of a solvent. As a result, the 
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metal is deposited in the surface in the form of islands. Then, the continuous condensation of 

the solvent covers the particles and prevents the formation of a continuous metal film [51]. This 

method usually requires high temperatures (1900ºC) to evaporate the iron. Therefore, a 

modification of the method has been recently developed, which consists of the thermal 

decomposition of iron pentacarbonyl (Fe(CO)5) in an appropriate surfactant/solvent system [16]. 

This compound has a lower enthalpy of formation (-185 kcal/mol) and therefore its 

decomposition is easier to produce. This method is able to produce nZVI with small sizes (10-

20 nm), uses low temperatures (140-160ºC) and its only byproduct is carbon monoxide, but its 

main disadvantage is that iron pentacarbonyl is a highly toxic reagent. 

1.4.4 Electrolysis 

 The nZVI synthesis by electrolysis consists of the formation of iron nanoparticles from a 

solution containing Fe2+/Fe3+ salts by applying an electric current between the anode and the 

cathode [63]. The particles of iron produced are deposited on the cathode. This method is easy 

to implement, cheap and requires short time [8]. The drawbacks are that the nanoparticles have 

a strong tendency to aggregate and form clusters in the cathode and surfactants are commonly 

needed to detach them [64]. 

1.4.5 Precision milling 

 This synthesis method consists of the milling of micro-sized iron in a high speed rotatory 

chamber using stainless steel balls. The benefits of this method are that it does not require toxic 

reagents, it needs short production times and that it can be easily applied on large scale [50, 64]. 

The nZVI obtained by this method has slow sizes (~20nm) and high surface area (~40 m2/g). 

Conversely, the nanoparticles have irregular shape due to their deformation during milling and 

tend to agglomerate very easily [50, 64].  

1.5 MODIFICATIONS OF nZVI  

 Although common nZVI has proven to be very effective for contaminant remediation, it 

presents some drawbacks. The use of nZVI in environmental remediation is limited due to its 

lack of stability and easy aggregation in micro size flocs, which drastically diminishes its 

reactivity [24, 64-69]. Agglomeration of nZVI can take place via van der Waal forces, magnetic 

and electric dipolar interactions [45]. The nZVI agglomeration reduces the effective surface area 

of the nanoparticles, diminishing its reactivity, and also hinders the application of nZVI in soils 

because particles larger than 3 m are intercepted by the soil matrix [45]. In addition, due to its 
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extremely reactive surface, which makes it very good for contaminant remediation, it also reacts 

with dissolved oxygen and water, which accelerates the nanoparticles aging and results in a loss 

of reactivity towards not target compounds [45, 68, 70].  

 In order to prevent nZVI aggregation and improve nZVI properties for environmental 

remediation, several modifications of nZVI structure and synthesis methods are being 

developed. nZVI can be modified with other materials and supports in order to increase its 

stability, reactivity and surface area. Methods for modification of nZVI include the addition of a 

second metal to nZVI [70], coating its surface with organic species [67, 71], the synthesis of 

emulsified nZVI [72], the deposition of nZVI on supports and its encapsulation in a matrix [64]. 

A diagram of the different modification methods is illustrated in Figure 1.5. 

 

Figure 1.5. Summary of the different modifications of nZVI in order to improve its properties. 

1.5.1 Bimetallic nZVI 

 nZVI can be modified in order to improve its reaction rate for contaminant degradation 

with the addition of a small fraction of a transition metal on the nanoparticle surface, such as Pt, 

Ag, Cu or Ni, which act as a catalyst [1, 45]. These metals are believed to enhance the 

degradation rates by: (i) facilitating the electron transfer through the formation of a galvanic 

couple; (ii) generating reactive atomic hydrogen [11, 73]. In addition, bimetallic particles 

diminish the deposition of corrosion products on the particle surface and protect the nZVI 

surface against passivation [1, 1, 48]. As a result, bimetallic nanoparticles have been applied in 

the dechlorination of aromatic compounds and polychlorinated biphenyls, which usually have 

slow degradation rates [10]. 

 The bimetallic nanoparticles can be synthesized by two processes. In the first one, the as-

synthesized nZVI is mixed with a solution containing a salt of the second metal that is going to 

Bimetallic nZVI

Fe0
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be added to the nZVI. As the standard reduction potential of the transition metals (Pt, Ag, Cu or 

Ni) is more positive than that of Fe, the metals become reduced through a metal replacement 

reaction and the zero-valent metal is deposited on the nZVI surface [74, 75]. This method is 

known as the solution deposition method. The second method of synthesis of bimetallic nZVI is 

the simultaneous reduction of both iron and the second metal salts by sodium borohydride, 

which is called the co-reduction method [48]. Regardless of the method of synthesis used, the 

transition metal forms a thin discontinuous layer on the top of the nZVI surface [76]. 

 Among the transition metals studied, Pd has shown to be the most effective due to its 

optimal structure and chemical properties to generate activated hydrogen species and to break 

the carbon-halogen bond in dehalogenation reactions [45]. For example, Schirck et al. reported 

reaction rates with Fe/Pd nanoparticles over a magnitude higher than with common nZVI for the 

degradation of trichloroethylene [77].  

 However, the main disadvantage of bimetallic systems is that they accelerate the iron 

corrosion due to the galvanic effect, thus rapidly diminishing the reactivity of the system [78]. 

Further research is needed in order to improve the properties of bimetallic systems and enlarge 

their reactivity at long time periods. 

1.5.2 Surface-coated nZVI 

 nZVI stabilization through its surface modification or coating prevents the aggregation of 

the nanoparticles in order to increase their mobility in porous media and improve their 

reactivity. It consists of attaching stabilizers to the nZVI surface in order to avoid its 

electrostatic attraction to the medium and to control inter-particle interactions [45, 79]. With this 

purpose, hydrophilic or amphiphilic organic substances are attached to the nZVI surface to 

create repulsive forces and enhance the dispersion of the nanoparticles. Another advantage of 

stabilized nanoparticles is that they passivate the nZVI surface and diminish its reactivity with 

water and dissolved oxygen. 

 Nanoparticle stabilization can be performed in two ways: i) adding the stabilizer before the 

synthesis of the nZVI (pre-agglomeration stabilization), ii) applying the stabilizer after the nZVI 

is synthesized (post-agglomeration stabilization). The former one results in stabilized nZVI of a 

smaller size which is more reactive than bare nZVI [80]. In the latter one, the stabilizer is added 

after the nZVI aggregates are formed. Consequently, the method is limited by the ability to 

break down the existing aggregates, and stabilizer molecules are more likely to block the 

reactive sites of nZVI as more quantity of the stabilizer is needed. This results in a lower 

reactivity of post-agglomerated stabilized nZVI compared to bare nZVI [81]. 
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 Compounds such as synthetic and natural polymers, surfactants, carboxylic acids, 

polysaccharides, etc. have been used for nZVI coating in the literature [82-84]. Generally, 

molecules of high molecular weight and high densities of charged functional groups are better 

stabilizers [45]. The size of the nanoparticles obtained can be tuned by varying the 

concentration and the chain length of the surfactant [6]. Among them, the use of biopolymers 

has been extensively studied due to their low price and the fact that they are environmentally 

friendly. Examples include food-grade polysaccharides like chitosan, carboxymethyl cellulose 

(CMC), starch and guar gum, which have been proven to serve as effective coatings for nZVI in 

several studies [85-87]. The most promising stabilizers among all of them are CMC and 

polyacrylic acid (PAA). CMC has proven to provide the nZVI with an unprecedented reactivity 

and derivability for in situ applications [73, 88], and PAA/nZVI has shown better mobility than 

CMC/nZVI under certain conditions (carbonate porous media and Ca2+ concentrated 

groundwater) [89, 90]. 

1.5.3 Emulsified nZVI 

 The emulsification of nZVI consists of the formation of a water/oil emulsion that protects 

the nZVI surface, avoids its aggregation and improves the degradation efficiency of non polar 

substances [91]. Two kinds of emulsions have been studied: (i) oil-in water, which consists of 

the location of nZVI particles in a non-polar substance that is dispersed in a water solution [72]; 

(ii) water-in oil-in water, which consists of 10-20 m water droplets containing nZVI particles 

which are surrounded by an oil film [92]. In order to assure the stability of the emulsions, 

surfactants are employed. Examples of oils that have been used for the emulsification of nZVI 

include available food-grade vegetables as bean oil or corn oil [72, 92]. These kinds of 

emulsions have been applied for the remediation of dense non-aqueous phase liquids (DNALP). 

The major drawback of this modification is the high viscosity of nZVI emulsions. 

1.5.4 Supported nZVI 

 nZVI can be applied in fixed supports or carriers in order to make its separation from the 

medium after the treatment easier and avoid the aggregation between the nanoparticles. In 

addition, the hydrophobic support prolongs the reactivity of the nanoparticles and enables the 

adsorption of hydrophobic contaminants on the nZVI surface, such as PCBs [74]. Materials 

such as silica, activated carbon, zeolites or polymer membranes, have been used as supports for 

nZVI [64, 79]. The nZVI can be immobilized in such supports by using carboxyl, hydroxyl or 

amine groups as chelating sites [48]. Depending on the carrier characteristics, they can improve 

the adsorption characteristics of the nZVI. Several studies have proven that immobilizing nZVI 
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particles in solid supports provides an easy operation while maintaining the excellent reduction 

ability of nZVI [93, 94]. However, the main drawback of this modification method is that the 

nanoparticles are exposed at the surface of the supports, and thus, get rapidly oxidized by air. 

Therefore, the encapsulation of nZVI is preferred to enhance the stability of nZVI without 

sacrificing its efficiency in contaminant remediation.[95]. 

1.5.5 Encapsulated nZVI 

 Another method of nZVI modification is its trapping or encapsulation in a matrix, as for 

example chitosan, Arabic gum, calcium alginate or carbon [66, 71, 96, 97]. Among them, 

encapsulation in nano or microspheres of carbon is the most promising one. Such encapsulation 

of nZVI into protective carbon capsules lead to unique core-shell nanomaterials which display 

the adsorptive properties of the carbon and the reductant properties of the nZVI. Methods for 

synthesizing this kind of hybrid materials include confined arc plasma method and 

hydrothermal carbonization [66, 98]. 
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1.6 THESIS OBJECTIVES 

 As it has been illustrated during this chapter, nZVI possesses significant potential for the 

elimination of a wide range of contaminants and represents a promising solution for 

environmental remediation. However, it has not yet achieved widespread practical application 

due to several reasons. On the one hand, nZVI without any modification displays a rapid 

aggregation, thus diminishing its external surface area and the contaminant degradation 

efficiency. On the other hand, the high reactivity of nZVI also makes it react with dissolved 

oxygen and water, thus decreasing its effectiveness towards the elimination of contaminants. In 

addition, nZVI current synthesis methods are expensive for the low cost application that 

normally remediation processes involve. Environmental applications usually need the use of 

high quantities of reagents in order to remediate huge volumes of contaminated water and soil 

and are therefore particularly sensitive to the nanomaterials cost. In 2012, the price of nZVI 

varied between $60-190 per kg, while micro and granular iron were available for prices lower 

than $1.25 per kg [8].  

 In addition, studies are lacking of real applications, such as more complex contaminated 

water with more than one contaminant, or the performance of nZVI over extended periods. It 

has been suggested that studies using simple solutions tests or during short reaction times have 

overestimated the nZVI performance. Furthermore, there is also a need to demonstrate large-

scale field application of nZVI rather than laboratory tests. Lastly, the potential for air pollution 

mitigation with nZVI has not yet been explored. With all of this in mind, the main objectives of 

this thesis are: 

 To study the degradation of water containing a mixture of contaminants during long 

reaction times in order to approach real conditions in wastewater treatment. 

 To investigate the application of nZVI for the elimination of air pollutants. Specifically, 

nZVI has been assessed for the elimination of sulfur-containing compounds which are 

responsible of odor in wastewater treatment plants. 

 To improve the current application of nZVI as a catalyst for the Fenton reaction by 

increasing the pH at which the process can be applied in order to decrease treatment 

costs. 

 To assess the presence of contaminants, such as dioxins and furans in nZVI surface of 

nanoparticles synthesized by the chemical reduction method. 

 To develop a cost-effective method of synthesizing nZVI and improve its characteristics, 

avoiding its aggregation and rapid oxidation. In order to achieve this, the hydrothermal 

carbonization of wastewater from the olive oil industry has been employed to obtain 

nZVI encapsulated with carbon spheres. These nanoparticles have been assessed for their 
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application in the elimination of the contaminants studied in the thesis in order to 

compare its effectiveness with common nZVI. 
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2.1 INTRODUCTION 

 Heavy metals are the most abundant contaminants affecting soil and groundwater in 

Europe, with a 30.9% of incidence (see Figure 2.1). They are included among the priority 

pollutants to be eliminated from water supplies because they tend to accumulate in living 

organisms and are highly toxic for human and animals [1, 2]. Their discharge to the 

environment results from various kinds of anthropogenic activities, such as electroplating and 

metal finishing processes, mining, batteries manufacturing, leather tanning, fertilization and 

pigment production [3-5]. Cr, Cu, Zn, Cd and Ni are among the most common and priority 

heavy metals to be removed from environmental waters. Those metals are toxic, persistent and 

some of them carcinogenic. For example, the highly mobile form of Cr, Cr6+, is highly toxic and 

is carcinogenic to humans and animals, causing lung and nasopharynx cancer [6]. Cadmium is 

also carcinogenic and can cause damage to lungs, kidneys and reproductive organs [4] . Zinc, 

although it is an essential nutrient for the organism, in high concentrations can cause threatens 

to the gastrointestinal track and skin. For this reason, the European Environmental Agency 

(EEA) has set a limit concentration in drinking water to all these elements, as shown in Table 

2.1. 

 

 

Figure 2.1. Contaminants affecting groundwater, surface water and leachate in Europe [7]. 
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Table 2.1. Maximum allowed heavy metal concentrations in water for human consumption by the 
European Directive of 98/83/EC.  

Parameter Limit (mg/L) 

Cadmium 0.005 

Chromium 0.05 

Copper 2.0 

Nickel 0.02 

Zinc 3.01 

1Value recommended by the WHO, although values above this limit do not have health effects, but cause 
aesthetic and technical effects in water equipment. 

 Currently, the treatment of heavy metals is conducted mainly through precipitation 

processes by the increment of pH by adding an alkaline reagent [8]. This treatment involves 

high consume of chemicals and the generation of large quantities of sludge. Moreover, low 

concentrations of heavy metals are difficult to deal with due to the presence of chelates in 

wastewater that limit the solubility of metal precipitates. There are other methods that can be 

employed, such as reverse osmosis, adsorption or ion exchange, but all of them involve high 

operation costs [1]. 

 An alternative approach to treat heavy metals contaminated water is by the application of 

nZVI. Heavy metals have been demonstrated to be removed by nZVI with high rates and 

efficiencies [9]. The mechanisms responsible of the removal are complex, as they entail the 

actuation of both the core and the shell of the nanoparticles. Several authors have proposed that 

the elimination process by the nanoparticles is determined by the type of heavy metal ion and its 

interaction with nZVI [10, 11]. The suggested mechanisms have been [12, 13] : surface 

mediated reduction and precipitation in the nanoparticles core (Cr6+, Hg2+, Cu2+, etc.), 

adsorption plus partial chemical reduction (Ni2+, Pb2+) and sorption plus precipitation or surface 

complex formation (Zn2+, Cd2+). Thus, it is evidenced that nZVI can act through multiple 

mechanisms to trap heavy metals from water, which make it unique for this application [14]. 

 Surprisingly, the wide majority of works concerning heavy metal remediation using nZVI 

are performed during short timescales and with a single element. Such systems are far away 

from real applications and could lead to an overestimation of the nZVI performance. nZVI 

rapidly oxidizes in water due to its reaction with both dissolved oxygen (DO) and water. 

Corrosion of nanoparticles produces changes in their structure and properties depending on the 

environmental conditions. Recently, several works dealing with nZVI aging in water have been 

published, but still there is a lack of knowledge of nZVI performance during long time periods. 

In Wang et al.’s work (2010), nZVI was aged under a highly humid atmosphere (85%) and dry 

air [15]. It was demonstrated that water content enhanced nZVI oxidation, developing the 
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growth of a thicker shell and originating ordered crystalline structures. This phenomenon has 

been reported by other authors and has demonstrated to be facilitated at high pH values [16, 17]. 

The crystalline structure originated during nZVI aging is produced by its reaction with O2, 

which liberates heat and leads to the crystallization of nZVI. As a consequence, the 

nanoparticles display reduced surface areas and less reactivity towards target contaminants. 

Compounds found at the nZVI surface after the aging process include lepidocrocite, magnetite, 

wüstite, goethite and maghemite [18-20]. The exact composition will depend on the conditions 

under which nZVI are oxidized. 

 There is limited work concerning the influence of nZVI aging on contaminant remediation. 

Moreover, the majority of the studies have been performed with a semi continuous approach, 

i.e. nZVI is aged under certain conditions and is subsequently used to remove a target 

contaminant. After the aging, the nZVI has proven to suffer a remarkable decrease in the 

removal efficiency [21, 22]. For example, 80% reduction in trichloroethylene removal was 

reported using nZVI suspensions which had been previously aged in air during 3 days [23]. In 

addition, Sarathy et al. [22] observed a 25 and 70% decrease in efficiency after 5 days and 6 

months, respectively, for CCl4 mitigation after aging the nZVI in contact with deoxygenated 

water. The reduction of nZVI reactivity was ascribed to the development of a passivation shell 

composed of more protective and less reactive magnetite rich oxide.  

 Nevertheless, there is limited research dealing with nZVI aging effect on continuous 

experiments. When nZVI is applied into ground and wastewater treatments, it is important to 

determine how its aging can affect the removal process. There are very few studies covering this 

area. Two examples are the works of Crane et al. (2011) and Dickinson and Scott (2010) about 

uranium abatement, in which they recorded a release of uranium back to the water due to nZVI 

aging [24, 25]. A delivery of 20% of already retained U was observed after just one week of 

treatment, and increased to 60% after 3 weeks (see Figure 2.2). Uranium release was ascribed to 

the re-dissolution of uranyl-carbonate complexes caused by CO2 absorption from the 

atmosphere, but further research was not performed to confirm this statement. It has not been 

studied whether this phenomenon could be produced in treatments of other contaminants such 

as heavy metals. Reacted nZVI usually remain unattended at treated sites, and what happens to 

the contaminants that have already been removed with nZVI has been rarely studied. Some 

desorption and remobilization of phenanthrene from nZVI was reported in groundwater due to 

pH variation and natural organic matter [26], but deeper studies need to be conducted in this 

area.  
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Figure 2.2. U and Fe concentration in U-contaminated effluent after treatment with 0.05 g of nZVI 
under oxic and anoxic conditions. Adapted from Dickinson and Scott (2010) [25].  

 The aim of this chapter was to study the removal of heavy metal ions during long time 

periods with the purpose of determining the effect of nZVI aging on the process, which has not 

been studied before. Water contaminated with a mixture of heavy metals (Zn, Cd, Ni, Cu and 

Cr) has been used for the study. Different conditions such as iron quantity, oxygen 

concentration in water, addition of stabilizers and pH value have been evaluated in order to 

determine their influence on the aging process. 

2.2 MATERIALS AND METHODS 

2.2.1 Nanoparticles synthesis 

 NZVI was synthesized by the wet chemical reduction method using sodium borohydride as 

the reductive agent [27]. In this chapter, the synthesis method of nZVI will be explained and 

will be the same followed in the subsequent chapters unless otherwise specified. Specifically, 

the required volume of 1.5 times molar excess of NaBH4 solution was added to a 0.045 M FeCl3 

solution under mild agitation (500 r/min using a magnetic stirrer) to produce the metallic iron 

nanoparticles, being the volume of both solutions the same. Sodium borohydride needs to be in 

excess and has to be added slowly in order to ensure that the particles formed are at the nanosize 

scale. In order to control the rate of NaBH4 addition, a peristaltic pump at a flow of 3 mL/min 

was used. The vessel containing the FeCl3 was bubbled with 500 mL/min of nitrogen in order to 

avoid the oxidation of nZVI. After the synthesis, the nanoparticles were separated by 

decantation with the aid of a magnet and then washed four times with distilled water to remove 

the remaining borohydride. Then, the nanoparticles were stored in a water solution containing 

5% of ethanol at 6°C during 24 h before use. Figure 2.3 shows a schematic diagram of the 

experimental set-up used for nZVI synthesis. 
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Figure 2.3. Schematic diagram of the experimental set-up for nZVI synthesis by the wet chemical 
reduction method. 

 In some experiments, stabilizers were added to nZVI surface by the post-synthesis method 

[28]. Specifically, the nZVI suspension was put in contact with 0.2% (by weight) of the 

stabilizer during 24 h under low mixing (200 r/min). The stabilizers employed were 

carboxymethyl cellulose (CMC) and polystyrene sulfonate (PSS), both of which are 

biodegradable compounds. 

2.2.2 Nanoparticles characterization 

 In order to characterize the properties of the synthesized nanoparticles, the following 

analysis techniques were applied: 

2.2.2.1 Scanning electron microscopy 

 Scanning electron microscopy (SEM) was used to determine the size and aggregation of 

the nanoparticles. The equipment used was a Hitachi S3000N equipped with an X-ray detector 

Bruker XFlash 3001 for energy dispersive X-ray spectroscopy (EDS) analysis. In order to 

prepare the samples, 0.5 mL aliquots of nZVI suspension were taken and the nanoparticles were 

separated from the liquid by using a neodymium magnet followed by centrifugation. After that, 

the nZVI suspension was washed four times with 10 mL of ethanol to remove the water. Lastly, 

one drop of the nZVI suspension was poured onto a copper grid to analyze the samples in the 

equipment after the ethanol evaporation. 

2.2.2.2 Transmission electron microscopy 

 Transmission Electron Microscopy (TEM) images of nZVI were obtained with a Jeol Jem-

2010 equipped with an X-ray detector Oxford INCA Energy TEM 100 for EDS microanalysis, 
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in order to determine the size, aggregation and composition of the nanoparticles. The sample 

preparation for the analysis was the same as explained for SEM. The size of the nanoparticles at 

the pictures obtained was evaluated with the software Infinity Analyze from Lumenera. 

2.2.2.3 Particle size distribution analysis 

 The particle size distribution analysis was performed to complement the results obtained by 

SEM and TEM images by using a diffraction laser equipment Coulter LS230, which can 

measure particles from 40 nm to 2000 m.  In this equipment, a suspension of nZVI in water is 

introduced in the system and is pumped through the diffraction sample cell where a laser beam 

passes through the water suspension and is deviated depending on the particle size distribution. 

Also, a tungsten-halogen lamp which performs polarization intensity differential scattering 

(PIDS) passes through the sample in order to analyze the particles smaller than 0.4 m. 

2.2.2.4 X-ray photoelectron spectroscopy 

 X-ray photoelectron spectroscopy (XPS) of nZVI was performed to determine the 

composition and valence state of the metals at the nanoparticles surface. The analysis was 

conducted with a K-Alpha spectrometer fully automated from Thermo Scientific using an Al 

anode as the source of radiation. The sample preparation was the same as it has been explained 

for TEM and SEM. In order to avoid the oxidation of the nZVI during the analysis, the samples 

were kept in the ethanol suspension until they were analyzed with the equipment, which makes 

vacuum down to 10-7 mbar, thus evaporating the ethanol, and then the vacuum was increased 

below 10-8 mbar. 

2.2.2.5 Physical adsorption of gases 

 The Brunauer-Emmett-Teller (BET) surface area and pore size distribution of the nZVI 

particles were obtained by physical adsorption with nitrogen at 77 K using an Autosorb-6 from 

Quantachrome Instruments. Prior to the measurements, the samples were degassed under 

vacuum at 200ºC for 4 h. The Barret-Joyner-Halenda (BJH) method was applied to the 

desorption branch of the isotherm to determine the pore size distribution and pore volume of the 

nanoparticles. 

2.2.2.6 X-ray diffraction analysis 

X-ray diffraction analysis (XRD) of nZVI was performed in order to determine the 

crystalline structure of the nanoparticles. The equipment used was a Bruker D8-Advance with 

CuK radiation at 40 kV and a step size of 0.05º 2 at 3 s/step. The nZVI were transferred to an 
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ethanol solution prior to the measurement and then dried under nitrogen flow and kept in 

nitrogen atmosphere until the XRD analysis. However, during the XRD analysis the nZVI 

particles are exposed to air and thus can get oxidized during the measurement. 

2.2.3 Batch tests 

 In order to approach actual water conditions, this study was performed with a solution 

containing a mixture of five heavy metals ions (Zn2+, Cd2+, Ni2+, Cu2+ and Cr6+) which are 

commonly found in ground and wastewater. The initial concentration of each metal in the 

solution was 100 ppm. The solution had a natural initial pH of 3.9. No prior pH adjustment was 

performed throughout the experiments unless specified. Initial dissolved oxygen (DO) 

concentration in the contaminated water was ~7.5 mg/L, which corresponds to the value in 

equilibrium with the atmosphere. 

 Experiments were conducted in a 500 mL batch laboratory-scale reactor under continuous 

mixing. The volume of the contaminated solution used in each experiment was 500 mL. The 

experiments started with the addition of a determined amount of nZVI. Then, 5 mL samples 

from the reaction mixture were taken at different times. The nanoparticles were separated from 

the solution liquid by using a neodymium magnet, followed by centrifugation and filtration with 

a 0.2 μm acetate cellulose syringe to completely separate them. Then, the heavy metal 

concentration in the liquid samples was determined by inductively coupled plasma mass 

spectrometry (ICP-MS) using a Perkin Elmer Optima 4,300 DV (Dual Vision) after acidulating 

the samples with 2% of nitric acid. The solid fraction containing the nZVI was analyzed by XPS 

to determine the atomic percentage and oxidation state of the different elements on the surface 

of the nanoparticles. Also, TEM images of the reacted nZVI were obtained to study the structure 

and morphology of the aged nZVI and the location of the heavy metals removed by the 

nanoparticles. Solution pH, standard potential (Eh) and DO were also measured during the 

reaction. pH and Eh measurements were performed using a Mettler Toledo Seven Multi using 

the electrodes 5014 and 5261 of Crison respectively. The electrode used for Eh measurement 

contained a Ag/AgCl reference electrode, hence the standard potential was obtained by adding 

202 mV to the potential readings. DO was analyzed with a COM280 of Endress and Hauser 

using a COS280 sensor. The experiments were performed until the potential and pH values were 

similar to the original ones of the solution, which indicated that the iron nanoparticles were 

depleted. The duration of the experiments varied from 50 h to 21 days depending on several 

factors. However, a sample after 21 days was analyzed for all the experiments in order to 

compare the final concentration reached. Different iron amounts, pH values, and oxygen 

concentrations were varied in order to assess their influence in the aging process. Also, 
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experiments with the addition of surface stabilizers were performed. All the experiments were 

replicated in parallel in order to obtain standard values of the measurements. 

 Two blank experiments were also conducted. In the first one, nZVI was added to distilled 

water without the presence of the heavy metal ions in order to determine which changes 

produced the nZVI in water chemistry. The iron concentration in this experiment was 2.0 g/L. 

In the second one, the pH value of the contaminated solution was increased from 4 to 10 by 

adding small amounts of a 0.5 M NaOH water solution in absence of nZVI to see which 

compounds precipitated only due to the pH variation. Then, the solution pH was diminished 

again to a value of 4 using a 1.2 M HCl water solution to see if the precipitates could be 

redissolved.  

2.3 RESULTS AND DISCUSSION 

2.3.1 Nanoparticles characterization 

 Nanoparticles characterization results showed that the nZVI synthesized in this work 

exhibited similar characteristics to the ones reported in other studies using the same method of 

production [3, 10]. As shown by TEM and SEM images, nanoparticles had spherical shape 

(Figure 2.4a) displaying a core-shell structure (Figure 2.4b), and tended to form chains that 

came together into larger aggregates (see Figure 2.4a and Figure 2.5). The nanoparticles size 

was measured using the software Infinitive Analyze from Lumenera by taken the average value 

of 100 particles, which gave a mean sphere diameter of 53±14 and a shell width of 3.0±0.2 nm. 

The chain-like structure of the nZVI suspension was originated regardless of the method used 

for nZVI separation from the suspension (with or without a magnet). It is suggested to be due to 

the high surface reactivity of the nanoparticles and the existing magnetic forces between them. 

Size distribution analysis of the nZVI obtained by laser diffraction showed three predominating 

sizes: 50, 140 and 500 nm (see Figure 2.6). The size of 50 nm was consistent with the average 

size determined by TEM and corresponded to the average nanoparticles diameter. The peaks at 

particle diameters of 140 and 500 nm might correspond to the nZVI aggregated in chains and 

bigger aggregates. The equipment used for the determination of the size distribution works by 

light diffraction, and thus, it does not distinguish between lone particles and aggregates. This is 

consistent with TEM images, where particles larger than 100 nm were not detected. 

Furthermore, the detection limit of the equipment is 40 nm, so particles beneath this size could 

not be identified using this equipment. With the average size of 53 nm determined by TEM, the 

calculated surface area of the nanoparticles (assuming that the particles have spherical shape 

and the density of iron (7.86 g/cm3)) gave a value of 14.4 m2/g. The BET surface area obtained 

by physical adsorption of gases was 7.1 m2/g, which corresponded to a half of the calculated 
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value. The difference between the measured and the calculated value can be attributed to the 

aggregation of the nZVI, which diminishes its available surface area. 

 

Figure 2.4. TEM images of nZVI synthesized by the wet chemical reduction method: a) detail of the 
chain like structure of the nanoparticles; b) detail of the nanoparticles shell.  

 

Figure 2.5. SEM images of nZVI synthesized by the wet chemical reduction method: a) particle 
aggregates; b) chains of nanoparticles. 

 
Figure 2.6. Particle size distribution (in terms of % surface area) of nZVI synthesized by the wet 

chemical reduction method measured by diffraction laser analysis coupled with polarization 
intensity differential scattering. 
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 EDS analysis performed during TEM measurements gave a composition of 89.3% of Fe 

and 10.7% of O, which is similar to values reported by Wang et al. (2010) [15]. XRD patterns 

of the particles showed a broad peak at 2 of 44.9º (see Figure 2.7), which corresponded to 

zero-valent iron (-Fe) [20, 29]. No oxide peaks were detected in XRD pattern, which proved 

the low presence of iron oxides compared to metallic iron, or their amorphous nature. 

 
Figure 2.7. XRD pattern of nZVI synthesized by the wet chemical reduction method. 

 The surface composition of nZVI was analyzed by XPS, and the results are presented in 

Table 2.2. 7.1% of Fe and 50.7% of oxygen were reported on the nanoparticles surface, thus 

proving again the oxide nature of the nZVI surface. Surprisingly, a significantly high percentage 

of carbon was identified (37%), which is suggested to come from the exposure of nZVI to 

carbon dioxide and small hydrocarbon molecules during sample manipulation, and to the 

adsorption of ethanol from the nZVI suspension. On the contrary, the boron remaining in the 

nanoparticles surface after the synthesis procedure was found to be relatively small (2.8%).  

Table 2.2. Initial surface composition of nZVI synthesized by the wet chemical reduction method. 

Element % Atomic 

Fe 
O 
B 
C 

7.1 
50.7 
2.8 

37.0 

 Detailed XPS survey of the Fe 2p region is shown in Figure 2.8, where the photoelectron 

peak of 707.1 eV corresponds to the binding energy of 2p3/2 of Fe0 and the peaks at 710.9 and 

724.2 eV are attributed to the 2p3/2 and 2p1/2 levels respectively, of iron oxides. The small peak 

which is observed at 719.5 eV binding energy is due to the overlapping of two components: the 

shake-up satellite 2p3/2 of iron oxide and 2p1/2 of zero valent iron. Despite the XPS technique is 
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sensitive to the outer 2-4 nm of the particles, Fe0 was detected because the thickness of the nZVI 

surface is only of 3 nm thick, as displayed by TEM. The valence of the iron oxide (Fe2+ or Fe3+) 

is difficult to determine by the survey of the Fe 2p region because both give peaks at similar 

binding energies. Thus, O 1s scans were conducted to elucidate the surface oxygen state (see 

Figure 2.9). The photoelectron spectrum of the O 1s region resulted in the decomposition into 

three peaks at 530.1, 531.7 and 533.2 eV, which corresponded to the binding energies of ≡O2, 

≡OH and adsorbed H2O, respectively. The presence of ≡OH and ≡O2 peaks suggested that the 

nZVI shell was composed of FeOOH. However, as the ratio of ≡O2 to ≡OH was higher than 1, 

some iron might be in the form of oxides. 

 

Figure 2.8. XPS survey of the Fe 2p region of nZVI synthesized by the wet chemical reduction 
method. 

 

Figure 2.9. XPS survey of the O1s region of nZVI synthesized by the wet chemical reduction 
method. 
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2.3.2 Remediation of heavy metals by nZVI at short time periods 

 The standard potential of the heavy metals of the contaminated solution is shown in Table 

2.3. According to the data, the elements that can be reduced by Fe0 are Cr6+, Cu2+ and Ni2+, 

because its standard potential is more positive that than of iron. On the contrary, Zn2+ cannot be 

reduced by ZVI because its standard potential is more negative than the one of iron. In the case 

of Cd2+, as the standard potential is only slightly lower than that of iron, the mechanism of 

removal will probably not entail reduction. Thus, depending on the standard potential of the 

contaminants involved, iron is expected to undertake different mechanisms to eliminate them. 

Table 2.3. Standard potential of the metals studied in this chapter. 

Element Reaction 
Standard electrode 
potential at 25 ºC (V) 

Zinc Zn2+ + 2e- ↔ Zn -0.76 

Iron Fe2+ + 2e- ↔ Fe -0.41 

Cadmium Cd2+ + 2e- ↔ Cd -0.40 

Nickel Ni2+ + 2e- ↔ Ni -0.24 

Copper 
Cu2+ + 2e- ↔ Cu 
Cu2+ +e-  ↔ Cu+ 

0.34 
0.16 

Chromium Cr2O7
2-+ 14H+ + 6e- ↔ 2Cr3+ + 7H2O 1.36 

 Experiments on heavy metal removal by nZVI displayed a high and rapid removal capacity 

of the contaminants at the first stage of the reaction: removal efficiencies of 99.9% for Zn, Cu 

and Cr; 84.4% for Ni and 68.4% for Cd were reached for an iron concentration of 2 g/L after 

only 5 min of reaction (see Figure 2.10). Removal efficiencies of all compounds became 

≥99.9% after 1 h reaction time and remained 2 h more at this level. This resulted in an uptake 

capacity of 249.9 mg/g Fe for nZVI. This value is of similar magnitude than the uptake capacity 

reported for nZVI with single element contaminated solutions, as shown in Table 2.4. Thus, it 

has been proved in this study that nZVI can remediate complex contaminated waters with 

similar uptake capacities than in single-element contaminated waters. Comparing this value 

with other sorbents, it can be seen how nZVI presents uptake capacities higher than the best 

adsorbents, such as zeolites, activated carbons and polymeric exchange resins, which present 

uptake capacities in the order of 20, 10 and 80 mg/g respectively [4, 9, 30, 31]. The high uptake 

capacity displayed by nZVI is not only a result of its surface area. Conventional materials used 

for heavy metal adsorption have areas typically much greater than that of nZVI. For example, 

zeolites have surface areas greater than 300 m2/g [32]. The unique combination of sorption, 

reduction, complexation, precipitation and combinations of them displayed by nZVI, which is 

given by its core-shell structure, is regarded as the responsible for the high metal ion retention.  
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Figure 2.10. Evolution of metal concentration (Ci) with time at short time periods. Reaction 

conditions: [Ci]0=100 mg/L, [nZVI]0 =2.0 g/L, pH0=4.0. 

Table 2.4. Comparison of the heavy metal uptake capacities with solutions with a single 
contaminant. 

Contaminant 
Uptake capacity 

(mg/gFe) 
Reference 

Cr 252 [33] 

Cr 143 [6] 

Cu 250 [3] 

Zn 393 [12] 

Ni 80 [5] 

Ni 130 [9] 

2.3.3 XPS analysis of the nZVI surface after reaction with heavy metals 

 The XPS spectra of the nanoparticles taken from the reaction medium at 2 h for an iron 

loading of 2.0 g/L, which matches with the moment of maximum removal capacity of the 

contaminants, are shown in Figure 2.11. The Cr spectrum of 2p region exhibited two peaks 

centered at 577.2 and 587.1 eV, corresponding to the binding energies of 2p3/2 and the sake-up 

satellite 2p3/2 of Cr3+ [34]. With regards to Cu, there was a clear peak at ~932.6 eV, which can 

be attributed to the binding energy of either 2p3/2 of Cu, Cu+ or Cu2+, because the three of them 

have identical values [3, 35]. The satellite peaks of Cu 2p3/2 located at binding energies of ~941 

and ~944 eV confirmed the presence of CuO. By calculating the Auger parameter (AP), which 

is the sum of the Cu LMM kinetic energy and the Cu 2p3/2 binding energy, the valence state 

corresponding to the 932.6 eV peak can be elucidated. The Cu LMM Auger region (see Figure 

2.12a) of nZVI gives a peak located at 569.4 eV (917.2 eV of kinetic energy), and an Auger 

parameter of 1849.7 eV, which corresponds to Cu+. Therefore, the presence of Cu2+ and Cu+ 

was confirmed. Regarding Ni, it was not reduced on the nZVI surface, as the peak at 856.2 eV 
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characteristic of 2p3/2 binding energy of Ni2+ demonstrated [5]. Finally, Zn and Cd showed 

peaks at binding energies of 1022.6 eV and 406.4 eV respectively. Auger parameter needed to 

be calculated for these compounds, because it is not possible to discern by only XPS signal 

which the oxidation state of the elements is. In the case of Zn, its LMM Auger region (see 

Figure 2.12b) gave a dominant peak with a binding energy of 498.9 eV (987.8 eV of kinetic 

energy), which resulted in an AP of 2010.4 eV and confirmed that Zn was as Zn2+ in nZVI 

surface. The Cd MN Auger region (see Figure 2.12c) displayed a peak with a binding energy of 

1114.6 eV (373.0 eV of kinetic energy), which gave an AP of 779.4 eV that is attributed to 

Cd2+. To summarize, within the heavy metals studied, only Cr6+ and partially Cu2+ were reduced 

by the nZVI. Regarding the standard potential of the elements which is shown in Table 2.3, all 

metals should be reduced except Zn. But Cd and Ni have standard potentials very close to that 

of Fe, which explains why only Cr6+ and Cu2+ were effectively reduced by nZVI. Similar results 

have been obtained by other authors [9, 13, 36], although, contrary to the results obtained of this 

work, in previous studies it has been reported that Ni can be reduced by nZVI. 

 

Figure 2.11. XPS spectra of target contaminants in nZVI surface at a reaction time of 2 h. Reaction 
conditions: [Ci]0=100 mg/L, [nZVI]0 =2.0 g/L, pH0=4.0.  
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Figure 2.12. Auger XPS spectra of nZVI collected at 2 h of reaction time a) CuLMM, b) ZnLMM, 

c) CdMN. Reaction conditions: [Ci]0=100 mg/L, [nZVI]0 =2.0 g/L, pH0=4.0. 

2.3.4 Metal removal by nZVI at long time periods (aging effect) 

 The prolongation of the reaction to several days had dramatic effects on the extent of 

contaminant removal by nZVI. In Figure 2.13a it can be seen how, after 3 h reaction time, some 

of the heavy metals were released again into the water. The release percentage to the water was 

44% and 21% for Cd and Ni respectively after 24 h of reaction time, and increased to 65% and 

27% after 21 days. Cu and Zn were also released again to the water, but in much lower 

percentages (0.4–0.6% after 21 days). Conversely, Cr was not released to the water during all 

the time period studied (21 days). Moreover, Cr was the element which was trapped by nZVI in 
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the highest extent (99.998%). Cr permanence in the solid could be ascribed to a different 

mechanism of removal by nZVI compared to the rest of the heavy metals. Indeed, as described 

in Pullin et al.’s work (2017), Cr is suggested to be incorporated into the iron structure as mixed 

Fe and Cr oxyhydroxides after its reduction from Cr6+ to Cr3+ [20]. On the contrary, Ni and Cu 

are suggested to be removed by adsorption (plus partial chemical reduction in the case of Cu); 

and Zn and Cd by sorption plus surface complex formation [12, 13]. This could be the reason 

why Cr is the only element that is not desorbed from nZVI surface.  

 
Figure 2.13. Evolution of reaction parameters in treated water with nZVI during long reaction 

times. a) Metal concentration (Ci); b) solution potential and dissolved oxygen concentration; c) iron 
concentration and pH. Reaction conditions: [Ci]0=100 mg/L, [nZVI]0 =2.0 g/L, pH0=4.0. 
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 In order to further assess the reason of the different delivery extent of the heavy metals 

from nZVI surface, TEM images of the nanoparticles were recorded. Additionally, EDS 

analysis was performed in order to evaluate the heavy metal distribution within the core-shell 

structure of the nanoparticles. Figure 2.14 shows images of the nanoparticles after 2 h of 

reaction with the heavy metal solution, moment at which the degradation efficiency was the 

highest. In Figure 2.14a, the characteristic chain-like structure of the nZVI is displayed with the 

presence of aggregates attached to its surface, which were not observed in the synthesized nZVI 

(see Figure 2.4). Consequently, aggregates are suggested to correspond to the precipitation of 

the heavy metal ions eliminated from the solution. In Figure 2.14b, one of the aggregates is 

observed in detail. The precipitate was formed of nanocrystals of 5.1±0.7 nm which were 

attached to the nZVI surface by several positions. EDS analysis of the aggregates determined 

the presence of Zn, Cd and Ni in atomic percentages of 4.8, 2.1 and 1.9% respectively, and iron 

and oxygen were the most abundant elements with an atomic percentage of 44.0 and 47.3% 

respectively. Cu analysis could not be performed because the mesh which was used as sample 

support was made of Cu and then it was not possible to discern if the signal came from the 

sample or the grid. Cr was not detected in any of the surface aggregates studied. In Figure 2.14c, 

the core of one nanoparticle is showed in detail. An EDS analysis in the center of the 

nanoparticle core evidenced that Cr was the only heavy metal present, with an atomic 

percentage of 2.7%. The main element of the nanoparticle core was iron (94.2%), and O atomic 

percentage was found to be 3.0%. Thus, it has been evidenced by TEM analysis how Cr is 

incorporated to the nanoparticles core and not into the aggregates that are attached to the 

nanoparticles surface, and this could be the explanation to why it is the only element which was 

not released to the solution after nZVI aging.  
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Figure 2.14. TEM images of the nZVI at 2 hours reaction time. Metal removal at that 
moment was 99.9% for all elements. EDS analysis of the areas marked in images 2.14b 

and 2.14c is also presented. a) General view of the reacted nanoparticles, b) Detail of one 
of the aggregates that are attached to the nZVI surface, c) Detail of the core of one of the 

nanoparticles. Reaction conditions: [Ci]0=100 mg/L, [nZVI]0=2.0 g/L, pH0=4.0. 

 Another important phenomenon which is displayed in TEM images is the change in the 

nanoparticles surface due to nZVI aging (see Figure 2.15). When nZVI was synthesized, it 

presented a crystalline core with an amorphous shell, as shown in Figure 2.15a. After 2 h, the 

amorphous shell became crystalline, as shown in Figure 2.15b, but the nanoparticles still 

showed the core-shell structure. The crystallization of the nZVI surface can be due to the 

formation of magnetite by the oxidation of zero-valent and ferrous iron wit DO, as described in 

Pullin et al.’s work (2017)[20]. The crystallization of nZVI surface, also named surface 

passivation, makes it less attractive for contaminant adsorption. Then, after 48 h of reaction, the 

nanoparticles lost their core shell-structure and the chain-like aggregation characteristic of 

nZVI. Instead, a mixture of crystalline oxides of smaller size which contained Fe, O, Cr, Zn, Cd 

and Ni were observed (see Figure 2.15c). Specifically, the atomic percentage determined by 

EDS for each of the elements was: 35.2% Fe, 59.4% O, 1.1% Cr, 1.6% Ni, 2.0% Zn and 0.8% 

Cd. Some authors have suggested that the magnetite is further oxidized to a mixture of oxides, 

containing maghemite, wüstite and lepidocrocite, which could be the oxides observed after 48 h 

of aging [19, 20].The nanoparticles after 21 days of reaction showed similar characteristics as 

the ones of 48 h reaction time, except for the presence of more crystalline structures, as shown 
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in Figure 2.15d, which could indicate the formation of the more thermodynamically stable form 

goethite [20]. It is important to notice that the formation of the iron oxides and the loss of the 

core-shell structure characteristic of nZVI matched with the remobilization of the heavy metals 

to the water. 

 

Figure 2.15. TEM images of nZVI surface: a) freshly synthesized; b) after 2 h of reaction; 
c) after 48 h of reaction; d) after 21 days of reaction. Reaction conditions: [Ci]0=100 mg/L, 

[nZVI]0=2.0 g/L, pH0=4.0. 

 Regarding the water chemistry concurrent with nZVI aging, the pH, standard potential, DO 

and dissolved iron concentration were recorded during all the reaction time (see Figure 2.13b 

and c). At the first stage of the reaction, a pH increase of 3-4 units was recorded, accompanied 

by a rapid DO consumption to values as low as 0.05 mg/L (pO2=5.8), a shift to reducing 

conditions and the delivery of 25 g/L (pCFe = 0.35) of dissolved iron to the solution . The same 

tendency was observed when nZVI was added to water without the presence of heavy metal 

ions in the blank experiment (see Figure 2.16). These changes in water chemistry have been 

a) b)

c) d)
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reported in previous studies [37, 38] and are due to the rapid corrosion of metallic iron by water 

and DO (see Eqs. (2.1) and (2.2)): 

2Fe(s)
0 +2H2O(l) 2Fe2++H2(g)+2OH(aq)

-                         (2.1) 

2Fe(s)
0 +4H+ +O2(aq) Fe2++2H2O                                      

(2.2) 

 

Figure 2.16. Evolution of pH, DO, Fe concentration and standard potential during aging of nZVI in 
water. DO and Fe concentration are presented by their logarithmic values (pO2 and pFe) by 

calculating –log(CFe) and –log(DO) respectively, being CFe and DO in mol·L-1. (▲) blank, (■) 
experiment. Reaction conditions: [Ci]0=100 mg/L, [nZVI]0 =2.0 g/L, pH0=4.0. 

 As stated in reactions 1 and 2, the initial pH increase was attributed to both the formation 

of OH− and the consumption of H+. This pH increment was accompanied by a sharp drop in 

solution potential to reducing conditions and a sharp decrease in DO concentration, which was 

consumed in reaction 2. The same behavior was observed in the blank experiment, as displayed 

in Figure 2.16. The main difference between both of them is the value of potential reached by 

the solution, which was lower when metals were present due to the higher iron release and the 

redox reactions that were happening in the system. As it is shown in Figure 2.13c, iron was 

dissolved to the medium in higher amounts when the heavy metals were present. In that case, 

dissolved iron concentration reached 25 mg/L (pCFe = 0.35) after only 5 minutes, while in the 

blank experiment the iron concentration at the same reaction time was only 0.06 mg/L (pCFe = 

2.9). The high extent of iron release to the solution when heavy metals were present was 

ascribed to the oxidation of Fe0 to Fe2+/Fe3+ during the reduction of Cr and Cu. After being 
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liberated, dissolved iron probably formed (oxy)hydroxides and precipitated at the nanoparticles 

surface and consequently, its concentration rapidly diminished. 

 Subsequently, pH was maintained between 7.8 and 8.8 during 5 h (see Figure 2.13c), 

generating alkaline conditions in the solution. This is advantageous for heavy metal abatement, 

because adsorption phenomena are favored by high pH values. This pH steadiness was 

accompanied by an invariance of Eh and DO. Eh stayed around -0.6 V during this stage, creating 

reductive conditions. DO concentration displayed values lower than 0.1 mg/L due to the 

continuous corrosion of iron. At this stage, dissolved iron concentration remained at very low 

values (<0.4 mg/L).  

 Finally, at the last stage of the reaction, OH- was consumed due to the formation of iron 

oxides and hydroxides (see reactions 3, 4 and 5) and the pH of the solution consequently 

decreased until it reached a value of ~6.5. Moreover, Eh also increased to 400 V, which 

indicated the finalization of the reductive conditions given by nZVI. Regarding the dissolved 

oxygen, at the end of the reaction it reached its starting value, which indicated the end of the 

corrosion of nZVI. The dissolved iron concentration increased at the beginning of this stage. 

Afterwards, there was another sudden decrease of dissolved iron concentration, which was 

attributed to the precipitation of iron oxides and hydroxides (see reactions (2.3) to (2.5)). As it is 

shown in Figure 2.13c, in the experiment with heavy metals, dissolved iron recorded the highest 

concentration (20 mg/L (pCFe = 0.44) compared to only 3 mg/L (pCFe = 1.28) when no heavy 

metals were present (see Figure 2.16c). The reason could be ascribed to the higher amount of 

Fe2+ and Fe3+ that had been liberated from nZVI due to the redox reactions involving heavy 

metal abatement and which had been afterwards precipitated into iron hydroxides. 

Subsequently, when pH decreased iron started to dissolve again in water. 

6Fe2++O2+6H2O→2Fe3O4(s)+12H+                       (2.3) 

Fe2++2OH →Fe OH 2(s)                                   (2.4) 

4Fe OH 2(s)+O2+2H2O → 4Fe OH 3(s)                           (2.5) 

  Experiments with other nZVI loadings (1, 2.5 and 5 g/L) were also performed (see Figure 

2.17), obtaining a similar behavior to the one already displayed in Figure 2.13. Complete 

abatement of the heavy metal ions was achieved for all nZVI loadings studied except for 1 g/L. 

In that experiment, the only elements completely removed from water were Cr and Cu, while 

Cd, Ni and Zn were eliminated with a maximum removal efficiency of 10.6, 9.0 and 35.0% 

respectively.  
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Figure 2.17. Evolution of heavy metal concentration during the reaction with nZVI for experiments 
with different amounts of nZVI. a) 1 g/L nZVI; b) 2.5 g/L nZVI; c) 5 g/L nZVI. Reaction 

conditions: [Ci]0=100 mg/L, pH0=4.0.Fig. 6.  

 After nZVI aging, which was produced at different times depending on the experiment, all 

compounds were released except Cr. Cd and Ni were the compounds remobilized in higher 

amounts for all iron concentrations studied, always displaying similar release percentages (RP) 

at the reaction end. The main difference throughout the experiments was the time at which the 

heavy metals started to be remobilized from nZVI into the water. Table 2.5 shows the starting 

release time (RT) and the final RP reached for all the iron loadings evaluated. It can be deduced 

from the data that, the lower the nZVI concentration, the shorter the release time of the heavy 
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metals to the water. This may be attributed to the lower surface area of nZVI that was exposed 

to the water medium when the iron concentration was lower. Since the surface is the medium of 

transport for oxidation reactions, the lower the total surface area exposed to the medium, the 

faster the oxidation of the nZVI. However, for 1 and 2 g/L iron concentration, the release time 

was identical. The reason could be that at the iron concentration of 1 g/L, nanoparticles were not 

in sufficient quantity to increase the pH of the solution to alkaline values and the passivation 

layer that would protect the nZVI surface could not be created. Consequently, at 1 g/L loading, 

nZVI surface started to dissolve before the time that would correspond to that iron 

concentration. The release percentage, as shown in Table 2.5, was independent of the iron 

loading, with again the exception of the concentration of 1 g/L which displayed higher release 

percentages due to the slight amount of contaminants that was trapped by the nZVI in that case. 

Table 2.5. Characteristic values of the process of contaminants release for different nZVI 
concentrations. 

nZVI 
(g/L) 

RT (h) pHmax pHf RPZn (%) RPCd (%) RPNi (%) RPCu (%) RPCr (%) 

1 
2.03 
2.5 
5 

3.0±0.2 
3.1±0.3 
22.6±0.4 
53.8±4.6 

6.6±0.2 
8.8±0.1 
8.9±0.2 
8.9±0.2 

5.9±0.3 
6.6±0.0 
6.1±0.2 
5.7±0.7 

69.3±2.3 
2.2±0.2 
1.5±0.5 
1.5±0.7 

98.2±3.4 
66.0±1.3 
65.5±4.3 
60.6±1.9 

98.5±2.1 
25.9±0.3 
19.3±1.5 
28.0±4.0 

27.8±0.8 
0.3±0.1 
1.8±0.8 
2.3±0.7 

0.0±0.0 
0.0±0.0 
0.0±0.0 
0.0±0.0 

RT: starting delivery time; pHmax: maximum pH value reached during the experiment; pHf: pH  at the 
end of the experiment; RP: delivery percentage of the metals at the end of the experiment. 

  Summarizing, it has been evidenced that nanoparticles aging had an important influence 

on the solution chemistry of the medium and that was the responsible for the heavy metal ion 

release to the water. An explanation for the release of the metal ions can be the reduction in 

solution pH (see Eqs. (3)–(5)) accompanied by the change in the structure of the nanoparticles 

to iron oxides and hydroxides, which produced the remobilization of some of the heavy metals 

that were attached to the nZVI surface as complexes or precipitates.  

2.3.5 Influence of nZVI stabilizer addition on aging effect 

In Figure 2.18, the effect that the addition of stabilizers on nZVI surface had in the process of 

heavy metal removal is shown. It is well known that the addition of stabilizers to nZVI surface 

enhances the transport properties of the nanoparticles in aquifers and soils, and also avoids the 

aggregation of the nanoparticles. However, it has been reported in previous works that nZVI 

stabilizers also diminish the effectiveness of nZVI by blocking part of its reactive sites when 

they are attached to nZVI surface [39]. Therefore, it is interesting to study which effect the 

addition of stabilizers has on the release of heavy metals back to the water at longer reaction 

times. As it is seen in Figure 2.18, the addition of stabilizers had negative consequences on the 

process, because it shortened the release time of the heavy metals to the water. While the release 

time was around 60 h for conventional nZVI at a concentration of 5 g/L, when the same 
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concentration of iron was used, but stabilized with CMC and PSS, the release time decreased to 

15 h in the case of CMC, and 2 h for PSS stabilized nZVI. This can be attributed to the 

depletion of the surface active sites for contaminant adsorption due to the blocking caused by 

the stabilizer. 

 
Figure 2.18. Evolution of solution pH and heavy metal concentration during the reaction with nZVI 

for experiments with: a) nZVI; b) CMC-stabilized nZVI; c) PSS-stabilized nZVI. Reaction 
conditions: [nZVI]0 =5.0 g/L; [Ci]0=100 mg/L, pH0=4.0; stabilizer concentration of 2%. 

Another phenomenon which is elucidated in Figure 2.18, is that the release percentage of 

Cu was higher when using CMC-stabilized nZVI. While release percentage of Cu was only of 

2% when no addition of stabilizer was made, this percentage increased to 3% in PSS-stabilized 
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nZVI, and to 12% in CMC-stabilized nZVI. This can be attributed to the fact that CMC 

decreased the affinity between Cu and nZVI surface. So, a conclusion of this section is that 

stabilizers modified the surface of the nanoparticles, increasing the rate and extent at which 

contaminants were re-dissolved again to the water. 

2.3.6 Influence of anaerobic conditions on aging effect 

 Some authors have described different mechanisms and removal efficiencies of heavy 

metals depending on the aerobic or anaerobic conditions under which the reaction is performed. 

Furthermore, in the study of Crane et al. (2011) it was postulated that CO2 adsorption from the 

atmosphere to the water was the responsible for U release at long time periods. In order to 

assess the influence of the anaerobic conditions in the nZVI aging and consequent release of the 

heavy metals, an experiment in nitrogen ambient was performed maintaining all the other 

variables unaltered. The evolution of the heavy metal concentration with time is shown in 

Figure 2.19 and can be compared to the data shown in Figure 2.13a, which was performed under 

the same conditions but at atmospheric conditions. During the anaerobic conditions, DO 

concentration in water was always below 0.1 mg/L, whilst in aerobic atmosphere, it reached 8 

mg/L at the beginning and at the end of the reaction. Results show that the release time and 

percentage of the metal ions were very similar for both experiments. The main differences 

between both conditions were that Cd, Ni and Zn were removed with a lower rate and to lower 

extent when anaerobic conditions were applied. Thus, this corroborates that the presence of 

dissolved oxygen or carbon dioxide cannot be the ascribed as the responsible for the 

contaminant release. Instead, it is more likely that pH solution was the variable that had more 

impact on this phenomenon. 

 
Figure 2.19. Experiment under nitrogen atmosphere. Reaction conditions: [Ci]0=100 mg/L, [nZVI]0 

=2.0 g/L, pH0=4.0, [02]<0.1 mg/L. 
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2.3.7 Influence of pH on aging effect 

 In order to assess the influence of pH on the release of the heavy metals, an experiment at 

buffer conditions with a pH value of 8 was performed (see Figure 2.20). In that case, no re-

dissolution was observed after 21 days of experiment (removal percentage reached 99.9 % after 

15 min and remained above this value during all reaction time). It was demonstrated, therefore, 

that by maintaining the aforementioned pH value in the solution, the release of the heavy metals 

back to the water was avoided. But it could be hence deduced that the pH increase was the only 

accountable for contaminant elimination. In order to elucidate this, a blank experiment was 

performed to determine the extent of the heavy metals that could be eliminated only by 

increasing the pH to 8. This experiment consisted of gradually increasing the solution pH by 

adding sodium hydroxide in absence of nZVI (see Figure 2.21). 

 
Figure 2.20. Experiment at buffer conditions. pH was maintained between 7.5-8.5 during all 

reaction time. Reaction conditions: [Ci]0=100 mg/L, [nZVI]0 =2.5 g/L, pH0=8. 

 When nZVI was added to the water contaminated with heavy metals, solution pH increased 

to approximately 8.6–9.0. As it is shown in Figure 2.21, at that pH value almost all heavy 

metals precipitated except Cr and Cd, which remained in the solution with concentrations 

around 10–15 ppm. This already demonstrated that nZVI was actuating for abatement of Cr and 

Cd. Moreover, when pH was subsequently diminished, compounds that had been only 

eliminated by precipitation would re-dissolve again at the concentrations showed in Figure 2.21.  

However, this behavior was not corroborated in the experiment, and the release concentration of 

all the heavy metals was lower than the one marked by the equilibrium. This is because nZVI 

was really actuating reducing and/or adsorbing the compounds. 

0

1

2

3

4

5

6

7

8

9

10

0.001

0.01

0.1

1

10

100

0.05 0.5 5 50 500

C
i (

p
p

m
)

Time (h)

Zn Cd Ni Cu Cr pH



Remediation of water containing a mixture of heavy metals by nZVI over extended time periods     

55 
 

 

Figure 2.21. Variation of metal concentration (Ci) in the raw contaminated water as a function of 
pH. No addition of nZVI was made. Reaction conditions: [Ci]0=100 mg/L, [nZVI]0 =0 g/L, pH0=4.0. 

 Specifically, the pH at the end of the experiments of heavy metal abatement with nZVI was 

5.5-6.5. Taking the mean value (6), the concentration of elements in the water solution should 

reach more than 80 ppm for Cd, 50 ppm for Cr, 30 ppm for Ni and Zn, and 2.5 ppm for Cu (see 

Figure 2.21). As it was demonstrated by results showed in Figure 2.13a along with Figure 2.17, 

the concentration of the elements after the delivery was much lower than those values, showing 

again that nZVI was actuating for the abatement of the heavy metals. Nevertheless, there was 

one fraction of both Cd and Ni that was released again to the water due to the pH decrease. The 

reason why the release was observed only for Cd and Ni, and not for Cr, is due to the different 

interaction of the heavy metals with nZVI. As it was previously reported, Cr was incorporated 

into the nZVI structure, hence it was more difficult for it to be released into the solution.  
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2.4 CONCLUSIONS 

 In this chapter it has been demonstrated that nZVI presents similar uptake capacity when 

treating a solution containing a mixture of contaminants that values reported for a single 

element. However, it has also been proven that there has been an overestimation of the uptake 

capacity of the nZVI. It has been displayed that there was a part of the heavy metals that was not 

readily trapped by nZVI structure, but was only in equilibrium with the nZVI surface. When 

nZVI structure changed due to its aging concurrent with a change in water conditions (mainly 

pH), these elements were detached from the nZVI surface and were released to the water 

solution. The phenomenon was observed for all the metal ions studied except for chromium, 

since Cr was the only element that was incorporated to the nZVI core. The time at which the 

contaminants started to be released to the water increased with the iron concentration, but their 

final concentration in the solution was independent of the iron loading. 

 The addition of stabilizers to the nZVI surface shortened the release time of the heavy 

metals to the solution due to the decrease of the available surface area for contaminant 

elimination. Anaerobic conditions did not stop either influence the release process. The main 

difference when anaerobic conditions were applied was a decrease of removal efficiency for Cd, 

Ni and Zn. Finally, it has been proven that the pH was the most important variable for the 

continuity of the nZVI entrapment of the heavy metals. Thus, a way to avoid the release of the 

heavy metal ions due to nZVI aging is to maintain pH conditions above 8.  

 The study presented in this chapter provide a novel point of view that should be taken into 

account when designing remediation processes of ground and wastewater using nZVI in order to 

avoid the release of the contaminants to the medium after the initial high uptake by nZVI. 

Depending on the iron concentration employed, the starting release time of the contaminants can 

be as low as a few hours. When nanoparticles are added to a treatment, in the beginning they 

could show to have removed the target contaminants very rapidly, but at longer times, when the 

water conditions change, nZVI will start to release some of the contaminants again to the 

environment. Thus, if alkaline conditions cannot be assured in remediation sites, only Cr can be 

effectively removed by treatment with nZVI. Further research of nZVI modification in order to 

avoid the release process should be performed in order to avoid the release of the other heavy 

metals caused by nZVI aging. 
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Chapter 3. DEODORIZATION OF GAS STREAMS CONTAINING SULFUR 

COMPOUNDS USING NZVI 
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3.1 INTRODUCTION 

 Society’s rapid evolution over the last 50 years has increased the water demand in industry, 

agriculture, tourism and services. This, added to the substantial population growth has increased 

the total volume of wastewater and number of wastewater treatment plants (WWTPs). Indeed, 

the total amount of WWTPs increased for the European Union members (EU-28) from 14,400 

plants in 1990 to 21,000 in 2012, according to the records reported by the PORDATA database 

[1]. Accordingly, the capacity of treatment of WWTPs of the European Union members (EU-

15) increased from 278 to 504 million population equivalent (p.e.) from 1992 to 2009 [2, 3], and 

the production of sludge (dry solid) in the year 2011 reached 7.3 million tons (data for EU-28) 

[2]. Consequently, the distance between residential areas and WWTPs has been reduced and the 

annoyances to the nearby community have been increased [4]. 

 One of the main nuisances caused by the increased number of WWTPs and hence the 

increment in the sludge production, is the odor produced by biosolid digestion, which is caused 

by the anaerobic decomposition of the nitrogen and sulfur compounds present in the organic 

fraction of the wastewater. The main areas of odor production in WWTPs are localized in the 

inlet works, primary sedimentation tanks and sludge processing [5, 6]. The principal odorous 

gases that can be found in these areas are hydrogen sulfide and ammonia [6, 7], which are 

present in high concentrations. However, there are other malodorous compounds, such as 

mercaptans, organic sulfides, nitrogen-containing compounds such as amines and indole, and 

oxygenated compounds such as aldehydes and organic fatty acids, that are present with much 

lower concentrations (in the order of g/L or few mg/L) but are unpleasant at odor threshold 

concentrations as low as 0.002 ppb (see Table 3.1).  

Table 3.1. Odor threshold concentrations of sulfur compounds present in WWTPs [4, 8]. 

Family Compound Odor threshold (ppb) 

Sulfured compounds 

Hydrogen sulfide 0.5 

Methyl mercaptan 0.04 

Ethyl mercaptan 0.02 

Dimethyl sulfide 0.1 

Dimethyl disulfide 0.1 

Nitrogenated compounds 

Methyl amine 0.9 

Ethyl amine 2 

Dimethyl amine 20 

Skatole 0.002 

Indole 1.4 

Aldehydes and ketones 

Formaldehyde 370 

Acetaldehyde 0.005 

Acetone 4 

Butanone 270 



Chapter 3   

64 
 

 Odor affects quality of life and produces negative effects on human health, causing 

psychological stress, insomnia, loss of appetite and irrational behavior [5]. For example, H2S is 

a toxic compound, producing eye irritation at concentrations of 50-100 ppm and severe 

poisoning symptoms at 300-500 ppm [9, 10]. Odor problems and increased complaints cause a 

poor public image to WWTPs and lead to more restrictive environmental legislation. Moreover, 

malodors not only threaten human health, but also significantly contribute to photochemical 

smog formation and secondary contaminant emission [11]. Consequently, odor abatement has 

become a major objective when designing sewage treatments. Conventional technologies for 

odor mitigation include physical-chemical treatments (chemical scrubbing, incineration and 

adsorption) and biological treatments (biofiltration, biotrickling, bioscrubbing and activated 

sludge diffusion) [11-13]. Physical-chemical methods are highly efficient, but also consume 

high levels of energy and reagents and generate hazardous wastes. On the other hand, biological 

treatments involve high residential times and need large installations, although they are 

associated with low operating costs. Generally, physical-chemical processes are best suited for 

high concentrations of volatile compounds while biological treatments are preferred when low 

concentrations are present [13]. Nevertheless, neither physical-chemical nor biological 

treatments are totally effective for the degradation of high concentrations of H2S or varying 

concentrations of mercaptans and organic sulfides [4].  

 Due to its high reducing capacity, nZVI presents a novel approach to odor abatement [14]. 

One of the advantages of nZVI is that it can be easily combined with other treatments already in 

place, such as biofiltration, biotrickling and scrubbing. For example, the nanoparticles can be 

added to the water used for biofilter humidification or to the liquid stream which absorbs the 

malodorous compounds in the case of scrubbing. Another advantage of nZVI is that iron is 

known to have a high affinity towards sulfur. This property can be used to deodorize streams 

containing sulfur-malodorous compounds, such as hydrogen sulfide, dimethyl sulfide (DMS) or 

dimethyl disulfide (DMDS) [8], following reactions 3.1-3.3 shown below. The products of these 

reactions are hydrogen or methane, which are odorless gases, and FeS, which is a solid with 

poor solubility in water. 

H2S + Fe FeS + H2 (3.1) 

CH3-S-CH3 + 2Fe + 2H+ FeS + 2CH4 + Fe2+ (3.2) 

CH3-S-S-CH3 +3 Fe + 2H+ 2FeS + 2CH4 + Fe2+ (3.3) 

 In Yan et al.’s work (2010), nZVI was shown to be effective in the reduction of hydrogen 

sulfide of water samples [15]. On the other hand, Su et al. (2013) studied the addition of nZVI 

during anaerobic digestion of sludge in order to reduce the production of the malodorous 

compounds H2S and NH3 [9]. Nevertheless, no previous studies have evaluated the effectiveness 
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of the degradation of H2S directly in gas streams. Moreover, the mitigation of other more 

complex sulfur-compounds, such as DMDS, has not been previously studied. The aim of this 

chapter was to study the elimination of H2S and DMDS in a gas stream using an aqueous 

suspension of nZVI, hence simulating a scrubber in batch mode. Both nZVI concentration and 

pH of the water suspension were varied to assess their influence on the process. Bimetallic 

nZVI particles containing Cu, Ni or Pd were also synthesized for their application in DMDS 

abatement. Finally, the study concluded with a pilot-scale test in which nZVI was used to treat 

the malodorous gas stream from an industrial wastewater treatment plant. 

3.2 EXPERIMENTAL 

3.2.1 nZVI synthesis 

Iron nanoparticles were synthesized by the wet chemical reduction method as explained in 

Section 2.2.1 of Chapter 2. Bimetallic nanoparticles of Fe/Ni, Fe/Cu and Fe/Pd, with a 

concentration of the second metal of 10% in the case of Ni and Cu, and 1% in the case of Pd 

were synthesized using the reductive deposition method [16, 17]. The doping agent 

concentrations were chosen based on previous works in which optimal catalyst concentrations 

were determined for their application in dechlorination of trichloroethylene ([17-19]. 

Specifically, the synthesis procedure was the following: 200 mL of a 0.018 M aqueous solution 

of NiCl2·6H2O, 100 mL of a 0.035 M aqueous solution of CuCl2·2H20, or 100 mL of a 0.0021 

M ethanol solution of Pd(C2H302)2, were added to the nZVI suspension to produce the Fe/Ni 

(10% Ni), Fe/Cu (10% Cu) and Fe/Pd (1% Pd) nanoparticles respectively [8]. Subsequently, the 

mixture was left two hours under mixing to allow the cations (Ni2+, Cu2+ or Pd2+) to be reduced 

to the corresponding zero-valent metal. After the synthesis, the nZVI suspension was washed 

four times with 200 mL of distilled water to ensure that no ethanol or salt rests were left in the 

solution. Bimetallic nZVI were characterized by TEM and XPS. Sample preparation and 

analysis details were described in section 2.2.2 of Chapter 2. 

3.2.2 Degradation experiments at laboratory scale 

 Two series of experiments were performed at laboratory scale to study the degradation 

capacity of the sulfur compounds in gas streams by nZVI and the variables affecting the 

removal process. In the first ones, H2S was the compound to be mitigated by nZVI and in the 

second ones, the degradation of the more complex sulfur compound DMDS was assessed.  
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3.2.2.1 H2S abatement 

 The scheme of the experimental system used for the H2S abatement study is shown in 

Figure 3.1. The gas stream contaminated with H2S (stream S-3) was generated by mixing 

streams S-1 and S-2. Stream S-1 consisted of an air stream containing 50 ppm of H2S with a 

flow rate of 16 mL/min. Stream S-2 was synthetic air (pure air composed of only nitrogen and 

oxygen) with a flow rate much greater (800 mL/min) than that of S-2 controlled by a flow meter 

and controller (model FMA5518A from Omega). The resulting stream S-3, hence had a 

concentration of 1 ppm of H2S, which was the concentration used unless another specified. 

Subsequently, the odorous gas passed through a vessel containing the aqueous suspension of 

nZVI (S-4), or through a by-pass (S-5). The vessel containing the nanoparticles was maintained 

under agitation to ensure a good mixing of the solution, which simulated a batch reactor. The 

range of H2S molar to iron ratio studied varied from 0.8 to 8.0 molH2S/molFe/h. Finally, stream S-

6 took the gas out of the vessel. The course of the reaction was monitored by analyzing the 

concentration of H2S in both S-3 and S-6. Experiments were done under room temperature 

(between 22 and 24ºC). Eh and pH of the solution were analyzed by a Mettler Toledo Seven 

Multi using the electrodes 5014 and 5261 of Crison, respectively. Dissolved iron (DO) 

concentration was also measured by using a COM280 of Endress and Hauser. XPS analysis of 

the surface of reacted nZVI was performed in order to determine the mechanism of removal. 

The analysis method was described in depth in section 2.2.2.4 of Chapter 2. 

 

Figure 3.1. Experimental setting for H2S degradation experiments at laboratory scale. 

 The experiments started after a certain stabilization time (~30 min) of S-3 until inlet flow 

and H2S concentration remained constant. Then, the flow was changed from the by-pass (S-5) to 

the reaction entrance (S-4) by means of an electrovalve (model D398CVC from m&m 
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international). Afterwards, the outlet concentration of H2S (S-6) was monitored, but the H2S 

inlet concentration was measured periodically to confirm that it remained constant. Experiments 

ended when the inlet and outlet concentration were equal, which meant that iron had been 

depleted. Lastly, a blank experiment without nZVI was performed in order to determine the 

amount of H2S absorbed by water.  

 In order to determine the inlet and outlet H2S concentration during the experiment, an 

automatic analyzer S-5001 from SIRSA was used. The equipment consisted of a SO2 

fluorescence ultraviolet analyzer and a furnace in which H2S was combusted to SO2. Prior to the 

combustion, the analyzer had a SO2 filter to remove any amount of that element which could be 

present in the sampling gas. 

3.2.2.2  DMDS abatement  

 The experimental set-up used for the experiments of DMDS abatement (see Figure 3.2) 

was very similar to the one used for H2S degradation. The main difference was the generation of 

the gas stream and the equipment used for gas analysis. The DMDS contaminated gas stream 

was generated by bubbling synthetic air through a vessel containing liquid DMDS. The 

concentration in S-2 therefore corresponded to that of equilibrium of DMDS with air at room 

temperature. The flow of S-2 was controlled by a flow meter and controller (model FMA5512A 

from Omega) and was varied between 1-3.7 L/h to modify the inlet DMDS concentration. Then, 

S-2 was mixed with S-3, which consisted of a flow of air much greater (52 L/h) than the flow of 

S-2 to give S-4. This enabled to evaluate concentrations much lower than those of equilibrium 

(between 2 and 8 g/m3). It must be noted that the concentration of DMDS is typically much 

lower in WWTPs (between 0.8-120 ppb, as reported in previous studies [6, 7]), but the detection 

limit of the analysis equipment available impeded studying lower concentrations. The ratio 

between the inlet DMDS molar flow rate and the nanoparticles molar amount varied from 0.03 

to 2.30 molDMDS/molFe/h depending on the experiment. The conditions studied were the iron 

loading, the water suspension pH and the influence of using bimetallic nanoparticles. Acidic or 

basic pH were achieved by adding determined volumes of HCl or NaOH, respectively, to the 

nZVI suspension. A blank experiment was also performed to determine the amount of DMDS 

absorbed by water under the conditions studied. 
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Figure 3.2 Experimental setting for DMDS degradation experiments at laboratory scale.  

In order to determine the DMDS concentration and the by-products of the reaction with 

nZVI, two different chromatographic techniques were used. Gas chromatography coupled with 

mass spectrometry (GC-MS) was utilized to identify the compounds produced during the 

reaction. Gaseous samples were collected using Tedlar® bags and were analyzed by GC-MS 

using a CP-3800 from Variant coupled with a Saturn 2200 mass analyzer. The column used was 

a DB5 from Agilent, with an internal diameter of 0.25 mm and a length of 60 m.  

 Then, an online GC (P200H from MTI Analytical Instruments) with a solid state detector 

was used to determine the abundance of the compounds detected by GC-MS throughout the 

reaction curse. The identification of the compounds with the online GC was performed by 

determining the retention time of the pure compounds previously identified by GC-MS. The 

online GC monitored the samples in continuous by using a vacuum pump connected to a 

capillary tube that was inserted in the desired stream. The response factor of DMDS was 

calculated using standards.  

3.2.3 Degradation of an odorous gas stream from an industrial wastewater at pilot 

scale 

 As a final part of the work presented in this chapter, a pilot plant scale experiment was 

performed in order to determine the feasibility of the use of nZVI into a real application of 

removal of odor in a WWTP. The place selected for the pilot scale test was a WWTP of the 

main ice-cream manufacturing facility of Spain, which is located in San Vicente del Raspeig 

(Alicante). Its WWTP is composed of a pre-treatment by dissolved air flotation (DAF) followed 

by a membrane biological reactor (MBR) capable of treating 18 m3/h of wastewater. Regarding 
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the biosolid treatment, the solids coming from the DAF are centrifuged and then stabilized with 

the addition of calcium oxide. The areas of the WWTP that had higher concentration of odors 

were the water pre-treatment, the sludge centrifugation and the MBR reactor, being the first one 

the one that presented the highest concentration of odors, and hence that was the area chosen for 

the pilot test with nZVI. The sulfur compounds responsible for the odor were identified by low-

resolution mass spectrometry. A certain amount of gas (1 L) was passed throughout a Tenax® 

resin and then the compounds were desorbed thermally using a thermal desorption Horizontal 

GERSTEL TDS-2 and analyzed by a gas chromatograph Agilent 6890N equipped with an 

injector GERSTEL cis 4 + (PTV) coupled with a mass spectrometer Agilent 5973N equipped 

with a quadrupole analyzer. The conditions of the analysis were the following: desorption time 

of 4 minutes at 250ºC; oven temperature for the gas chromatography analysis starting at 50ºC 

with an increase rate of 5ºC/min until 225ºC followed by a rate of 20ºC/min to 300ºC; gas flow 

of 1 mL/min. 

 The WWTP has a pilot scale system of deodorization consisting of a biofilter, two 

scrubbers and a tower of adsorption with activated carbon (see Figure 3.3). In the first of the 

scrubbers, an acid solution is added to the washing water, which flows in countercurrent to the 

gas, in order to absorb the part of the odors caused by ammonia and amines. In the second 

scrubber, also called basic scrubber, which works also in countercurrent, a mixture of NaOH 

and NaClO is added to the water stream in order to eliminate the organic volatile compounds 

and H2S.  

 
Figure 3.3. Photography of the deodorization plant of the ice-cream manufacturing company in 

which the pilot scale tests of deodorization with nZVI were performed. 

 The nZVI was applied in the basic scrubbing tower instead of the mixture of NaOH/NaClO 

(see Figure 3.4). The nZVI used was purchased from Nanoiron s.r.o., and had an average 

particle size of 50 nm and an average surface area of 20 m2/g. The characteristics of the 

scrubber are presented in Table 3.2. The system consisted of a vertical tower of polypropylene 
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(PP) with a recirculation deposit of 1 m3, which was used to feed the nZVI suspension. The 

deposit included a pH and redox potential analyzers. A centrifuge pump was used to recirculate 

the nZVI suspension into the spraying nozzles that were located in the upper part of the tower. 

The inside of the scrubber was filled with plastic rings to increase the contact between the air 

and gas current. 

 
Figure 3.4. Detail of the scrubbing tower used for the test with nZVI. 

Table 3.2. Description of the elements of the pilot plant 

Element Description 

Scrubber 
Vertical scrubbing tower TLVA-040/2 from Plastoquimica of PP with a 
recirculation tank of 1 m3, a mist eliminator Kimre B-GON® and a 
chimney of 2 m 

Recirculation 
pump 

Centrifuge pump P0253 from Plastomec of PP with a maximum flow 
rate of 2 m3/h 

Exhauster 
Centrifuge exhauster CMV-225 from IPF Colasit of PP equipped with a 
frequency controller with a flow rate maximum capacity of 1000 m3/h 

S analyzer 
Analyzer of total reduced sulfur Serinus 57 from Ecotech Ltd. of 
fluorescence UV coupled with an external thermal converter. The range 
of measurement is 0-20 ppm with a sensitivity of >0.5 ppb. 
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 The experiment consisted of the addition of 15 kg of the suspension NANOFER 25 from 

Nanoiron s.r.o., which had a 20% of Fe, to the water tank of the scrubber, thus resulting in an 

iron loading of 3 g/L. Then, the nZVI suspension was pumped in countercurrent to the gas flow 

using the centrifuge pump. As the nZVI tended to aggregate and deposit at the bottom of the 

tank, the solution was mixed every day by inserting the outlet line from the centrifuge pump 

into the water tank, which caused enough turbulence to mix the nZVI. The efficiency of the 

system was determined by measuring the total sulfur concentration in the inlet and outlet gas 

streams from the scrubber. The total sulfur concentration in the pre-treatment area varied a lot 

during the day due to the variability of the wastewater feed into the treatment. It was measured 

using a fluorescence total reduced sulfur (TRS) analyzer, which characteristics are presented in 

Table 3.3 Its concentration varied between 150 and 15,000 ppb (see Table 3.3).  

Table 3.3. Parameters of the experiment at the pilot plant 

Paramenter Value Unity 

Gas flow rate 440 m3/h 

TRS concentration 150-15,000 ppb 

Water recirculation flow rate 2 m3/h 

Iron loading 3 g/L 

 

3.3 RESULTS AND DISCUSSION 

3.3.1 Bimetallic nZVI characterization 

 The bimetallic nZVI were characterized by TEM and XPS. TEM images (see Figure 3.5) 

showed the presence of smaller nanoparticles in the nZVI structure, which may have been 

ascribed to the precipitation of Cu and Ni. As observed in the figure, the shell of the 

nanoparticles was much thicker in the bimetallic nanoparticles than in the original nZVI [20]. 

Moreover, it was evidenced also with the TEM analysis that the nanoparticles of the second 

metal were very well distributed through the sample. XPS analysis confirmed that Ni, Cu and 

Pd were in the surface in their metallic state. Their weight percentages on the nZVI surface, as 

determined by XPS, were 5.4%, 7.4% and 0.6%, respectively.  
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Figure 3.5. TEM images of the nZVI and bimetallic Fe/Cu and Fe/Ni nanoparticles.  

3.3.2 H2S removal by nZVI 

 The results proved that nZVI could eliminate H2S very effectively. In the experiment with 

an iron loading of 0.2 g/L, the degradation efficiency of H2S was maintained between 60-70% 

during 5 h, and then decreased at very low rate until it reached 30% at 48 h reaction time. After 

141 h, the experiment was stopped and in that moment the degradation efficiency had decreased 

to 10%. As seen in Figure 3.6, the higher the iron loading was, the longer the experiment lasted 

and thus the higher the H2S removed by nZVI was. In Table 3.4, the removal capacity of nZVI 

at the different conditions studied is presented. It can be seen that the removal capacity varied 

with both the iron loading and the initial H2S concentration, being the maximum value obtained 

of 161.5 mg/g Fe for an initial concentration of H2S of 10 ppm and at a nZVI concentration of 

0.04 g/L. This value is lower than most of the common commercial adsorbents used for the 

adsorption of gaseous H2S, such as activated carbon or the granular iron oxide Sulfatreat, as it 

can be seen in Table 3.5. However, as regarded in the Table, the studies were performed with 

much higher concentrations of H2S (600-3000 ppm). Thus, it is expected that at those 

concentrations the uptake capacity of the nZVI would have similar or even higher values. As it 

is shown in Table 3.5, when increasing the inlet H2S concentration from 1 to 10 ppm, the uptake 

capacity increased 10 times (from 16.4 to 161.5 mgH2S/gFe). Thus, it is expected than when 

increasing the initial H2S concentration to 600 or 3000 ppm, the uptake capacity will be greatly 

increased. 

Fe Fe/Cu Fe/Ni
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Figure 3.6. Degradation of H2S with nZVI at different iron loadings (a) and different inlet H2S 
concentrations (b). Reaction conditions were: a) [H2S]0 = 1ppm, 805 mL/min of total gas flow rate; 

b) [Fe]=0.04 g/L, 832 mL/min of total gas flow rate. 

 

Table 3.4. Removal capacity of H2S by nZVI at different conditions. 

[Fe] (g/L) C0,H2S (ppm) 
mgH2S 

eliminated/gmaterial 

0.02 1.0 8.8 

0.04 1.0 16.4 

0.2 1.0 17.5* 

0.04 1.8 26.5 

0.04 10 161.5* 
* The experiment was stopped before reaching the depletion of the nZVI. Thus, it is expected that this value is higher. 
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Table 3.5. Removal capacities of H2S for different materials  

mgH2S 

eliminated/gmaterial 
C0,H2S (ppm) Material Reference 

560 - Fe2O3 [21] 

300-420 600 
Na2CO3-

impregnated AC 
[21] 

150 1000 
Granular iron 
oxide-based 
Sulfatreat 

[21] 

110 3000 
Coconut shell-

derived AC 
[22] 

300 3000 
Wood-derived 

AC 
[22] 

250 3000 Bituminous AC [23] 

 

 An XPS survey in the S 2p region of the nZVI surface after the reaction with H2S gave 

evidence that the sulfur was trapped in the nanoparticles surface (see Figure 3.7). The spectrum 

consisted of a doublet with a 2p3/2 component at 168.1 eV binding energy, which was 

attributed to sulfate [24-26]. Thus, the mechanism of removal was different than the one 

reported by Yan et al. (2010) and that was presented in reaction (3.3(3.1), which gave iron 

sulfide as the final product. The reason for the different mechanism can be ascribed to the 

different aerobic conditions of both experiments. In the work presented in this chapter, the 

experiments were performed under aerobic conditions, because the purpose of the treatment is 

to treat the malodorous gases from a WWTP, which is performed under aerobic conditions. 

However, Yan et al.’s work (2010) consisted of the treatment of hydrogen sulfide from a 

solution that was depleted of oxygen, giving probably a different mechanism of removal.  

 

Figure 3.7. Sulfur 2p XPS spectra of reacted nZVI. Reaction conditions: [Fe]=0.04 g/L; [H2S]0=1.8 
ppm; gas flow rate of 832 mL/min. 
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 The proposed reactions of H2S removal by nZVI under aerobic conditions involved the 

actuation of the dissolved Fe2+ and Fe3+ released to the solution due to the nZVI oxidation and 

of the dissolved oxygen to give the sulfate determined by XPS as the final product. The 

sequence of reactions may involve first the reaction of Fe0 directly with H2S, as was shown in 

reaction (3.1) of Section 3.1. However, this equation should not be regarded as the only pathway 

for H2S trapment by nZVI, as it can also react with the oxyhydroxide shell of the nanoparticles 

via reaction (3.4) [9]: 

2FeOOH + H2S 2FeS +1/8S8+ H2O (3.4) 

 FeS formed by reaction (3.4) is metastable and gets rapidly oxidized by elemental sufur to 

iron disulfide (FeS2) via reaction (3.5): 

FeS+1/8S8 FeS2 (3.5) 

 Finally, in the presence of oxygen and ferric iron, both present in the aqueous suspension 

of nZVI, FeS2 can further react to give iron sulfate, as showed in reactions (3.6) and (3.7). This 

process is catalyzed by iron, as ferric iron can be recovered by the oxidation of ferrous iron by 

reaction (3.8) [27]: 

FeS2+ 7 2 O2+ H2O Fe2++2SO4
2-+2H+ (3.6) 

FeS2+14Fe3++ 8H2O 15Fe2++2SO4
2-+16H+ 

(3.7) 
 

Fe2++ 1 4 O2+H+ Fe3++ 1 2 H2O 
(3.8) 

3.3.3  DMDS removal by nZVI  

 In Figure 3.8, the evolution of the outlet molar flow rate per mol of iron is presented for 

one of the experiments. It is displayed that two different reaction stages or mechanisms can be 

differentiated. In the first one, which occurs at the beginning of the reaction, the outlet DMDS 

concentration increased very rapidly, which was attributed to a fast nZVI consumption. But, 

after approximately 15 min, the reaction mechanism suddenly changed, leading to a decrease of 

the outlet DMDS concentration and hence a higher removal efficiency. During this second 

stage, iron nanoparticles seemed to be activated again, degrading DMDS with efficiencies 

between 40 and 60% during 4 h. Afterwards, the DMDS outlet concentration returned to the 

inlet value, which indicated that the nZVI were depleted and thus the degradation reaction was 

finished.  
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Figure 3.8. Outlet molar flow rate of DMDS per mole of iron. The iron loading was 80 mM, the 

inlet molar flow rate of DMDS was 0.186 molDMDS/h/molFe and the total gas flow rate was 54 L/h. 

 The molar amount of removed DMDS was determined by integrating the curve shown in 

Figure 3.8 using the following equation:      

nDMDS removed = , nFe
nDMDS,	out(t)

t·nFe
dt - nDMDS,	abs. water (3.9) 

 where nDMDS abs. water corresponded to the molar amount of DMDS absorbed by water in the 

conditions studied, which summed up 0.745 mmol.  

3.3.3.1 Influence of iron amount 

 Experiments were performed with different nZVI loadings in order to assess whether the 

molar balance was satisfied and to study its influence on DMDS abatement. The results are 

presented in Table 3.6, and lead to two main conclusions. On one hand, the molar balance was 

not satisfied for any of the experiments. The amount of DMDS that should have reacted per mol 

of iron fed into the reactor according to reaction (3.3) should have been 0.33 molDMDS/molFe. 

However, for the nZVI concentrations of 8 and 80 mM, DMDS reacted was higher than that 

indicated by the molar balance, and for the nZVI loading of 160 mM, the value was lower than 

the theoretical one. The reason for having obtained higher DMDS removal capacities than the 

theoretical ones can be ascribed to the existence of other reactions of DMDS elimination 

different to reaction (3.3). This will be further assessed in the section 3.3.3.2 of this chapter. 
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Table 3.6. DMDS removed per mole of iron for different iron loadings. Total gas flow rate was 54 
L/h. 

[Fe] (mM) ,  
(mmolDMDS,in/h) 

nDMDS removed/nFe 
(molDMDS/molFe) 

8.0 4.5 0.82 

80.2 3.7 0.41 

160 1.3 0.17 

 On the other hand, in Table 3.6 it can be seen that the amount of DMDS reacted per mol of 

iron did not show a linear trend with the iron concentration. Instead, it decreased with the 

increase of iron concentration and the decrease of the inlet molar flow rate of DMDS. An 

explanation for this phenomenon could be that nZVI became oxidized as the reaction evolved. 

A representation of the amount of DMDS reacted per mol of iron versus the total reaction time 

shows that at longer reaction times, the total amount eliminated by the nZVI was lower, which 

could be attributed to the nZVI oxidation. 

 
 Figure 3.9. Molar amount of reacted DMDS per mol of iron versus reaction time. Total gas 

flow rate was 54 L/h.   

3.3.3.2 Identification of by-products 

 The outlet gas of one experiment was analyzed using GC–MS to determine which the 

products of the reaction between nZVI and DMDS were (see Figure 3.10). The compounds 

identified apart from DMDS were methyl mercaptan and dimethyl sulfide (DMS). Methane 

could not be detected with GC-MS because it has a low molecular weight, but its presence was 

confirmed with the on-line GC by injecting pure methane in the column and determining its 

retention time. Once that all reaction products were identified, their abundance during the 

reaction was assessed with the aid of the on-line GC (see Figure 3.11). Results showed that 

methane was produced only at the beginning of the reaction, matching with the first stage of 
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DMDS abatement. Then, another reaction mechanism seemed to be initiated, which produced 

methyl mercaptan, which is also an odorous compound. This phenomenon further supported the 

existence of two mechanisms of reaction, with the first one occurring only at the beginning of 

the reaction time. The production of methyl mercaptan occurred when the second mechanism 

was initiated and coincided with the time period in which the DMDS outlet concentration 

remained constant. Moreover, DMS was also identified with low abundance at the beginning of 

the reaction, concurring with the peak of methane. Therefore, reactions (3.10) and (3.11) shown 

below may have been taking place in addition to the one which gives methane as a gaseous 

product (3.3): 

CH3-S-S-CH3+ Fe+2H+ 2CH3-S-H+Fe2+ (3.10) 

CH3-S-S-CH3+Fe CH3-S-CH3+FeS (3.11) 

 

 

Figure 3.10. GC–MS chromatogram of the outlet flow from one of the experiments. Iron loading 
was 80 mM, inlet DMDS molar flow rate was 0.186 molDMDS/h/molFe and total gas flow rate was 54 
L/h.  
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Figure 3.11. Evolution of the concentration of DMDS and its degradation products with reaction 
time for an iron loading of 160 mM, an inlet DMDS molar flow rate of 0.034 molDMDS/h/molFe, and a 

total gas flow rate of 54 L/h. DMDS and methyl mercaptan are referred to the principal axis, and 
methane and DMS to the secondary one. 

 Results lead to the conclusion that, at the beginning of the reaction, both C-S and S-S 

bonds were broken, producing methane and a small amount of DMS as reaction products. But, 

after several minutes, a second mechanism was activated in which only the S-S bonds were 

broken, splitting the DMDS molecule into two methyl mercaptan molecules, which is also a 

malodorous compound. The first reaction mechanism is preferred and therefore, further studies 

should be undertaken to increment the selectivity of this reaction and avoid the formation of 

methyl mercaptan. 

3.3.3.3 Influence of pH 

 The influence of the pH of the nZVI water suspension was assessed in order to establish if 

a lack of hydrogen protons was the responsible for the reaction which produced methane 

occurring only at the beginning of the experiment. As shown in reaction (3.3), protons are 

needed for the reaction to occur. PH values of 2, 3.5, 8 (natural pH of the solution) and 12.4 

were studied. The experiment at alkaline conditions (pH=12.4) showed almost negligible 

DMDS removal, which was expected because, as stated, protons are needed to eliminate the 

DMDS by reaction (3.3). Regarding the experiments at acid and circumneutral pH, they all 

enabled the reaction between Fe and DMDS to occur. However, some differences were 

observed depending on the solution pH (see Figure 3.12). At the first stage of the reaction, 

acidic pH enhanced DMDS removal, again due to the increment of protons that is produced at 

acidic conditions. However, at the second stage of the reaction, the DMDS removal was higher 
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at higher pH. Regarding the amount of DMDS removed (see Table 3.7), there were no 

significant differences owing to the pH level. 

 

Figure 3.12. Evolution of the outlet DMDS concentration at differents pH. Iron loading was 80 mM, 
inlet molar flow rate of DMDS was 0.186 molDMDS/h/molFe and the total gas flow rate was 54 L/h. 

Table 3.7. Quantity of DMDS removed at different pH values. Iron loading was 80 mM, inlet 
DMDS molar flow rate 0.186 molDMDS/h/molFe and total gas flow rate 54 L/h. 

pH nDMDS reacted (mol) 

2.0 7.95 

3.5 8.86 

8.1 8.12 

 Summarizing, a lack of protons could not explain the formation of methyl mercaptan and 

DMS and did not present a significant influence on DMDS abatement. Nevertheless, pH had 

some influence on the reaction mechanism. At acidic pH, the first mechanism, which led to the 

production of methane and DMS, was favored, and the second mechanism was declined. 

3.3.4 Removal of DMDS by bimetallic nZVI 

 Bimetallic nanoscale particles of Fe/Ni, Fe/Cu and Fe/Pd were synthesized to determine if 

they improved the efficiency of DMDS removal or the selectivity of the reaction to produce 

methane. In Table 3.8, the amount of DMDS eliminated by each one of the bimetallic particles 

is shown. It was evidenced that the substitution of some of the active sites of iron by the second 

metal reduced the capacity of iron to remove DMDS. Furthermore, in Figure 3.13 it is 

demonstrated that bimetallic Fe/Ni nanoparticles were more selective towards the formation of 

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

0 1 2 3 4 5 6

n
D

M
D

S
/t

/n
Fe

(m
o

l D
M

D
S
/h

/m
o

l F
e)

t (h)

pH 8.1 pH 3.5 pH 2



                                                        Deodorization of gas streams containing sulfur compounds using nZVI 

81 
 

methane than nanoparticles containing only iron. No significant enhancement was achieved 

when using either Fe/Cu or Fe/Pd bimetallic nanoparticles. 

Table 3.8. Amount of DMDS removed per mol of iron by conventional and bimetallic nZVI. Second 
metal loading was 10% in Fe/Ni and Fe/Cu nanoparticles and 1% in Fe/Pd nanoparticles. Iron 

loading was 160 mM, inlet DMDS molar flow rate 0.035 molDMDS/h/molFe and total gas flow rate 54 
L/h. 

Nanoparticles molDMDS reacted /molFe 

Fe 0.17 

Fe/Ni 0.097 

Fe/Cu 0.12 

Fe/Pd 0.15 

 

 

Figure 3.13. Methane concentration (arbitrary units) using bimetallic nZVI with Ni, Cu and Pd. 
Iron loading was 2.24 g and inlet molar flow rate of DMDS was 1.426 mmol/h. 

 At the view of the results, an experiment using Ni nanoparticles was also conducted in 

which mercaptan was not produced (see Figure 3.14). Thus, it was demonstrated that Ni 

nanoparticles induced the breakage of S-S bonds instead of C-S bonds, hence promoting the 

desired reaction to produce methane, although DMS was also generated. The total amount of 

DMDS eliminated by Ni nanoparticles, however, was 0.023 molDMDS/molNi, which is almost 10 

times lower than the one displayed by nZVI. Thus, it can be concluded that the best treatment 

should be to use nZVI, because they provide high removal efficiency of DMDS, with the 

addition of a small amount of Ni in order to increment the reaction selectivity to produce 

methane. 
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Figure 3.14. Evolution of the abundance of DMDS and its reaction products during its degradation 
with Ni nanoparticles. Reaction conditions: Ni concentration 153 mM, inlet DMDS molar flow rate 
0.045 molDMDS/h/molFe and total gas flow rate 54 L/h. DMDS is referred to the principal axis, and 

methane and DMS to the secondary axis. 

3.3.5 Pilot plant test 

 The initial analysis of the compounds causing odor in the pretreatment area of the WWTP 

by GC-MS enabled to identify several sulfur malodorous compounds, such as dimethyl 

disulfide, carbon disulfide, methyl ethyl disulfide and dimethyl sulfide, being the most abundant 

one the dimethyl disulfide. 

Table 3.9. Sulfurous odorous compounds identified by GC-MS in the pre-treatment area of the 
WWTP. 

Compound 
Molecular 

weight (g/mol) 
Formula 

Retention time 
(min) 

Abundance 

Dimethyl sulfide 62.13 
 

3.18 + 

Carbon disulfide 76.16  3.28 ++ 

Dimethyl disulfide 94.2  13.23 +++ 

Methyl ethyl 
disulfide 

108.23  19.32 ++ 

 The tests performed in the pilot scale scrubber of the WWTP of the ice-cream industry 

lasted 9 days, although the scrubber only worked during several hours a day during the 

weekdays. For that reason, the effective time that the equipment was running was 60 h, which is 

the one that is represented in Figure 3.15a. As it is seen, the total sulfur concentration and thus 

the odor intensity varied a lot during the time period in which the experiment was made. This 

was to be expected, as the odor concentration depends a lot on the organic content of the 

wastewater entering to the WWTP. Indeed, the total sulfur concentration varied between 40 ppb 
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and 15.6 ppm. However, regardless of the initial sulfur concentration in the scrubber, the 

efficiency of removal was always higher than 60%. Moreover, the highest efficiency of removal 

recorded was 99% for an inlet sulfur concentration of 1748 ppb, and it remained higher than 

90% during 25% of the experiment length, and above 80% during 53% of the test. The average 

remediation efficiency was 79% for the conditions studied. It was regarded that after 9 days of 

experiment, the nZVI still remained active, and no decrease in its efficiency of removal was 

observed during the test time. The pH of the nZVI solution increased 1 unity after the addition 

of the nZVI, and the standard potential decreased from 500 mV to reducing conditions at ~-20 

mV. Then, both values remained constant during all the experiment length. The total uptake 

capacity of nZVI in the experiment was 20.9 mg/g, but the experiment was stopped when 

remediation efficiency was still 84% for an initial sulfur concentration of 2500 ppb. Thus, it 

would have been expected that the removal capacity of nZVI had reached a value much higher, 

similar to the laboratory obtained values.  



Chapter 3   

84 
 

 

Figure 3.15. Results of the pilot-scale test in which nZVI were added to a scrubber to remove the 
odorous compounds of a WWTP: a) Inlet and outlet concentration of total reduced sulfur; b) 
Standard potential and pH of the water suspension of nZVI; c) Removal efficiency of total S. 

Conditions: total gas flow rate of 440 m3/h; [Fe]=3 g/L.  

0

2000

4000

6000

8000

10000

12000

14000

16000

0 10 20 30 40 50 60

C
T

o
ta

l,
S

(p
p

b
)

t (h)

Inlet Outlet

a)

0
10
20
30
40
50
60
70
80
90

100

0 10 20 30 40 50 60

R
em

o
va

l 
ef

fi
ci

en
cy

 (
%

)

t (h)

c)

7.0

7.2

7.4

7.6

7.8

8.0

8.2

8.4

8.6

8.8

9.0

-100

0

100

200

300

400

500

600

0 10 20 30 40 50 60

p
H

E
h

(m
V

)

t (h)

Eh pH

b)



                                                        Deodorization of gas streams containing sulfur compounds using nZVI 

85 
 

3.4 CONCLUSIONS 

 The study presented in this chapter presents preliminary results of the application of nZVI 

in the removal of sulfur odorous compounds in gas streams. H2S and DMDS were chosen as the 

target compounds for the study, and a pilot plant scale test was also performed to test the 

efficiency of the nZVI in a real application.  

 The nZVI proved to have removal capacities for H2S and DMDS of 160 and 1380 mg/gFe, 

respectively, which were above the values reported for most of the commercial materials used 

for the removal of these compounds. Regarding the removal of H2S, it was shown that the 

removal capacity increased with the iron loading and with the initial H2S concentration. The 

XPS survey of the surface of the reacted nZVI showed that the H2S was transformed to sulfate 

in nZVI surface. This is the first time that this mechanism is reported for the H2S removal with 

nZVI. The reason can be ascribed that the study was made under aerobic conditions, while in 

reported literature only anaerobic conditions had been studied. 

 With regards to the DMDS elimination by nZVI, this study demonstrated that iron 

nanoparticles were effective for the reduction of DMDS at neutral and acidic pH values with 

efficiencies between 40 and 60% for the conditions studied. Although the reaction was proved 

not to take place for basic pH, it seemed that pH did not have a significant influence on the 

elimination of dimethyl disulfide. This was corroborated when comparing the results at neutral 

and acidic pH, which resulted in similar degradation of DMDS, contrary to the theoretically 

expected according to Eq. (3.3). The increase in iron quantity increased the DMDS elimination 

up to a limit, where the oxidation of iron nanoparticles no longer improved DMDS elimination. 

 Regarding the mechanism of elimination of DMDS, it was revealed that the complete 

reduction of DMDS to give CH4 and FeS only occurred at the beginning of the reaction. In the 

second stage, DMS and methyl mercaptan were formed, which led to the conclusion that other 

mechanisms were happening. Thus, the existence of two concurrent mechanisms for the 

reduction of DMDS was demonstrated. The use of bimetallic Fe/Ni nanoparticles improved the 

selectivity of the reaction that completely reduces DMDS to give methane. Acidic pH also 

favored methane formation. 

 Finally, the pilot scale experiment using a scrubber with the addition of nZVI to the 

washing current proved the effectiveness of nZVI for the elimination of malodorous sulfur 

compounds in a real WWTP. Several compounds were identified in the malodorous current: 

dimethyl disulfide, carbon disulfide, dimethyl sulfide and ethyl methyl disulfide; and all of them 

were removed with an average efficiency of 79%. Moreover, the nZVI did not show any 

decrease of efficiency after 9 days of experiment, which involves that nZVI could be a good 
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option for treating the malodorous gases from a WWTP. In future work, a longer pilot-scale test 

will be performed in order to enhance the preliminary results obtained in this study with the 

following objectives: obtain the actual uptake capacity at pilot scale and determine the time that 

the nZVI can be used before it loses its capacity of removal of the contaminants. 
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4.1 INTRODUCTION 

 Pesticide and herbicide contamination in environmental water is a worldwide persistent 

problem with severe consequences to the human health and ecosystems [1]. Pesticides can enter 

the water sources during their application to crops, by accidental discharges and from the 

wastewater of the food processing and pesticide producing manufacturing [2]. Thus, there is an 

urgent need of developing effective methods to purify water contaminated with these 

compounds. 2,4-dichlorophenoxyacetic acid (2,4-D) is an herbicide widely used worldwide to 

control the growth of broad weed leaves in crops [3, 4]. Its chemical properties, having a 

relatively high solubility, low molecular weight and negative charge at soil pH, make it 

susceptible to be easily transferred to water supplies [5, 6]. Indeed, some studies have reported a 

half-life time up to 333 days in the environment after its employment in crop treatment [7]. 2,4-

D belongs to the group of phenoxy compounds, which are potentially toxic to humans. It may 

negatively affect aquatic life and produce damage to the nervous system, kidneys and liver [8]. 

For all these reasons, the Environmental Protection Agency (EPA) regards it as a recalcitrant 

pollutant [8]. 

 Commonly applied methods for remediation of herbicide and pesticide-containing waters 

include chemical and physical treatments (i.e. adsorption with activated carbon or separation by 

membrane filtration), thermal treatments and biological processes [9]. Among these methods, 

biodegradation is frequently preferred since it involves lower costs and is environmentally 

friendly. However, pesticides and herbicides such as 2,4-D are degraded with low efficiencies 

and long residence times. In addition, they can destroy the microorganisms responsible of 

biological degradation, thus decreasing their remediation efficiency [10].  

 An alternative approach for herbicide removal is to apply advanced oxidation processes 

(AOPs) prior to the biological treatment in order to obtain compounds which are easier to 

biodegrade. These methods consist of the generation of highly reactive species such as hydroxyl 

radicals, which are able to effectively oxidize non-biodegradable compounds. Organic 

contaminants, such as pesticides, phenols, hydrocarbons and dyes, can be degraded by this 

method to less harmful, oxygenated organic compounds [11]. Throughout AOPs, Fenton 

oxidation is the most widely employed method for treating organic contaminants in water 

streams due to its simplicity and because it employs reagents easy to handle with and 

environmentally benign [12]. The traditional Fenton reagent is composed of ferrous iron and 

hydrogen peroxide, which react under acidic conditions to produce highly reactive hydroxyl 

radicals (see reaction (3.1)) [10]. The generated ferric ions are then reduced by the hydrogen 

peroxide excess, regenerating the ferrous ion and producing ·O2H radicals by reaction (4.2). 

·O2H may also attack organic compounds, although it is less reactive than ·OH [13]. 
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Furthermore, Fenton process involves two more reactions ((3.3) and (4.4)), which lead to the 

scavenging of hydroxyl radicals by the excess of ferrous ions and hydrogen peroxide [14]: 

Fe2++ H2O2 → Fe3+ + ·OH + HO- (4.1) 

Fe3++ H2O2 → Fe2+ + H+ + ·O2H (4.2) 

Fe2++ ·OH- → Fe3++ OH- (4.3) 

H2O2 ·OH- → ·O2H + H2O (4.4) 

 Fenton oxidation can be further improved by the application of short UV light (UV-C, 

180–290 nm). Under UV-C light, the hydrated Fe3+ ions are photoreduced, obtaining ·OH and 

regenerating ferrous iron (see reaction (4.5)) [13]. Consequently, degradation efficiencies are 

improved when using photo-Fenton oxidation [9]. 

FeOH2++ hv → Fe2++ ·OH (4.5) 

 Fenton process presents several limitations: high amounts of iron salts are commonly 

required to obtain high degradation efficiencies, and elevated amounts of dissolved iron are 

consequently released to the water effluent [15]. In addition, the Fenton reaction requires acidic 

pH (~ 2.8), which increases the cost of treatment. Below this pH, the hydroxyl radicals are 

scavenged by protons, and above it, ferrous iron precipitates as oxyhydroxide [16]. 

Additionally, the need for neutralizing the water prior to its delivery to sewerage systems 

produces large amounts of sludge [17].  

 In recent years, heterogeneous Fenton, which employs a solid catalyst instead of ferrous 

iron, has provided an alternative to the homogeneous process. The heterogeneous Fenton 

oxidation enables to work at higher pH because Fe3+ species in such catalysts are “immobilized” 

within the structure of the catalyst and thus are not lost due to precipitation reactions at high 

pHs [16]. Another advantage is that heterogeneous catalysts can be easily recovered after the 

treatment and hence they can be used during successive reactions. Zero-valent iron, goethite, 

magnetite and pyrite have been recently studied as catalysts in heterogeneous Fenton process 

[12, 18]. Among them, nZVI appears as a promising solution for heterogeneous Fenton 

processes due to its versatility.  

 Under acidic conditions, nZVI can be used as a slow-delivering source of the ferrous ions 

necessary to produce the hydroxyl radicals in the Fenton process [19, 20] (see reaction (4.6)). 

Then, the metal iron can act as source for recycling ferric iron by reaction (4.7), thus acting as a 

catalyst for the process [21].  
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Fe0 + H2O2 + 2H+ → Fe2+ + 2H2O (4.6) 

2Fe3+ + Fe0 → 3Fe2+ (4.7) 

 Recently, several works have reported high efficiencies for the Fenton oxidation of organic 

contaminants with nZVI at circumneutral pH. In Xu and Wang’s work [17], complete oxidation 

of 4-chloro-3-methyl phenol was achieved using nZVI at pH 6.1. Also a 60% degradation of 

molinate at an initial pH of 8.1 was reported to be achieved by nZVI, but using O2 as an 

oxidation source instead of H2O2 [22]. Antibiotic metronidazole (MNZ) was also proved to be 

removed by nZVI at an initial pH of 5.6 [23]. The Fenton degradation of 2,4-D with nZVI, 

however, has only been achieved under acidic pH in aerobic suspensions in the work of Correia 

de Velosa and Pupo Nogueira (2013) [24]. In their work, high doses of nZVI under acidic pH, 

or addition of ligands as EDTA, were needed to completely degrade the 2,4-D.  

 In this chapter, heterogeneous Fenton oxidation of 2,4-D at neutral pH using nZVI was 

assessed. Hydrogen peroxide was used as the oxidation source and UV-C light was applied in 

order to improve the efficiency of the process, which is a novelty compared to previous works. 

First, the efficiency and optimal conditions for 2,4-D degradation were studied and then reaction 

conditions were modified with the purpose of increasing the pH range at which the process is 

effective. Another objective of the work presented in this chapter was to determine the 

intermediate compounds formed during the degradation process and thus propose the 

mechanism of degradation, which has not been reported before for Fenton degradation of 2,4-D 

using nZVI. 

4.2 EXPERIMENTAL 

4.2.1 2,4-D degradation 

 2,4-D degradation tests were carried out in a laboratory reactor, which is schematically 

represented in Figure 4.1. The reactor consisted of a box made from high impact resistant plastic 

with dimensions 43x70x40 cm (height, length, width) containing the following components: (1) 

2 UV lamps of 36 W with 215 nm of wavelength (UV-C light) and 588 mm length, (2) a 10-

position magnetic stirrer, (3) 500 mL beakers, (4) reflecting mirror and (5) two exhaust fans to 

cool the reactor to ambient temperature. Experiments started with the addition of the desired 

amounts of nZVI and H2O2 to a 500 mL of 100 ppm water solution of 2,4-D. The natural pH of 

the 100 ppm solution of 2,4-D was 3.4, and no pH adjustment was performed unless specified. 5 

mL samples from the reaction mixture were taken at different times in order to determine 2,4-D 

concentration in the reactor. Nanoparticles were separated from the collected samples by 
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filtration with a 0.2 m acetate cellulose syringe. After that, 10 L of 1-butanol were added to 

the liquid samples in order to stop the oxidation reaction by scavenging the action of the 

hydroxyl radicals.  

 
Figure 4.1. Schematic representation of the reactor employed for Fenton and photo-Fenton 

reaction. 1: 2 UV lamps of 215 nm wavelength and 588 mm length; 2: 10-position magnetic stirrer; 
3: 500 mL beakers; 4: reflecting mirror; 5: exhaust fan. 

 The variables studied were the nZVI and H2O2 dose, the initial solution pH and the 

influence of the action of UV-C light. In order to study the Fenton process at higher pHs, a 

determined volume of 0.1 M NaOH aqueous solution was added to the reaction mixture before 

starting the experiments. Experiments were performed by duplicate, and standard deviation 

between the measurements was lower than 10% of the mean value in all cases. 

4.2.2 Analysis methods 

 2,4-D concentration was determined by high pressure liquid chromatography (HPLC) 

following Yu et al.’s method [25] with slight modifications. The HPLC equipment used 

consisted of an Agilent Infinity Binary LC System with a diode array detector. The injection 

volume was 10 L. The chromatographic separation was performed with a C18 column (240x4 

mm) using an eluent flow of 0.5 mL/min. The mobile phase consisted of a 60 % water solution 

containing 0.1% of formic acid and a 40% solution of 50/50 methanol/acetonitrile containing 

0.1% of formic acid, with a linear gradient to 90% acetonitrile in 8 min. The 2,4-D detection 

was performed with a UV detector working at 280 nm.  

 The identification of the intermediate species was determined by liquid chromatography 

coupled with mass spectrometry (LC-MS) using an Agilent 1260 Infinity coupled with a mass 

spectrometer Agilent 6540 quadrupole time-of-flight system operated in negative ion mode. The 
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column used was a 00F-4252-E0 (150x4.6 mm) and the conditions for the separation and 

identification of the compounds were the same as the ones used in HPLC. 

 Dissolved iron concentration was determined by inductively coupled plasma mass 

spectrometry (ICP-MS) using a Perkin Elmer Optima 4300 DV. 2% of nitric acid was added to 

the samples before the measurement. 

4.3 RESULTS AND DISCUSSION 

4.3.1 Kinetics of 2,4-D degradation 

 In order to evaluate the role of nZVI and H2O2 in 2,4-D degradation and discard other 

mechanisms different to oxidation by heterogeneous Fenton reaction, experiments with the 

addition of nZVI, H2O2 and nZVI/H2O2 were performed. The results confirmed that when one of 

the agents needed for Fenton reaction was absent, the degradation efficiency of 2,4-D was 

negligible (see Figure 4.2). Specifically, only 4% and 5% 2,4-D degradation was reported at 150 

min reaction time with H2O2 and nZVI respectively, increasing only to 15% 2,4-D elimination 

after 48 h in both tests. However, when using nZVI/H2O2, 90% 2,4-D removal was observed 

after only 10 min, which increased to 97% after 48 h of reaction time. Therefore, it was 

demonstrated that the removal of 2,4-D by absorption or reduction with nZVI or by oxidation 

with H2O2 could be neglected. Conversely, heterogeneous Fenton reaction employing both nZVI 

and H2O2 demonstrated to be very effective for 2,4-D degradation at the initial pH of 3.4. This 

was expected, as the Fenton process has proven to be effective for the degradation of organic 

compounds at acidic pHs [26-28].  
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Figure 4.2. a) 2,4-D degradation under various conditions, b) evolution of pH during reaction time. 
Experimental conditions: [2,4-D]0 = 100 ppm, [Fe]0 = 9 mM, [H2O2]0 =10 mM, without pH 

adjustment. 

 Regarding the evolution of 2,4-D degradation using nZVI/H2O2, as displayed in Figure 

4.2a, at the beginning of the reaction the degradation rate of 2,4-D was very high. 90.1% 2,4-D 

degradation efficiency was reached after only 5 min of contact time. After that, 2,4-D 

degradation rate slowly decreased until the removal efficiency reached a plateau at 95%, which 

was maintained until 20 h of reaction time. Afterwards, the degradation efficiency increased 

again to 97% at 48 h. These biphasic kinetics have been reported before by other authors, which 

ascribed the phenomenon to the different generation rate of H2O2 during the heterogeneous 

Fenton process [22]. When nZVI is added into the solution, there is a rapid and large generation 

of ferrous iron (see reactions (4.6) and (4.7 )), which produces a pulse of hydroxyl radicals in 

the solution. Then, the radical production decreases due to the surface passivation of the nZVI 

which limits the release of Fe2+ and the degradation efficiency of the contaminant diminishes.  

1

10

100

0 10 20 30 40 50

C
2,

4-
D

(p
p

m
)

t (h)

H O

nZVI

nZVI/H O

a

3

4

5

6

7

8

9

0 10 20 30 40 50

p
H

t (h)

H O

nZVI

nZVI/H O

b



                                                                   Fenton oxidation of 2,4-D at neutral pH using nZVI as a catalyst 

97 
 

 However, in this work it has been found that the pH could be the responsible for the 

displayed 2-phase mechanism of 2,4-D degradation. nZVI is known to produce important 

changes in water chemistry, as previously reported by several authors [29, 30]. It increases the 

solution pH and produces rapid dissolved oxygen consumption, concomitant with a shift to 

reducing conditions (see reactions (4.8) and (4.9)). At the beginning of the 2,4-D degradation 

process, the initial solution pH was 3.4, which is the natural pH of the solution of the pesticide. 

Thus, at that moment the degradation rate of the contaminant was very fast because the Fenton 

reaction was favored by low pH. But, after nZVI addition, the solution pH started to increase, 

limiting the formation of Fe2+ and thus deactivating the production of hydroxyl radicals. For this 

reason, the degradation efficiency of the contaminant remained steadily at this stage. Then, after 

20-24 hours of reaction time, the solution pH decreases due to the formation of iron oxides and 

hydroxides until it reaches a value of ~4 (see reactions (4.10) and (4.11)). At this point, the 

Fenton reaction is activated again, and the degradation increases. In order to prove this pH-

dependence, two experiments at the same conditions were performed: one without pH 

adjustment, and another at constant pH of 3.4±0.4 by adding NaOH when necessary. As shown 

in Figure 4.3, the 2-phase mechanism was not observed in the experiment with controlled pH, 

which confirmed that pH variation was responsible for the 2-phase mechanism. 

Fe(s) 
0 + 2H2O(aq) → Fe aq

2+  + H2(g) + 2OH(aq)
-  (4.8) 

2Fe(s) 
0 + 4H(aq) 

+ + O2(aq) → 2Fe(aq)
2+  + 2H2O(aq) (4.9) 

6Fe2++ O2 +6 H2O → 2Fe3O4(s) + 12H+ (4.10) 

Fe2++ 2OH- → Fe OH 2(s) (4.11) 

 

Figure 4.3. Degradation of 2,4-D without adjusting the pH (pH0=3.4) and maintaining the pH=3.4 
during all the reaction course. Conditions: [2,4-D]0 = 100 ppm, [Fe]0 = 18 mM, [H2O2]0=10 mM. 
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4.3.2 Effect of Fenton reagents dose 

 The effect of nZVI and H2O2 dose on the degradation of 2,4-D was studied without any pH 

adjustment (initial pH of 3.4). First, the nZVI concentration was varied from 0.18 to 18 mM 

while keeping H2O2 loading at 10 mM (see Figure 4.4a). The results showed that the 2,4-D 

degradation increased with the nZVI concentration for values up to 1.8 mM. However, at higher 

iron concentrations, the 2,4-D degradation efficiency decreased with the nZVI dose. The 

optimal iron concentration was thus between 0.9-1.8 mM, in which 2,4-D degradation 

efficiency was 100%. Fenton process relies on the production of ferrous iron released from the 

nZVI surface. Thus, the higher the nZVI concentration the more Fe2+ is released into the 

solution and the degradation efficiency increases. However, for nZVI loadings higher than the 

optimum, the degradation efficiency decreases due to the scavenging of hydroxyl radicals by the 

overdose of ferrous iron, as was shown in reaction (3.3).  

 
Figure 4.4. 2,4-D degradation varying: a) concentration of nZVI with [H2O2]0=10 mM, b) 

concentration of H2O2 with [Fe]0 = 9 mM. Experimental conditions: [2,4-D]0=100 mg/L, no pH 
modification, in absence of UV light, 48 h of reaction time. 
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 At the end of the Fenton process, the dissolved iron concentration was 10 ppm at the 

optimal conditions. Although this value is slightly higher than the allowed limit by the Spanish 

legislation (5 ppm), it is much lower than the one reported for homogeneous Fenton (50-80 

ppm) [13]. Therefore, heterogeneous Fenton oxidation with nZVI proves to decrease the final 

iron concentration in the wastewater, and thus the costs of eliminating dissolved iron will be 

much lower than with homogeneous Fenton. 

 As it was shown by reaction (3.1), the H2O2 concentration is directly related to the 

production of hydroxyl radicals. Thus, the effect of H2O2 initial concentration was investigated 

over a range of 2-50 mM with a nZVI dose of 9 mM. The results presented in Figure 4.4b, show 

that the 2,4-D degradation increased with the initial H2O2 dose up to a concentration of 20 mM, 

which achieved a 2,4-D degradation efficiency of 99.98%. After this value, the increase of H2O2 

concentration did not produce a significant further improvement in 2,4-D degradation. Some 

authors have indicated that when the concentration of H2O2 is increased above the optimal 

value, the degradation efficiency decreases due to the scavenging effect of H2O2 radicals (see 

reaction (4.4) [21], but this phenomenon was not observed in the present work. 

 Summarizing, the optimal conditions for degradation of 2,4-D have shown to be a nZVI 

concentration of 0.9 mM and a H2O2 dose of 10 mM for the natural pH of the solution. 

Regarding previous works dealing with 2,4-D degradation with nZVI, Correia de Velosa et al. 

studied the 2,4-D degradation by Fenton process with nZVI using O2 instead of H2O2. They 

obtained just a 50% degradation of 2,4-D employing a molar ratio of iron to the contaminant of 

180, while in this work a 97% degradation was obtained for a molar ratio of 20 [24]. Thus, it 

has been demonstrated that nZVI/H2O2 is more effective for 2,4-D degradation than nZVI/O2 

and the nZVI dose needed for the process is lower than that of the previous work mentioned. 

4.3.3  Effect of initial pH  

 The majority of the experiments in this work were performed without any pH adjustment. 

The initial pH of the experiments was 3.4, which is the natural pH of the 100 ppm solution of 

2,4-D. However, solution pH rapidly increased to ~8 when nZVI was added to the water due to 

iron corrosion, as displayed by reactions (4.8) and (4.9). Afterwards, as the hydroxides were 

consumed by precipitation with ferrous and ferric iron, solution pH slowly decreased until 

arriving at similar values than the initial pH (~4). It has been established by many authors that 

pH is a deciding factor which affects the Fenton process performance, affecting the stability of 

H2O2 and the dominant iron species in the solution. Moreover, when using nZVI for Fenton 

process, pH also affects the catalytic activity of the nZVI. But, what is more important, is that it 

would be very beneficial that the Fenton process could work when initial pH of the solution is 
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neutral, because wastewaters containing more contaminants than 2,4-D may have this pH range, 

and thus the Fenton process should be effective at this pH without the need to acidify the 

solution.  

 Therefore, the effect of the initial pH in Fenton process was studied for a pH range of 3.4 to 

7. The results show that the initial pH significantly influenced the 2,4-D degradation efficiency 

(Figure 4.5a). While at initial pH of 3.4 the 2,4-D degradation was very fast (99.9% after 10 

minutes), for initial pHs of 5.2 and 7, the 2,4-D removal was negligible for the same reaction 

time. However, at longer reaction times, the 2,4-D concentration slowly decreased at both initial 

pHs of 5 and 7 up to 24 h time. Then, the degradation rate increased sharply until that almost 

100% of 2,4-D removal was achieved after 48 h of reaction time. Thus, regardless of the initial 

pH of the solution, the 2,4-D was completely removed.  

 

Figure 4.5. Effect of initial pH on 2,4-D degradation. a) C2,4-D (ppm); b) Dissolved Fe concentration 
(ppm). Experimental conditions: [2,4-D]0=100 mg/L, [nZVI]0=0.90 mM, [H2O2]0=10 mM, in absence 

of UV light. 
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 The evolution of the dissolved iron concentration of the experiments is represented in the 

Figure 4.5b. At the initial pH of 3.4, the dissolved iron concentration reached rapidly values of 

~10 ppm, thus causing a fast production of hydroxyl radicals and a fast and effective 2,4-D 

degradation. However, at higher pH, the dissolved iron concentration was below 0.01 ppm at 

the reaction onset, and iron was released at a significantly lower rate into the solution. This is 

due to the gradual dissolution of Fe2+ from nZVI surface at the initial pH of 5-7 compared to the 

abrupt Fe2+ dissolution at pH 3.4. Nevertheless, after 48 h of reaction time, the dissolved iron 

concentration reached the same value for all the pH studied and hence the 2,4-D degradation 

was similar between the three experiments at long reaction times. Summarizing, nZVI can 

operate for 2,4-D degradation at neutral pH, which is very important for an industrial 

application of this technology, although needing longer reaction times (~48h) depending on the 

pH conditions. 

4.3.4 Effect of UV light 

 It has been determined by several authors that the Fenton process can be improved by the 

action of UV-C-light [13]. Thus, UV-C light was used in order to see if an improvement of the 

2,4-D degradation could be performed for the higher solution pHs. As seen in Figure 4.6, the 

photo-Fenton process offered advantages compared to the conventional Fenton reaction. At 

initial pHs 5 and 7, the 2,4-D degradation was only 27% and 4.2% respectively after 20 h of 

reaction for the Fenton process. In contrary, in the photo-Fenton experiments the degradation 

rate at both initial pH 5 and 7 was very rapid, and 2,4-D degradation reached 98% and 92% 

respectively after only 40 minutes. Thus, the UV light significantly increased the degradation 

efficiency and rate of the herbicide at initial pHs of 5 and 7. This result can be ascribed to the 

regeneration of Fe2+ by the reduction of Fe3+ driven by the UV radiation (see reaction (4.5)). 

This can be observed in Figure 4.6c and d, in which the dissolved iron concentration is 

represented. In the photo-Fenton experiments, the dissolved iron concentration was 10 ppm 

after only 2 h of reaction, while in the conventional Fenton ones, the dissolved iron reached the 

value of 10 ppm after more than 30 h of reaction.  
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Figure 4.6. Effect of UV-light when modifying the initial pH of the solution. a) and b) C2,4-D (ppm); 
c) and d) Dissolved Fe concentration (ppm). Experimental conditions: [2,4-D]0=100 mg/L, 

[nZVI]0=1.8 mM, [H2O2]0=10 mM 

4.3.5 Reaction intermediates and degradation pathway 

 In order to investigate the mechanism for 2,4-D degradation by the Fenton process with 

nZVI, the compounds produced after the 2,4-D Fenton oxidation were identified by HPLC/MS 

through the analysis of their fragmentation patterns (see Table 4.1). The most abundant 

compounds formed were the 3,5-dichlorocatechol, the chloro-2,2,2-trichloroacetate and the 

hydroxyl-2,4-dichlorophenoxyacetic acid. Nevertheless, all the compounds were completely 

removed at the end of the reaction except the chloro-2,2,2-trichloroacetate. This suggests that 

this product of the Fenton reaction is very resistant to hydroxyl radical oxidation. Similar final 

compounds (ethyl 2,2,2-trichloroacetate, 2-chloro-1,1-diethoxyethane and ethyl 2,2-

dichloroacetate) were identified in Fu et al.’s work, which studied the degradation of 4-

chlorophenol by UV-light [31]. Interestingly, no significant difference was observed regarding 

intermediates formation between Fenton and photo-Fenton processes, which suggests that UV 

radiation does not directly degraded the compounds, but only participated in the formation of 

more hydroxyl radicals.  
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Table 4.1. Intermediates of 2,4-D degradation identified by HPLC/MS. 

Compound Formula Characteristic m/z ions Abundance References 

Chlorohydroquinone (CHQ) 
Cl

OH

OH  

143 [M-H]-, 145 [M+2-H]-, + 
[4, 8, 25, 

32] 

3,5-dichlorocatechol 

Cl

OH

Cl

OH

 

177 [M-H]-, 179 [M+2-H]-, 181 
[M+4-H]- 

+++ [8, 25, 32] 

Dichlorohydroxybenzoquinone 

O
OH

O
Cl Cl

 

191 [M-H]-, 193 [M+2-H]-, 195 
[M+4-H]- 

+ [32] 

Dichlorobenzenetriol 
Cl Cl

OH

OH

OH  

193 [M-H]-, 195 [M+2-H]-, 197 
[M+4-H]- 

+ 
Present 
work 

Chloro-2,2,2-trichloroacetate 
Cl

ClO

OCl

Cl

 

195 [M-H]-, 197 [M+2-H]-, 199 
[M+4-H]-, 201 [M+6-H]-, 203 
[M+8-H]- 

+++ 
Present 
work 

Chlorohydroxyphenoxyacetic 
acid (Cl-OH-PAA) 

Cl

O

O

OH

OH  

201 [M-H]-, 203 [M+2-H]- ++ [32] 

Hydroxy-2,4-
dichlorophenoxyacetic acid 
(OH-2,4-D) 

OH

Cl Cl

O
O

OH

 

235 [M-H]-, 237 [M+2-H]-, 239 
[M+4-H]- 

+++ [32] 

Dihydroxy-2,4-
dichlorophenoxyacetic acid  

Cl

O

OH

OH

OOH

Cl

 

251 [M-H]-, 253 [M+2-H]-, 255 
[M+4-H]- 

+ 
Present 
work 

Dichloro-tetrahydroxybiphenyl Cl

OH

OH OH

Cl

OH

 

285 [M-H]-, 287 [M+2-H]-, 289 
[M+4-H]- 

+ 
Present 
work 

Trichloro-trihydroxybiphenyl Cl

OH

Cl

OH

Cl

OH

 

303 [M-H]-, 305 [M+2-H]-, 307 
[M+4-H]-, 309 [M+6-H]- 

+ 
Present 
work 

Tetrachloro-dihydroxybiphenyl 

OHCl

Cl OH Cl

Cl

 

321 [M-H]-, 323 [M+2-H]-, 325 
[M+4-H]-, 327 [M+6-H]-, 329 
[M+8-H]- 

++ 
Present 
work 

Tetrachloro-trihydroxybiphenyl Cl

OH

Cl

OHOHCl

Cl  

337 [M-H]-, 339 [M+2-H]-, 341 
[M+4-H]-, 343 [M+6-H]-, 345 
[M+8-H]- 

+ 
Present 
work 

 Accordingly to the intermediates identified, a possible pathway for the degradation of 2,4-

D by Fenton and photo-Fenton process with nZVI was proposed (see Figure 4.7). The main 

initial transformations of 2,4-D were: (i) the substitution of chlorine atoms by hydroxyl radicals, 

which resulted in the formation of 4-chloro-2-hydroxyphenoxyacetic acid (4-Cl-2-OH-PAA) 

(reaction a); and (ii) the hydroxylation through the ·OH radicals to give 6-hydroxy-2,4-D (6-

OH-2,4-D) or 5-OH-2,4-D (reaction b). The 4-Cl-2-OH-PAA was further oxidized to form 

chlorohydroquinone (CHQ) (reaction c). The 6(or 5)-OH-2,4-D was further transformed through 
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two mechanisms. In the former one, it became hydroxylated to produce dihydroxy-2,4-D 

(reaction e), which then suffered the homolysis of its C1-O bond on the aromatic ring to give 

3,5-dichloro-1,2,4-benzenetriol (reaction f). This compound then underwent further 

hydroxylation which resulted in 5,6-dichloro-2-hidroxy-1,4-benzoquinone (reaction g). In the 

latter one, the 6(or 5)-OH-2,4-D was transformed to 3,5-dichlorocatechol (reaction i). Finally, 

the products of the three pathways (5,6-dichloro-2-hidroxy-1,4-benzoquinone, 3,5-

dichlorocatechol and CHQ) were suggested to be further attacked by hydroxyl radicals which 

break their aromatic rings and give organic acids, as maleic acid (reaction d, h, j) ([4]). These 

compounds can be transformed into simpler organic acids via decarboxylation to give simpler 

acids as oxalic (reaction k) ([8]). Then, they could be mineralized to carbon dioxide (reaction l) 

or be chlorinated to give chloro-2,2,2-trichloroacetate (reaction m) by the free chlorines 

liberated in the solution throughout the reaction. 

 

Figure 4.7. Proposed reaction pathway for the degradation of 2,4-D by heterogeneous Fenton with 
nZVI. 

 Surprisingly, 2,4-dichlorophenol (DCP), which has been identified as the main 

intermediate of 2,4-D advanced oxidation by several authors [4, 8, 25] was not identified in this 

study. Alternatively, OH-2,4-D seemed to be the main intermediate found at the initial steps of 

the degradation reaction. 

 In addition to the mechanism described in Figure 4.7, a side reaction involving 

dimerization was also reported. The dimers identified included dichloro-tetrahydroxybiphenyl, 

trichloro-trihydroxybiphenyl, tetrachloro-dihydroxybiphenyl and tetrachloro-

trihydroxybiphenyl. In Figure 4.8 two examples of the mechanism that lead to the formation of 

the dimers are shown. These compounds might be derived from the combination of CHQ and 

DCP radicals. Thus, although DCP was not identified with LC/MS, it might be formed during 
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the degradation process and then rapidly react with CHQ leading to the chlorinated dimers, or 

be hydroxylated to give 3,5-dichlorocatechol. Nevertheless, the formation of these chlorinated 

dimers should not be an environmental problem since only trace amounts were detected and 

they were completely degraded at the end of the reaction.  

OHCl

OH OH Cl

OH

+

OH

Cl OH

OH Cl

OH

OH

Cl

OH

Cl

OH Cl

+

OH OH Cl

Cl

Cl

OH

 

Figure 4.8. Examples of dimer formation through the combination of chlorophenolic radicals 
during Fenton reaction with nZVI 

4.4 CONCLUSIONS 

 This study demonstrated that nZVI is an effective catalyst for the heterogeneous Fenton 

oxidation of 2,4-D. In comparison with other studies, the use of H2O2 as hydroxyl radical source 

in the process offered higher efficiencies than O2. The optimal conditions for 2,4-D degradation 

at the initial pH of 3.4 were identified and reported to be 10 mM of H2O2 and a nZVI dose of 0.9 

mM for an initial concentration of 100 ppm of 2,4-D. The degradation efficiency reached a 

99.95% in only 10 minutes when these conditions were applied. 

 The increase of pH to circumneutral values resulted in a detriment on the degradation rate, 

although the final degradation efficiency was the same as when using the natural pH of the 

pesticide solution (3.4). However, photo-Fenton experiments revealed a significant 

improvement of 2,4-D degradation at higher pH with respect to Fenton experiments, achieving a 

99.9% degradation after 130 min at both pH 5 and 7. UV light was able to regenerate Fe2+ from 

Fe3+, thus increasing the degradation rate.  

 The main intermediates of the process identified were 3,5-dichlorocatechol, hydroxy-2,4-

dichlorophenoxyacetic acid and chloro-2,2,2-trichloroacetate. A degradation scheme was 

proposed, where 2,4-D was degraded through three different pathways.  

 When optimal conditions were applied, chloro-2,2,2-trichloroacetate was the only 

identified final product of the reaction. This chlorinated compound was probably produced by 

the chlorination of oxalic acid, which is an intermediate of the degradation process. Traces of 
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oxybiphenyl chlorinated compounds were detected when non-optimal conditions were applied. 

Consequently, organochlorinated compounds should be monitored after 2,4-D Fenton oxidation 

in order to prevent potential contamination of the environment with byproducts. 
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5.1 INTRODUCTION 

 Degradation of chlorinated organic compounds has received much attention due to their 

widespread presence in contaminated sites [1, 2]. Previous studies have shown that nZVI is 

effective at degrading a large number of these compounds, such as trichloroethylene, 

polychlorinated biphenyls (PCBs), and organochlorinated pesticides [3, 4]. The mechanism for 

degradation involves the adsorption of the pollutants into the nZVI surface, followed by their 

reductive dehalogenation driven by electron donation [5] (see equations (4.6) and (4.7)): 

Fe0 → Fe2+ + 2e-       E0 = -0.44 V (5.1) 

RCl + 2e- + H+→RH+ Cl-     E0 = 0.5-1.5 V at pH = 7 (5.2) 

 Among chlorinated organic compounds, polychlorinated dibenzo-p-dioxins and 

dibenzofurans (PCDD/Fs) have originated special concern. PCDD/Fs are persistent, highly toxic 

organic pollutants, particularly those that display chlorine atoms at positions 2, 3, 7, and 8 of the 

compound. Long term exposure to PCDD/Fs causes negative effects in the immunological, 

neurological and reproductive system, among others, and 2,3,7,8-TCDD is classified as 

carcinogenic by the U.S. Environmental Protection Agency [6]. Owing to the nature of 

PCDD/Fs, the Stockholm Convention determined in 2001 that they should irreversibly be 

transformed or destroyed to mitigate their ubiquitous presence in the environment. Among the 

treatment methods for degrading PCDD/Fs, some studies have demonstrated the effectiveness 

of metallic iron nanoparticles for mitigating these compounds in gas streams [7], fly ash 

handling systems [8] and aqueous solutions [9]. 

 Nevertheless, the high reactivity of nZVI, which makes it effective for environmental 

remediation, could have detrimental effects on cells and living organisms, as reported in some 

recent studies [10]. In addition, nZVI particles possess high surface area and high adsorbent 

capacity, which could result in nanoparticles acting as transport vectors of contaminants, such as 

heavy metals and organic substances [11, 12]. Furthermore, some studies have proven that iron, 

including nZVI, can increase the production of PCDD/Fs under certain conditions. In a recent 

study by Lundin e al. (2013), the presence of nZVI during thermal degradation of PCDD/Fs in 

soils resulted in a decrease of PCDD/Fs concentration into the gas phase, but a remarkable 

increase of PCDD/F content was detected into the soil [13]. Also, a study by Font et al. (2010) 

showed that the addition of nZVI during combustion of polyvinyl chloride (PVC) led to 

increased PCDD/F emissions up to a factor of 104 [14]. These studies demonstrate that PCDD/F 

degradation treatment using nZVI can cause an increase of the PCDD/F production in some 

way. It is unclear which mechanisms lead to the formation of PCDD/Fs when using nZVI 

because no investigation of this phenomenon has been found in previous works. Furthermore, it 

is unclear whether the PCDD/Fs origin is the nZVI itself, or whether the nanoparticles 

participate in the formation of PCDD/Fs under certain specific conditions. 
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 The aim of this chapter is to examine the possible presence of PCDD/Fs in nZVI 

synthesized in the lab with distinct starting materials and in commercially-available nZVI 

purchased from different companies. Commercial nZVI is presumably produced by means of 

the dry chemical reduction method, and lab-synthesized nZVI, through the wet chemical 

reduction method. In the case of lab-synthesized nZVI, different raw materials were studied to 

investigate whether differences in PCDD/F content in nZVI are determined by the raw materials 

used, and which mechanisms (if any) lead to their formation.  

5.2 MATERIALS AND METHODS 

5.2.1 Chemical reagents 

 Chemical reagents used to synthesize nZVI were selected from various sources and with 

different purities. Specifically, five different types of iron (III) chloride (FeCl3·6H2O), three 

kinds of iron sulfate (FeSO4·7H2O), and two classes of sodium borohydride (NaBH4) were used. 

Commercially-produced nZVI was acquired from two different companies, Nano Iron s.r.o., and 

Sigma Aldrich. Table 5.1 shows the specific properties and origins of the chemical compounds 

used for nZVI synthesis, and of the commercially-available nanoparticles. The rest of the 

reagents used for PCDD/Fs analysis (sulfuric acid, n-hexane, tetradecane, methanol, 

dichloromethane, etc.) were of analytical grade, and all aqueous solutions were prepared using 

Millipore high quality purified water. 

Table 5.1. Properties of the reagents used for the nZVI synthesis, and of the commercial nZVI 

Reagent Company Reference Purity Form 
Price 
(€/100g) 

Abbreviation 

FeCl3·6H2O VWR 24.208.260 ≥ 99% Lumps 10.1 FeCl3-VWR 

Alfa Aesar A16231.36 > 96% Lumps 3.8 FeCl3-AA-I 

Alfa Aesar 12497 97-102% Lump 9.6 FeCl3-AA-II 

Sigma-Aldrich F2877 ≥ 98% Chunks 18.1 FeCl3-SA-I 

Sigma-Aldrich 236489 97% Chunk 13.1 FeCl3-SA-II 

FeSO4·7H2O VWR 24.244.298 99.5–105.0% Powder 4.5 FeSO4-VWR 

Alfa Aesar 14498.3 ≥ 99% Crystalline 9.4 FeSO4-AA 

Sigma-Aldrich F7002 ≥ 99% Powder 13.8 FeSO4-SA 

NaBH4 Alfa Aesar 38788 ≥ 97.1% Caplets 69.9 NaBH4-AA 

Sigma-Aldrich 452882 ≥ 98% Powder 59.6 NaBH4-SA 

nZVI 
Sigma Aldrich 746843 99.5% 

Powder (35-45 
nm) 

1076.0 nZVI-SA 

Nanoiron, s.r.o. NANOFER 25 
14-18% of Fe 
in water 

Aqueous 
suspension (nZVI 
size < 50 nm) 

6.1 nZVI-NI 
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5.2.2 Synthesis of nZVI 

 The synthesis of nZVI was performed following the chemical reduction method, as was 

explained in Section 2.2.1 of Chapter 2 using both FeCl3 and FeSO4 with different qualities. 

PCDD/Fs extraction and analysis were performed immediately after nZVI synthesis.  

5.2.3 PCDD/Fs analysis 

 First, FeCl3, FeSO4 and NaBH4 were dissolved in 250 mL of a 0.5 M H2SO4 aqueous 

solution. Then, the solutions were extracted with 100 mL of n-hexane by three sequential 

extractions, and the extracts were combined and concentrated into 40 l of tetradecane, which 

was subsequently cleaned according to Liljelind et al.’s method [15]. 

 Specifically, 13C-labelled internal standards were added to the extract. Apart from the 

addition of 1,2,3,4,6-pentachlorodibenzofuran (1,2,3,4,6-PeCDF) and 1,2,3,7,8,9-

hexachlorodibenzofuran (1,2,3,7,8,9-HxCDF) with the labeled standards and the use of super-

activated carbon AX21, subsequent treatment and analysis of PCDD/F in the samples followed 

the EU standard method 1948:1-3. Samples were purified prior to PCDD/F analysis using a 

multilayer silica column, a super alumina column, and a column comprising a pre-washed 

mixture of AX21-carbon and Celite (7.9:92.1 w/w). The concentrations of PCDD/F congeners 

were determined using gas chromatography coupled with high resolution mass spectrometry 

(GC-HRMS), equipped with a DB5 column and a Waters AutoSpec ULTIMA NT 2000D high 

resolution mass spectrometer. The recovery of the internal standards was within the limits set by 

the EU standard method 1948:1-3. 

 The accuracy and precision of the analysis were assessed by measuring blanks and certified 

standards. The analyte concentration was determined by the isotope dilution technique using 

13C-labeled internal and recovery standards. The World Health Organization 2005 Toxic 

Equivalency Factors (WHO2005-TEF), which are shown in Table 5.2, were applied to obtain the 

toxicity of the samples in terms of PCDD/F content. All the analyses were performed in 

triplicate, and the standard deviation of all measurements was calculated and was represented as 

error bars in all figures. 
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Table 5.2. Toxic equivalency factors of PCDD/Fs according to the World Health Organization. 

Congener WHO2005-TEF 

2,3,7,8-TCDD 1 

1,2,3,7,8-PeCDD 1 

2,3,7,8-subst.-HxCDD1 0.1 

1,2,3,4,7,8-HpCDD 0.01 

OCDD 0.0003 

2,3,7,8-TCDF 0.1 

1,2,3,7,8-PeCDD 0.03 

2,3,4,7,8-PeCDF 0.3 

2,3,7,8-subst.-HxCDF2 0.01 

2,3,7,8-subst.-HpDF3 0.01 

OCDF 0.0003 

11,2,3,4,7,8-HxCDD, 1,2,3,6,7,8-HxCDD and 1,2,3,7,8,9-HxCDD 
21,2,3,4,7,8-HxCDF, 1,2,3,6,7,8-HxCDF and 1,2,3,7,8,9-HxCDF 
31,2,3,4,6,7,8-HpCDF, 1,2,3,4,7,8,9-HpCDF 

5.3 RESULTS AND DISCUSSION 

5.3.1 PCDD/Fs presence in nZVI particles 

 Four different kinds of nanoparticles, two commercially-produced and two lab-synthesized 

through the chemical reduction method, were analyzed for PCDD/F content. Table 5.3 shows 

the results of the concentrations of the 2,3,7,8-substituted congeners and the total homologues 

of PCDDs and PCDFs. No PCDD/Fs were identified in any of the commercially-produced nZVI 

particles, except for MoCDF and DiCDD in the nZVI purchased from Sigma Aldrich. Of the 

two lab-synthesized nZVI particles, the ones produced using FeCl3 (nZVI-ferric) contained 

about 100 times more PCDD/Fs than those synthesized with FeSO4 (nZVI-ferrous). 

Specifically, the nZVI-ferric contained high amounts of the highly-substituted PCDD/Fs, i.e. the 

hepta- and octa-chlorinated congeners, with concentrations of 850, 830 and 3500 pg g-1 for 

HpCDD, HpCDF and OCDF respectively. In contrary, the nZVI-ferrous contained small 

amounts of the hepta- and octa-chlorinated congeners, and no other degrees of chlorination were 

identified except for the mono-chlorinated congeners. The nZVI-ferric particles possessed 

approximately 5-fold more PCDFs than PCDDs. 
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Table 5.3. Concentrations of total homologues of PCDDs and PCDFs and 2,3,7,8-substituted 
congeners in commercially-produced and lab-synthesized nZVI. Concentrations are in pg g-1 

sample. The detection limit of the analysis was 0.5 pg g-1 

Commercially-produced Lab-synthesized  

 nZVI-SA nZVI-NI nZVI-ferric nZVI-ferrous 
2-MoCDD n.d. - n.d. n.d. 
23-DiCDD n.d. - n.d. n.d. 
237-TriCDD n.d. n.d. 1±0.2 n.d. 
2378-TCDD n.d. n.d. n.d. n.d. 
12378-PeCDD n.d. n.d. 3±0.7 n.d. 
123478-HxCDD n.d. n.d. n.d. n.d. 
123678-HxCDD n.d. n.d.  4±0.1 n.d. 
123789-HxCDD n.d. n.d. 5±1 n.d. 
1234678-HpCDD n.d. 1±0.2 19±3.1 n.d. 
OCDD n.d. n.d. 78±14 n.d. 
2-MoCDF 15±1.5 n.d. 4±0.8 n.d. 
28-DiCDF n.d. n.d. n.d. n.d. 
248-TriCDF n.d. n.d. 3±0.6 n.d. 
2378-TCDF n.d. n.d. 8±1 n.d. 
12378-PeCDF n.d. n.d. 23±3.7 n.d. 
23478-PeCDF n.d. n.d. 13±2.2 n.d. 
123478-HxCDF n.d. n.d. 97±12 n.d. 
123678-HxCDF n.d. n.d. 51±2.3 n.d. 
123789-HxCDF n.d. n.d. 17±2.6 n.d. 
234678-HxCDF n.d. n.d. 25±6.1 n.d. 
1234678-HpCDF n.d. n.d. 460±96 7±1 
1234789-HpCDF n.d. n.d. 75±7.0 n.d. 
OCDF n.d. n.d. 3500±370 43±3.5 

WHO-TEQ1  0.0 0.01±0.002 35±5 0.1±0.01 

SUM MoCDD n.d. - 76±24 9±1 
SUM DiCDD 8±2 n.d. 5±1 n.d. 
SUM TriCDD n.d. n.d. 1±0.3 n.d. 
SUM TCDD n.d. n.d. n.d. n.d. 
SUM PeCDD n.d. n.d. 23±6.7 n.d. 
SUM HxCDD n.d. n.d. 230±33 n.d. 
SUM HpCDD n.d. 3±0.1 845±140 12±2.2 
SUM OCDD n.d. n.d. 78±14 n.d. 
SUM MoCDF 18±1.5 n.d. 12±3.0 1±0.2 
SUM DiCDF n.d. n.d. 13±6.9 n.d. 
SUM TriCDF n.d. n.d. 76±15 n.d. 
SUM TCDF n.d. n.d. 130±42 n.d. 
SUM PeCDF n.d. n.d. 190±27 n.d. 
SUM HxCDF n.d. n.d. 690±54 n.d. 
SUM HpCDF n.d. n.d. 830±160 10±0.7 
SUM OCDF n.d. n.d. 3500±370 43±3.5 

SUM PCDD 8±2 1±0.1 1270±220 18±5 
SUM PCDF 18±2 n.d. 5410±680 52±4 
SUM PCDD/F 26±3 1±0.1 6680±900 69±9 

- : could not be quantified due to disturbances during GC/HRMS analysis.  

n.d.: under detection limit (<0.5 pg g-1) 

nZVI-SA: commercially-produced nanoparticles purchased from Sigma-Aldrich (their characteristics can 
be viewed in Table 5.1). 

nZVI-NI: commercially-produced nanoparticles purchased from Nano Iron, s.r.o.  

nZVI-ferric: nZVI synthesized through the wet chemical reduction method using the reagents FeCl3-SA-I 
and NaBH4-AA as raw materials. 
1WHO-TEQ = Σ(2,3,7,8-substituted congener concentration × WHO-TEF) 
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 No 2,3,7,8-substituted congeners were detected in the commercially-produced nZVI 

particles. The lab-synthesized nZVIB-ferrous particles only contained 7±1 pg g-1 of 

1,2,3,4,6,7,8-HpCDF and 43±3.5 pg g-1 of OCDF, while nZVI-ferric particles possessed all the 

2,3,7,8-substituted PCDF congeners. The nZVI-ferric particles contained lower concentrations 

of 2,3,7,8-substituted PCDD than PCDF and neither 2,3,7,8-TCDD nor 1,2,3,4,7,8-HxCDD 

were detected. However, since nZVI-ferric particles contained significant concentrations of the 

most toxic homologues, such as PeCDD, HxCDD and TCDF, their toxic equivalent 

concentration (WHO-TEQ) reached a value of 35 pg g-1. In the case of nZVI-ferrous particles, 

only 1,2,3,4,6,7,8-HpCDF and OCDF were detected and their WHO-TEQ concentration was 

lower than the measurement detection limit (0.1 pg g-1). 

 Summarizing, the commercially-available nZVI particles possessed a negligible PCDD/F 

content, while the lab-synthesized nZVI particles produced using the wet chemical reduction 

method, particularly the ones synthesized with iron chloride, displayed a significant PCDD/F 

content. In the subsequent sections, the possible origin of these persistent compounds is 

assessed.  

5.3.2 Determination of the origin of PCDD/Fs in nZVI 

 Secondly, the raw materials commonly used to synthesize nZVI were analyzed for 

PCDD/F content in order to determine their origin. The synthesis of nZVI by the wet chemical 

reduction method can be performed using either ferrous or ferric iron (see equations (5.3) and 

(5.4)). Studies on environmental remediation of contaminants with nZVI use iron sulfate as a 

source of ferrous iron, iron chloride for ferric iron and NaBH4 as the reducing agent for nZVI 

synthesis [1, 16]. Thus, the PCDD/F content of FeCl3·6H2O, FeSO4·7H2O, and NaBH4 from 

various sources was evaluated.  

Table 5.4 shows the results of the concentration of the total homologues of PCDD/Fs and 

PCDD/F 2,3,7,8-substituted congeners of all the different kinds of iron salts and sodium 

borohydride assessed. 

4Fe3++3BH4
- +9H2O → 4Fe0+3H2BO3

-  + 12H++6H2 (5.3) 

Fe H2O 6
2++2BH4

-→ Fe0+2B OH 3+7H2  (5.4) 
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Table 5.4. Concentrations of total homologues of PCDDs and PCDFs and 2,3,7,8-substituted 
congeners in reagents used for nZVI particle synthesis using the wet chemical reduction method. 

Concentrations are in pg g-1 sample. The detection limit of the analysis was 0.5 pg g-1 

 
FeCl3-
VWR 

FeCl3- 
AA-I 

FeCl3- 
AA-II 

FeCl3- 
SA-I 

FeCl3- 
SA-II 

FeSO4-
VWR 

FeSO4- 
AA 

FeSO4- 
SA 

NaBH4- 
AA 

NaBH4- 
SA 

2-MoCDD - - - - - - - - - - 

23-DiCDD - - n.d. n.d. n.d. - - - n.d. n.d. 

237-TriCDD n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

2378-TCDD n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

12378-PeCDD n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

123478-HxCDD n.d. n.d. n.d. 0.5±0.06 n.d. n.d. n.d. n.d. n.d. n.d. 

123678-HxCDD n.d. n.d. n.d. 1±0.1 n.d. n.d. n.d. n.d. n.d. n.d. 

123789-HxCDD n.d. n.d. n.d. 0.5±0.04 n.d. n.d. n.d. n.d. n.d. n.d. 

1234678-HpCDD 2±0.2 3±0.5 n.d. 5±0.5 1±0.1 1±0.1 n.d. n.d. n.d. n.d. 

OCDD 8±2 14±2 1±0.1 26±3.5 2±0.6 3±0.7 1±0.1 n.d. n.d. n.d. 

2-MoCDF 84±29 37±8 0.5±0.02 17±3.2 2±0.4 n.d. n.d. n.d. n.d. n.d. 

28-DiCDF n.d. n.d. n.d. 1±0.1 n.d. n.d. n.d. n.d. n.d. n.d. 

248-TriCDF n.d. 1±0.1 n.d. 1±0.2 n.d. n.d. n.d. n.d. n.d. n.d. 

2378-TCDF n.d. n.d n.d. 1±0.2 n.d. n.d. n.d. n.d. n.d. n.d. 

12378-PeCDF n.d. n.d. n.d. 1±0.01 3±0.9 n.d. n.d. n.d. n.d. n.d. 

23478-PeCDF n.d. n.d. n.d. 1±0.1 n.d. n.d. n.d. n.d. n.d. n.d. 

123478-HxCDF n.d. n.d. n.d. 7±1.2 n.d. n.d. n.d. n.d. n.d. n.d. 

123678-HxCDF n.d. n.d. n.d. 1±0.1 n.d. n.d. n.d. n.d. n.d. n.d. 

123789-HxCDF 1±0.1 1±0.1 1±0.1 1±0.1 1. ±0.1 0.6±0.2 1±0.2 n.d. n.d. n.d. 

234678-HxCDF n.d. n.d. n.d. 1±0.1 n.d. n.d. n.d. n.d. n.d. n.d. 

1234678-HpCDF n.d. 3±0.3 1±0.2 23±2.9 n.d. n.d. n.d. n.d. n.d. n.d. 

1234789-HpCDF n.d. 1±0.2 n.d. 6±0.4 n.d. n.d. n.d. n.d. n.d. n.d. 

OCDF 2±0.1 216±21 1±0.5 740±74 4±1 2±0.3 1±0.2 n.d. n.d. n.d. 
  

WHO-TEQ  0.1±0.02 0.2±0.02 0.1±0.02 2.1±0.3 0.1±0.04 0.1±0.02 0.1±0.03 0.0 0.0 0.0 
  

SUM MoCDD - - - - - - - - - n.d. 

SUM DiCDD - - n.d. n.d. n.d. - - - n.d. n.d. 

SUM TriCDD n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

SUM TCDD n.d. 1±0.1 n.d. 1±0.2 n.d. n.d. n.d. n.d. n.d. n.d. 

SUM PeCDD 1±0.1 6±0.4 2±0.1 7±0.5 10±2 n.d. n.d. n.d. n.d. n.d. 

SUM HxCDD 3±0.3 2±0.1 n.d. 17±2.1 n.d. n.d. n.d. n.d. n.d. n.d. 

SUM HpCDD 8±1 283±28 2±0.1 300±56 3±0.3 1±0.1 n.d. 2±0.2 n.d. n.d. 

SUM OCDD 8±2 14±2 1±0.1 26±3.5 2±0.6 3±0.7 1±0.1 n.d. n.d. n.d. 

SUM MoCDF 129±30 103±12 1±0.01 45±9.6 2±0.5 n.d. 2±0.5 5±3 n.d. n.d. 

SUM DiCDF n.d. 16±2.1 n.d. 8±1.4 n.d. n.d. n.d. n.d. n.d. n.d. 

SUM TriCDF n.d. 3±0.2 n.d. 2±0.7 n.d. n.d. n.d. n.d. n.d. n.d. 

SUM TCDF n.d. n.d. 0.5±0.1 3±0.7 1±0.01 n.d. 2±1 n.d. n.d. n.d. 

SUM PeCDF n.d. 1±0.2 n.d. 2±0.6 3±1 n.d. n.d. n.d. n.d. n.d. 

SUM HxCDF 1±0.2 1±0.5 1±0.2 18±3 0.5±0.1 1±0.1 1±0.1 n.d. n.d. n.d. 

SUM HpCDF n.d. 6±1 0.5±0.1 62±7 n.d. n.d. n.d. n.d. n.d. n.d. 

SUM OCDF 2±0.1 216±21 1±0.5 740±74 4±1 2±0.3 1±0.2 n.d. n.d. n.d. 
  

SUM PCDD 19±4 300±31 4±0.3 350±62 15±3 4±1 4±1 2±0.2 n.d. n.d. 

SUM PCDF 130±31 350±37 4±1 880±97 10±3 2±0.4 5±2 5±3 n.d. n.d. 

SUM PCDD/F 150±34 650±68 9±1 1220±160 25±6 6±1 9±3 8±3 n.d. n.d. 

n.d.: under detection limit (<0.5 pg/g) 

- : could not be quantified due to disturbances during GC/HRMS analysis  
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As shown in Table 5.4, the iron chlorides contained significant amounts of PCDD/Fs, while the 

iron sulfates and the NaBH4 were practically free of them. The FeCl3-SA-I and FeCl3-AA-I 

samples had the highest PCDD/Fs content, followed by FeCl3-VWR. In general, PCDFs were 

present in higher concentrations than PCDDs, and the highly-substituted PCDD/Fs were more 

abundant than the less substituted ones, except for MoCDD/F, which was present at significant 

contents in all the iron chlorides. 

 Furthermore, the FeCl3-SA-I sample possessed all toxic PCDF isomers, resulting in a 

WHO-TEQ concentration of 2.1 pg g-1. The toxicity of the other chlorides (WHO-TEQ 0.2 pg 

g-1), although it was not as high as those of the FeCl3-SA-I sample, should not be neglected. 

Since a 5:1 mass relationship (between the iron salt reagent and nZVI particles, respectively) is 

used for nZVI synthesis, PCDD/F transfer from the raw materials to the nZVI could generate 

high concentrations of PCDD/Fs in the nanoparticles, thus producing remarkable toxicity values 

at nZVI particles. 

 Iron sulfates and sodium borohydride had negligible concentrations of PCDD/Fs. Only 4 of 

the 2,3,7,8-substituted congeners could be detected in iron sulfates: 1,2,3,4,6,7,8-HpCDD, 

OCDD, 1,2,3,7,8,9-HxCDF and OCDF, all of which were present at concentrations below 2 pg 

g-1. Consequently, both materials displayed low WHO-TEQ concentrations (see Table 5.4). 

Regarding sodium borohydride, no PCDD/Fs were detected in any of the samples studied. 

 Interestingly, PCDD/F content varied considerably from one iron chloride to another, as 

mentioned above. The differences might be attributed to several factors such as the purity of the 

compound or the method of production. An observation of the properties of each iron chloride 

(Table 5.1) reveals that compounds possessing higher PCDD/F content are not necessarily less 

pure or less costly. Indeed, FeCl3-SA-I had the highest PCDD/F content and toxicity, 

intermediate purity (>98%), and the highest price. Besides, FeCl3-VWR, which had higher 

PCDD/F concentration than FeCl3-SA-II and FeCl3-AA-II, had a higher purity than the others 

(>99% compared to 97%). Consequently, the variation of the total PCDD/F content between the 

samples might be ascribed to the specific method of production of the reagents, and not simply 

to their purity. 

 According to the literature, iron (III) chloride solutions are produced by dissolving iron or 

iron ore in hydrochloric acid and oxidizing the resulting iron (II) chloride with chlorine (see 

reactions (5.5) and (5.6). Solid iron (III) chloride hexahydrate is then crystallized by cooling a 

hot concentrated solution [17]. 

Fe3O4 s +8HCl aq  →FeCl2 aq +2FeCl3 aq  + 4H2O (5.5) 

2FeCl2 aq +Cl2 g →2FeCl3 aq   (5.6) 
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 Both the raw materials and operating conditions used during the iron (III) chloride 

industrial synthesis process are prone to create a favorable environment for PCDD/F formation. 

During the iron ore manufacturing, it is initially subjected to a sintering process that converts 

iron ore fines into larger agglomerates. A mixture of fine ores, coke, limestone, and iron-bearing 

residues is heated under high temperatures and sintered into a porous feedstock acceptable for 

the blast furnace [18]. Since chlorine is unavoidable in the raw materials, PCDD/Fs are 

generated as byproducts of the process, as previously shown in the literature [19, 20]. 

 Ryan and Altwicker (2004) investigated the formation of PCDD/Fs during the low-

temperature carbon gasification with mixtures of black carbon and three kinds of iron chloride: 

iron (II) chloride tetrahydrate, iron (III) chloride hexahydrate, and iron (III) oxychloride [21]. 

They concluded that iron chlorides are important chlorinating agents and reported that the most 

abundant PCDD/F isomer formed was OCDF, as it has been determined in this study. Kuzuhara 

et al. (2003) studied the influence of several metal chlorides, including FeCl3·6H2O, on de novo 

PCDD/F formation during thermal gasification of graphite powder and concluded that iron 

chloride also participated in the production of PCDD/Fs [22]. Lin et al. (2015) analyzed the 

influence of organic and inorganic flocculants on PCDD/F formation during sewage sludge 

incineration [23]. Interestingly, they reported that the presence of poly-ferric chloride and 

polyaluminium chloride increased the generation of PCDD/F during combustion experiments, 

suggesting that these compounds promoted PCDD/F formation. However, none of these authors 

reported to have analyzed the PCDD/F content of the iron reagents used in their works. This 

analysis would have been useful for more accurately determining whether iron-containing 

compounds are catalysts of PCDD/F formation, or sources of PCDD/Fs themselves. 

 Accounting for all of above mentioned, iron chloride may be responsible for transporting 

PCDD/Fs into the iron nanoparticles. It is also expected that the higher the PCDD/F 

concentration in the iron chloride, the higher the resulting PCDD/F content in nZVI. 

5.3.3  Transport and transformation of PCDD/Fs from iron chloride to nZVI 

during its synthesis through the wet chemical reduction method  

 During nZVI synthesis by the wet chemical reduction method, iron chloride is first diluted 

in water. Consequently, any PCDD/Fs present in the iron chloride will remain in the aqueous 

solution. Then, sodium borohydride is slowly added to the ferric solution to produce the nZVI 

particles, and the synthesis usually lasts ~60 min. When nZVI is formed, PCDD/Fs present in 

the solution will likely be adsorbed into the synthesized nanoparticles. Furthermore, PCDD/Fs 

may be chlorinated or dechlorinated during the synthesis process, thereby changing their 

homolog profile and isomer pattern. A comparison was performed between the PCDD/F pattern 
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in nZVI synthesized from an iron chloride with a known PCDD/F content (nZVI-ferric) to the 

expected PCDD/Fs pattern that would result if all PCDD/Fs of the iron chloride were attached 

to the nZVI surface during the synthesis (nZVI-calc). This comparison was performed to 

evaluate the changes, if any, in the isomer pattern or homolog profile due to chlorination or 

dechlorination of PCDD/Fs during nZVI synthesis. 

 15.24 g of FeCl3-SA-I and 15.24 g of NaBH4-AA were used to synthesize 5 g of nZVI. 

Therefore, PCDD/Fs were expected to be concentrated in the nZVI particles by a factor of 4.8. 

The results shown in Figure 5.1 and Table 5.5 reveal that the isomer patterns of the more highly 

chlorinated PCDDs were very similar in nZVI-calc and nZVI-ferric particles, further supporting 

the hypothesis that PCDD/Fs were transferred to nZVI from the FeCl3 during the synthesis. 

Nevertheless, a larger difference in PCDF patterns between nZVI-calc and nZVI-ferric particles 

was observed, which may indicate a transformation between the different congeners during 

nZVI synthesis. The total PCDD/F content in nZVI-ferric particles was slightly higher than, but 

very similar to, the amount that was expected theoretically (nZVI-calc). The difference between 

the actual and expected values was lower than the standard deviation, therefore it can be 

concluded that both values were equivalent. Thus, it is suggested that nZVI particles adsorbed 

all the PCDD/Fs coming from the iron chloride. However, there was a significant change in 

total WHO-TEQ toxicity, being the value of nZVI-ferric particles 3.5 times higher than the 

theoretical one. This change can be ascribed to a transformation in the PCDD/F isomer pattern 

of the toxic congeners present in nZVI. A closer look at the 2,3,7,8-substituted congeners 

presented in Figure 5.1a shows that some of the isomers that have stronger influence into the 

WHO-TEQ concentration, such as 1,2,3,7,8-PCDD, 1,2,3,7,8-PeCDF, 1,2,3,4,7,8-HxCDF, etc, 

were present at greater contents in the nZVI-ferric than expected. Regarding the chlorine 

content of the samples, it was very similar in both cases (calculated and ferric nZVI particles). 

Considering the standard deviation of the values shown in Table 5.5, both values did not have 

any significant difference. 
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Figure 5.1. Concentrations of 2,3,7,8-substituted congeners (a) and homolog concentrations of 
mono- up to octa-chlorinated PCDD and PCDF (b) of nZVI-ferric and nZVI-calc. The nZVI-ferric 

was synthesized using FeCl3-SA-I and NaBH4-AA. 
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Table 5.5. WHO-TEQ concentration, total PCDD and PCDF content, and degree of chlorination in 
nZVI-calc and nZVI-ferric. 

nZVI-calc nZVI-ferric 

 pg g-1 pmol g-1 pg g-1 pmol g-1 

SUM PCDD  1680±300 3.95±0.72 1260±220 3.17±0.58 

SUM PCDF 4250±470 10.4±1.2 5390±680 13.0±1.7 

SUM PCDD/F 5930±770 14.3±2.9 6650±900 16±2.6 

WHO-TEQ  10.0±1 0.026±0.004 34.4±5.2 0.092±0.014 

Chlorine content in PCDD (pmol Cl g-1) 28±5.0 20±3.3 

Chlorine content in PCDF (pmol Cl g-1) 73±7.7 93±12 

Degree of Chlorination in PCDD1 (mol Cl 
mol-1 PCDD) 

7.0±2.1 6.1±1.9 

Average chlorine content in PCDF (mol Cl 
mol-1 PCDF) 

7.0±1.7 7.1±1.9 

1Degree of Chlorination = Σ(Homolog sum × No. of Cl)/ ΣPCDD  

 Thus, it can be concluded that, during nZVI synthesis, although the PCDD and PCDF 

contents were very similar in the iron chloride raw material and in the finished nZVI product, 

there was a change in the isomer pattern towards formation of some of the most toxic 

congeners, which led to a remarkable increase in the WHO-TEQ concentration of the finished 

nZVI product. 

5.3.4 Environmental implications 

 This study has demonstrated that the use of iron chloride in nZVI synthesis through the wet 

chemical reduction method can lead to the adsorption of PCDD/Fs onto the nZVI particles 

during the synthesis procedure. It has been proven that the PCDD/Fs come from the iron 

chloride raw material, probably due to the iron chloride manufacturing process. The results 

presented in this work have remarkable environmental implications, since nZVI is being applied 

in pilot plant and field test in both underground water and soil throughout Europe, the United 

States of America, and Asia [12]. Under certain conditions, PCDD/Fs could be released from 

the nZVI particles and be transferred to water sources and the soil, resulting in negative effects 

for the environment. The transport of other contaminants, such as heavy metals and organic 

substances, has already been reported by other authors [11, 12] and could also occur in the case 

of PCDD/Fs. Therefore, from an environmental perspective, nZVI should be synthesized using 

iron sulfate instead of iron chloride, or iron chloride should be pre-treated to remove PCDD/Fs 

before its use for nZVI synthesis. 

 Furthermore, the method of production of nZVI should be considered when using them for 

studies involving the dechlorination of contaminant compounds. If the nanoparticles particles 

are produced from iron chloride using the wet chemical reduction method, the nZVI are 
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expected to adsorb PCDD/Fs onto its surface. When applying these nanoparticles for removing 

chlorinated compounds, they could produce higher concentrations of some chlorinated 

micropollutants in the environment than were present before nZVI treatment, which may lead to 

unexplained results. 

 It is also noteworthy that this work has demonstrated for the first time that iron chlorides 

have a significant PCDD/F content. Although the PCDD/F content in iron chlorides is not very 

high and varies a lot between the different samples, it must be taken into account, since iron 

chloride is a known coagulator used in wastewater treatment and could be another source of 

PCDD/Fs in the environment. Consequently, iron chloride may be one of the sources that 

partially contribute to the occurrence of PCDD/Fs in sewage sludge. PCDD/F levels and isomer 

patterns encountered in sewage sludge differ considerably depending on several factors, which 

include the origin of the sludge (rural/urban/industrial areas) and the type of wastewater 

treatment applied [24]. However, as a matter of interest, Pereira and Kuch (2005) studied the 

content of PCDD/Fs, PCBs, and metals in three sewage sludge samples [25]. Their results 

showed a strong correlation between the iron concentration in each sample (9.1, 19.7 and 60.1 g 

kg-1) and the PCDD/F WHO-TEQ values obtained (2.3, 26.9 and 128.5 pg WHO-TEQ g_1 

respectively). Although this finding does not prove that PCDD/Fs come from the use of ferric 

chloride as a coagulant in wastewater treatment, it would be interesting to investigate this in 

further detail.  

5.4 CONCLUSIONS 

 This study showed that PCDD/Fs are present in nZVI synthesized by the wet chemical 

reduction method when iron (III) chloride is used as a source of iron. None of the toxic 2,3,7,8-

substituted PCDD/F isomers were detected in the commercially-produced nZVI. Thus, it has 

been proven that the iron (III) chloride is the source of the PCDD/Fs that are detected in nZVI 

particles. Iron (III) chloride can contain impurities, including PCDD/Fs, which may have been 

generated during its manufacturing process. Among the PCDD/F isomers identified, hepta- and 

octa-chlorinated PCDD/Fs were the most abundant ones both in ferric chloride and nZVI, with 

much higher concentrations of PCDFs than PCDDs. There were slight differences in the 

patterns between ferric chloride and nZVI particles that influenced their respective total WHO-

TEQ values, which may indicate a transformation of the PCDD/Fs during the nZVI synthesis 

process. 

 Consequently, if lab-synthesized nZVI particles produced through the wet chemical 

reduction method using iron chloride are used for environmental remediation, the possible 
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presence of PCDD/Fs in nZVI should be meaningfully considered, and a preliminary cleaning 

treatment should be performed before using the nZVI particles. Although the maximum 

PCDD/F WHO-TEQ concentration detected in nZVI (35 pg g-1) is not especially high, this 

value must be acknowledged since nZVI has proven to be very efficient as a transport vector of 

contaminants that are adsorbed onto its surface. 

 Finally, further investigation of these aspects is recommended: (i) determination of the 

potential risk of PCDD/Fs transfer into the environment from nZVI; (ii) analysis of the PCDD/F 

content of broader spectra of ferric chloride samples; and (iii) study of the possible presence of 

PCDD/Fs in coagulants used for wastewater treatment. Any correlation between PCDD/F and 

iron content in sewage sludge samples could provide a deep approach for the latter 

recommendation in particular.  
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6.1 INTRODUCTION 

 As already described in Section 1.5 of Chapter 1, the use of nZVI in environmental 

remediation is limited due to its lack of stability and easy aggregation, which drastically 

diminishes its reactivity [1]. It has an extremely reactive surface, which makes it very good for 

contaminant remediation, and also reacts with O2 and other compounds present in the 

environment, which accelerates the nanoparticles aging and results in a loss of reactivity 

towards target compounds [2]. Another drawback that is limiting the practical application of 

nZVI for contaminant removal is its high cost of production. The most common method for 

nZVI synthesis is the reduction of ferrous salts by sodium borohydride, which is driven at 

ambient temperature and pressure [3]. This method is simple to be applied in most of the 

laboratories and produces highly reactive low-size nZVI [4]. However, the process is expensive 

and is not feasible for large-scale implementation, due to the large volume of hydrogen gas 

generated in the reaction and the high cost of borohydride salt [5]. Moreover, sodium 

borohydride is a toxic reagent. As a result, large-scale production of commercial nanoparticles 

is being conducted mainly by high temperature reduction of iron oxides in hydrogen atmosphere 

[6]. This method, although being more easily scalable, involves high capital costs. Other 

alternative synthesis methods, such as grinding, ultrasound and electrochemical processes are 

currently being developed although they have not already been broadly implemented [7].  

 Considering the sequestration of heavy metal cations from water, one of the barriers for the 

application of nZVI is the occurrence of the “aging effect”. As it was reported in Chapter 2, 

although nZVI showed a high initial uptake capacity of the heavy metals, at longer reaction 

times the nZVI released some of the heavy metal cations back into water due to the nZVI aging 

[8]. Research conducted by Crane et al. [9] proved that coating nZVI with carbon reduced the 

release of uranium back to water due to the retention effect of carbon.  

 In order to counteract the drawbacks of use of nZVI for environmental remediation, various 

modifications of nZVI structure and synthesis methods are being developed with the aim of 

increasing its stability, reactivity and surface area. Methods for nZVI modification include: the 

addition of a second metal onto nZVI surface [2]; coating its surface with hydrophilic or 

amphiphilic organic species [10]; and the deposition of nZVI on supports or its encapsulation in 

a matrix [11]. Several materials have been studied as nZVI supports, such as alumina [12], 

polystyrene resin [13], and carbon materials such as activated carbons [14] or carbon nanotubes 

[15]. However, in supported nZVI, nanoparticles are exposed at the surface of the supports, and 

thus, they get rapidly oxidized by air. Therefore, the encapsulation of nZVI is preferred to 

enhance the stability of nZVI without sacrificing its efficiency in contaminant remediation [16].  
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 The encapsulation of nZVI inside micro-carbon spheres via hydrothermal carbonization 

(HTC) from an organic compound, such as glucose or sucrose, has been recently studied [17]. 

HTC consists of a thermal treatment of an aqueous solution/dispersion of a carbon-containing 

organic material at moderate temperatures (150-300ºC) and under autogeneous pressure, which 

produces a carbon-rich solid, called hydrochar, as an insoluble product [18, 19]. Although the 

mechanism of the reaction is still unknown, it has been reported that the feedstock 

decomposition involves hydrolysis, dehydration and decarboxylation, followed by 

aromatization and polymerization reactions which lead to the formation of the hydrochar [20, 

21]. In addition to the solid product, an aqueous solution rich in organic products and a gas 

phase composed mainly of CO2 and CH4 are produced during HTC treatment [22]. HTC method 

is a promising route for synthesis of materials, offering low-cost and low temperature synthesis 

without the need of using toxic reagents [23]. Furthermore, when using a waste as the carbon-

source material the method becomes even more environmentally friendly. By applying this 

method, it is possible to obtain carbon-encapsulated nanoscale zero-valent iron (CE-nZVI) 

particles, which show improved capability for contaminant removal due to the combination of 

the reducing properties of iron and the adsorptive capacity of the carbon [24].  

 Spain is the main world producer of olive oil with 37.5% of the total production worldwide 

[25]. According to Azbar et al. [26], the waste generation in the olive oil industry is nearly 75% 

of the total mass harvested, which entails a high impact on the environment due to its high 

phytotoxicity. One of the waste streams from the olive oil production is the olive mill 

wastewater (OMW), which sums up the water produced during the initial washing of the olives 

and the water used for the oil extraction. Its composition includes a mixture of the olive pulp, 

mucilage, pectin, and oil [25]. Specifically, OMW is rich in the following carbonaceous 

compounds: polyphenols including tyrosols, flavonols, flavones, lignans, isochromans and 

secoiridoids; alcohols such as hexanol and i-amyl alcohol; organic acids, i.e. hydroxylated 

benzoic acid and cinnamic acid; and lipids such as oleic and palmitic acid [25, 27]. It is 

estimated that the production of OMW is 0.5-1.5 m3 per 1 ton of olive produced, which sums an 

amount of 30 million m3 of OMW produced worldwide [22]. Previous studies have indicated 

that tea extracts, which also contain polyphenols, can be used to synthesize iron nanoparticles at 

room temperature [28, 29]. Considering this, OMW was used as a raw material in this work to 

produce CE-nZVI through HTC, with the purpose of using its reducing properties to maximize 

the amount of nZVI and the percentage of iron in the final material. This synthesis method 

could help dealing with the waste from the olive oil industry, and at the same time would 

produce a high quality nanomaterial able to treat polluted water sources. 

 The work presented in this chapter has two main objectives: (i) developing a cheaper and 

more sustainable method for the synthesis nZVI, (ii) obtaining CE-nZVI with improved 
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properties compared to conventional nZVI. The synthesis was performed by HTC using OMW 

as a raw material. Different conditions, such as iron to carbon ratio in the raw material, and 

heating temperature and time, were assessed. Post-treatment of the nanoparticles in order to 

increase their nZVI content was also investigated.  

6.2 MATERIALS AND METHODS 

6.2.1 Chemical reagents 

 OMW was obtained from an olive mill company from Extremadura region in Spain, and 

was used after being clarified by centrifugation at 5000 rpm during 30 min, followed by 

filtration with an 8 m fiber glass filter. The other chemicals used, Fe(NO3)3·9H2O (Sigma-

Aldrich), FeSO4·7H2O (VWR), zinc powder (Fischer Scientific), ethanol (Montplet) and 37% 

HCl (Fischer Scientific) were of analytical grade. All the solutions were prepared using purified 

water.   

6.2.2 CE-nZVI synthesis 

 The experimental procedure followed was based on Sun et al.’s work [5], in which iron 

(III) nitrate nonahydrate is reduced by means of a hydrothermal reaction with glucose. 

However, the glucose was replaced by olive mill wastewater and slight modifications were 

performed. Briefly, 300 mL of clarified OMW were mixed with 0.057 mol of Fe(NO3)3·9H2O 

for 1 h. Then, the mixture was transferred to a 1 L HTC reactor (FCF-1 from Zhengzhou Keda 

Machinery shown in Figure 6.1) and was heated to the required temperature during the specific 

time depending on the experiment (see Table 6.1 for details). The pressures were measured to 

be 7 bar at 180ºC and 63 bar at 275ºC. Afterwards, the reactor was cooled down to 20ºC by 

passing cold water at 5-10ºC through the cooling coil present inside the reactor body. After that, 

the resulting mixture was filtered under vacuum with a 0.2 m cellulose acetate filter and 

washed 2 times with a 50/50 ethanol water solution. Subsequently, the solid fraction was 

transferred to an oven and dried at 80ºC until during 12 h. The sample was then ground into a 

fine powder and transferred to a vial for characterization.  
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Figure 6.1. HTC reactor used for the CE-nZVI synthesis 

 Subsequently, the samples were thermally treated at high temperatures under anaerobic 

conditions in order to increase their zero-valent iron content (post-treatment). Specifically, the 

samples were inserted into a quartz tube and treated in an oven (shown in Figure 6.2) during 3 h 

under a nitrogen mass flow of 500 mL/min. The post-treatment temperature was varied between 

600 to 800ºC to study its influence in the nanomaterial characteristics. 

 

Figure 6.2. Oven used for the post-treatment of the CE-nZVI particles 

 Table 6.1 shows a summary of the different conditions studied for CE-nZVI synthesis. 

Note that the experiment P1 was conducted without iron, as a reference for subsequent analyses. 

In the experiment P3, glucose was used as a raw material instead of OMW to compare both 

materials as the carbonaceous source to produce the CE-nZVI. In order to ensure equal 

comparison between both experiments, a solution was made with glucose to contain the same 

level of total organic carbon (TOC) as the OMW. In the rest of the experiments, HTC 

temperature was varied between 180 and 275ºC and HTC reaction time from 0.5 to 18 h. The 

ratio of iron to carbon was also changed by varying the amount of iron nitrate nonahydrate and 

maintaining the amount of OMW constant. 
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Table 6.1. Reaction conditions of HTC synthesis of CE-nZVI and main properties of the 
nanomaterial obtained. 

Sample 
Carbon 
source 

T 
(ºC) 

Reaction 
time (h) 

nFe/nCf 
(molFe/molC) 

Solid 
weight (g) 

wTotal 

Fe/wSample 
(%) 

wFe(0)/wTotal Fe 

(%) 
Surface 

area 
(m2/g) 

P1 OMW 200 3 0 1.0 - 0.0 3.6 

P2 - 200 3 -   67.4 2.9 53 

P3 Glucose 200 3 0.05 7.6 5.5 38.6 11 

P4 OMW 200 3 0.05 7.5 42.5 9.6 176 

P6 OMW 180 3 0.05 7.9 36.9 6.5 108 

P7 OMW 225 3 0.05 7.4 44.5 5.5 190 

P8 OMW 250 3 0.05 7.3 44.2 3.5 169 

P9 OMW 275 3 0.05 7.1 44.8 6.8 146 

P10 OMW 200 0.5 0.05 8.1 37.8 13.8 130 

P11 OMW 200 18 0.05 7.1 43.9 6.8 149 

P12 OMW 200 3 0.01 4.1 19.3 11.4 22 

P13 OMW 200 3 0.025 6.3 26.0 6.3 46 

P14 OMW 200 3 0.1 11.0 52.6 5.6 134 

P15 OMW 200 3 0.150 14.9 58.8 4.3 94 

P16 OMW 200 3 0.2 16.9 65.1 4.0 71 

P17 OMW 200 3 0.25 24.3 65.2 4.5 79 

6.2.3 Analysis methods 

6.2.3.1 Characterization of OMW 

 OMW was characterized by measuring its total solid content, TOC and C, N, H, S content 

(see Table 6.2 for analysis results). In order to obtain the solid fraction of the OMW, the sample 

was heated in an oven at 105ºC during 8 h. Then, elemental analysis was performed by grinding 

it into a fine powder and analyzing it with an Elemental Microanalyzer Thermo Finningan Flash 

1112 Series in order to determine the percentage of C, N, H and S. The total organic carbon 

content was measured using a TOC-5000A from Shimadzu. 

6.2.3.2 Characterization of CE-nZVI 

 CE-nZVI was characterized by TEM, physical adsorption of gases and XRD, following the 

same methods as already described in Section 2.2.2 of Chapter 2 for conventional nZVI. 

Furthermore, field emission scanning electron microscopy (FESEM) performed on a Merlin VP 

Compact from Zeiss at a voltage of 1 kV was used to evaluate the size, morphology and iron 

distribution in the samples.  

 The iron content and thermal stability of the samples were determined by 

thermogravimetric analysis (TG) under air or nitrogen with a Perkin Elmer Thermobalance 

model TGA/SDTA-6000. The amount of iron incorporated into the CE-nZVI was calculated by 
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heating the sample to 950ºC under air, which entails the combustion of carbon and the oxidation 

of iron to Fe3O4. The ash at 950ºC was assumed to be the amount of iron oxide plus the rest of 

inorganics, the latter being calculated by heating the sample P1 (without iron) at 950ºC. 

Therefore, it was possible to calculate the total amount of iron oxide, and hence the total content 

of Fe in the sample.  

 The zero valent iron (Fe0) content was determined by measuring the volume of H2 gas 

produced during the digestion of 0.1 g of the sample with 1 mL of 37% HCl, which is 

proportional to the amount of iron, as shown in equation (5.5). In order to determine the 

soundness of the analysis, the volume of H2 generated by a sample of Zn powder was 

determined with the same method, being the difference between the observed volume and the 

theoretical one lower than 10%.  

2Fe+6HCl →2FeCl3+3H2  (6.1) 

6.3 RESULTS AND DISCUSSION 

6.3.1 Comparison between OMW and glucose as a feedstock for CE-nZVI 

synthesis 

 The characteristics of the OMW used for the synthesis of CE-nZVI are shown in Table 6.2. 

As it is seen in the table, its physical-chemical characteristics are very similar to those reported 

for OMW used in previous works. OMW is characterized by a high organic carbon content and 

an acidic pH. Moreover, although not analyzed in this study, OMW is known to have a high 

potassium content ( 78.4 g g-1), followed by significant content of P ( 3.68 g g-1), Na ( 3.65 g 

g-1), Mg ( 2.12 g g-1) and Si ( 1.03 g g-1) [30].  

 Table 6.2. Physical-chemical characteristics of OMW given by several authors 

 This work [22] [25] 

Solid residue (%) 8.11 9.8 6.35 

Density (g/mL) 1.027 - 1.048 

TC1 (g/L) 43.83 - - 

pH 4.5 4.8 4.8 

IC2 (g/L) 0.07 - - 

TOC3 (g/L) 43.77 41.1 39.8 

N (%) 1.5 0.53 - 

C (%) 41.5 42.1 - 

H (%) 5.6 5.73 - 

S (%) 0.0 0.11 - 
1Total carbon; 2Inorganic carbon; 3Total organic carbon 
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 First, the properties of the nanoparticles synthesized by OMW were compared to those 

synthesized with glucose, which is the most common reagent used to produce encapsulated 

nanoparticles through the HTC method [5, 31]. The results from the characterization of both 

materials revealed significant differences between them. For the same synthesis conditions, 

glucose CE-nZVI (sample P3, or G-CE-nZVI) exhibited only 5.5% of incorporation of Fe in the 

solid (see Table 6.1), compared to 42.5% of Fe content achieved when using OMW as a 

feedstock (sample P4, or OMW-CE-nZVI). This difference in composition was not caused by 

the carbon content, as both experiments used the same amount of carbon in the feedstock. 

Furthermore, the iron content in OMW-CE-nZVI was significantly higher than that obtained by 

other authors using glucose as a raw material. For example, in Sun et al.’s work [5], 10.5% iron 

content was obtained using the same molar ratio of Fe/C, and in Yu et al.’s work [31] only 7.4% 

of iron was incorporated into the material although the Fe/C initial molar ratio used was four 

times higher than that of the present work. Interestingly, the analysis of zero valent iron content 

revealed that iron present in G-CE-nZVI was in a higher extent metallic iron (38.6% of total 

iron compared to only 9.6% for the OMW-CE-nZVI). However, although the glucose was able 

to produce a higher percentage of iron in its zero valent state, the total iron incorporated in the 

sample was much lower, thus resulting in a Fe0 content in G-CE-nZVI (2.2%) half of the value 

displayed by OMW-CE-nZVI (4.5%). Therefore, it is reasonable to assume that olive mill 

wastewater, which is known to be rich in polyphenols, must be significantly more reducing than 

glucose, thus incorporating more iron into its carbonaceous structure [30].  

 The iron distribution in the materials was evaluated by FE-SEM. By using the signal of the 

backscattered electrons in FE-SEM it is possible to observe where iron is located in the sample, 

as it produces a brighter signal than carbon in this mode of operation. The G-CE-nZVI particles 

did not show any signal in the backscattered mode of FE-SEM, in accordance with the low iron 

percentages detected in this sample (see Table 6.1). Conversely, as shown in Figure 6.3, the 

backscattered mode of FE-SEM in OMW-CE-nZVI particles revealed a very good distribution 

of iron through the material.  
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Figure 6.3. FE-SEM images of CE-nZVI using OMW as a feedstock (sample P4) using the detector 
of: a) secondary electrons, b) backscattered electrons. Reaction conditions: 200ºC, nFe/nCf = 0.05, 3 
h. 

 Concerning the morphology and size of the materials obtained, TEM images of the 

particles were evaluated (see Figure 6.4). Both materials showed to have a completely different 

morphology. While G-CE-nZVI particles consisted of micro-spheres of diameters of 2.0 ± 0.7 

m, the OMW-CE-nZVI particles presented a sphere-like nanostructure of sizes of 130 ± 50 nm 

(see Figure 6.5), which were composed of smaller spheres of iron nanoparticles of very small 

size (4.4 ± 0.6 nm) surrounded by a thin layer of carbon of less than 1 nm. The OMW-CE-nZVI 

showed to have a strong aggregation, as expected for particles synthesized by the HTC method. 

Therefore, the smaller size and more porous structure of thin shell OMW-CE-nZVI was 

expected to provide it with a higher surface area and better properties for contaminant 

remediation compared to G-CE-nZVI. 

 

Figure 6.4. TEM images of CE-nZVI using as a feedstock: a) OMW (sample P4), b) Glucose 
(sample P3). Reaction conditions: 200ºC, nFe/nCf = 0.05, 3 h 

a) b)

b)a)

5.56 nm
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Figure 6.5. Microscopy images of sample P4 in which the sphere-like supra-structure of the OMW-
CE-nZVI particles is observed, performed with: a) FE-SEM; b) TEM. Reaction conditions of 

sample P4: 200ºC, nFe/nCf = 0.05, 3 h. 

 N2 adsorption isotherms of both samples were evaluated and BET surface area and pore 

size distribution using the Barret-Joyner-Halenda (BJH) method were calculated (see Figure 

6.6). The adsorption isotherms were both of type IV, suggesting a mesoporous structure in 

accordance with the IUPAC classification of isotherms. Both isotherms presented a type H3 

hysteresis loop, which suggested the presence of slit-shaped pores. The available BET surface 

area of OMW-CE-nZVI was 15 times higher than that of G-CE-nZVI (176 m2/g vs 11 m2/g). 

Thus, although the OMW-CE-nZVI showed strong aggregation, similar to what was observed 

for conventional nZVI, its surface area was much greater than that of nZVI (7.1 m2/g), probably 

due to the lower size of the encapsulated nanoparticles.  

 Regarding the pore size volume and distribution of both samples, OMW-CE-nZVI showed 

a pore volume of 0.59 cm3/g, which was much higher than the one of glucose (0.027 cm3/g). 

This was an additional evidence of the different structure that both materials displayed. With 

regard to the pore size distribution, G-CE-nZVI showed a wider distribution of pores in the 

sample, displaying pores centered at 3.3, 4.2, 5.9 and 16.3 nm. Conversely, OMW-CE-nZVI 

displayed a single modal pore size distribution centered at 3.8 nm. Most probably, the pore size 

detected for OMW-CE-nZVI was attributed to the inter-particle voids. In order to obtain the size 

of the intra-particle pores, the density functional theory (DFT) analysis could be useful. 

Nevertheless, this model has to be regarded only as a semi-quantitative evaluation of the 

effective pore size distribution, as none of the models available describe an activated carbon 

with more than a 40% content of iron. The quenched solid density functional theory (QSDFT) 

was applied with a kernel of an activated carbon containing slit pores to the desorption branch 

of the isotherm (see Figure 6.7). Results showed that by applying this model, additionally to the 

pore size of 3.4 nm, pores at 1.2 and 1.8 nm which pertain to the supermicropore region were 

a) b)
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detected. Thus, it is reasonable to conclude that the OMW-CE-nZVI particles had also some 

pores in the micropore region, although their size should be taken as an approximate value. 

 

Figure 6.6. Nitrogen adsorption-desorption isotherms and pore size distributions of the samples: a) 
G-CE-nZVI (sample p3); b) OMW-CE-nZVI (sample p4). The pore size distribution of the samples 

were calculated by the BJH method using the desorption branch of the isotherm. 

0

50

100

150

200

250

300

350

400

450

0 0.2 0.4 0.6 0.8 1

N
2

ad
so

rb
ed

 (
cm

3 /
g

)

P/P0

0.00

0.01

0.02

0.03

0.04

0.05

0 10 20 30

d
V

/d
D

Pore size (nm)

b)

0

5

10

15

20

25

0 0.2 0.4 0.6 0.8 1

N
2

ad
so

rb
ed

 (
cm

3 /
g

)

P/P0

0.0000

0.0010

0.0020

0.0030

0 10 20 30

d
V

/d
D

Pore size (nm)

a)

a)



                    Synthesis of thin shell carbon-encapsulated iron nanoparticles via hydrothermal carbonization 

141 
 

 
Figure 6.7. Pore size distribution of OMW-CE-nZVI (sample P4) obtained by the QSDFT model 

using a kernel of nitrogen adsorption in slit pores in activated carbon using the desorption branch 
of the isotherm. Reaction conditions of sample P4: 200ºC, nFe/nCf 0.05, 3h. 

 Regarding the crystalline composition of both materials, there were significant differences 

between them, as showed by XRD patterns in Figure 6.8. In OMW-CE-nZVI only the 

crystalline phase -Fe2O3 was detected. Nevertheless, in the case of G-CE-nZVI, the 

characteristic peaks from iron oxide, iron carbide and silica were identified. This indicated that 

when using glucose as a raw material, the solid obtained was more heterogeneous. Conversely, 

sample P4 was more homogeneous, presenting only one crystalline phase, although any peak 

related to carbon was detected, which suggested that the sample contained amorphous carbon 

phases. 

 
Figure 6.8. XRD patterns of G-CE-nZVI and OMW-CE-nZVI. Reaction conditions: 200ºC, nFe/nCf 

= 0.05; 3 h. 

 Summarizing, the material obtained using OMW as a raw material demonstrated to have a 

structure very different from that of the encapsulated nanoparticles obtained through the HTC 

method with glucose. OMW-CE-nZVI particles were composed of nanocarbon spheres, instead 
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of the common microspheres of 6-8 m which are usually obtained when glucose or sucrose are 

used as a feedstock [5, 31], and presented a higher surface area and a greater incorporation of 

iron into the material. The differences between G-CE-nZVI and OMW-CE-nZVI could be 

attributed to the different composition of both raw materials.    

 In the case of OMW, as already mentioned in section 6.1 of this chapter, a wide range of 

different compounds, such as diverse polyphenols, organic acids, alcohols and lipids, are 

available in the reaction mixture for hydrolysis and condensation reactions which form the final 

product. In contrary, in the case of G-CE-nZVI, glucose is the only compound which is 

hydrolyzed and is available for condensation and polymerization reactions. Glucose has been 

deeply studied as a starting material for producing carbon materials through HTC. It is well 

known that when treating glucose under temperatures of 170-300 ºC, micro-carbon spheres of 

sizes 0.25-8 m depending on the conditions applied are formed [32]. The mechanism of 

formation, although very complex, it is regarded to include the decomposition of the glucose 

into (hydroxymethyl)furfural, which subsequently polymerizes towards polyfurans and then 

carbonizes via further intermolecular dehydration, aldol-condensation and cycloaddition 

reactions [20, 32, 33]. Conversely, the reactions undertaken by OMW through HTC process are 

suggested to be very complex and difficult to describe, since several compounds are implied. 

However, it is known that the kind of structure formed by the HTC process is related to the 

decomposed species generated from the starting materials, the carbonization time and the 

presence of additives or stabilizers in the reaction recipe [18, 32]. Interestingly, in Wang et al.’s 

work [34], in which a mixture of melamine and glucose was used as a carbonaceous source, a 

similar material to the OMW-CE-nZVI synthesized in this work was obtained. The nZVI was 

encapsulated in nanocarbon spheres of diameters of 50-100 nm. The nanomaterial had also 

elevated iron content (≈30%) (although the Fe/C molar ratio doubled the one of the present 

work), and the surface area of the material was 18 m2/g compared to 176 m2/g that we obtained. 

Apart from melamine, other works have shown to be able to produce nanoparticles through 

HTC method, although not containing iron. For instance, in Li et al.’s work (2013), 

nanoparticles of 70 nm were produced after 72 h of HTC treatment at 200ºC of cocoon silk, 

which consists of two core fibroin fibers coated by sericin. During the HTC treatment, the 

sericin and the fibers underwent a top-down hydrolysis and degradation process into amino 

acids and irregular polymeric fragments, which afterwards acted as precursors for the formation 

of the nanomaterial through polymerization reactions [35]. In Atchudan et al.’s recent work 

(2017), the fruit extract from Chionanthus retusus, which is rich in phenolic compounds and 

polysaccharides, was used to synthesize N/C nanospheres of very low size (3-7 nm) through 

HTC (180ºC, 6 h) [36]. Similarly, Yan et al. (2015) synthesized carbon nanoparticles of 10-25 

nm from wood derived sugars with HTC treatment at temperatures of 160-180ºC during 8 h 
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[37]. Thus, it is concluded that depending on the carbonaceous source used for the HTC 

process, different structures can be obtained for the final material, and OMW has proven in this 

study to be able to produce nanocarbon spheres of very low size, thus being a promising raw 

material for the synthesis of nanomaterials.  

6.3.2 Effect of HTC conditions on synthesized CE-nZVI 

6.3.2.1  Temperature effect 

 Changing the temperature of the reaction had a slight but not important effect on the 

amount of CE-nZVI synthesized and the iron percentage incorporated into the sample, as seen 

in Figure 6.9. The amount of nanoparticles obtained decreased with the temperature due to the 

higher degree of carbonization. However, the difference between the highest and the lowest 

value (at 180 and 275ºC, respectively) was 0.8 g, which corresponded to only 10 % of the 

average value. The iron content incorporated into the material increased with temperature up to 

225ºC and then it remained constant, but this was ascribed to the consequent decrease of the 

sample weight with the temperature. Calculating the iron amount in the nanoparticles and 

comparing it with the maximum value that could be obtained (3.16 g), it was revealed that at 

temperatures above 200ºC all iron introduced in the system was incorporated into the sample. 

At 180ºC, however, the iron amount in the sample was 2.9±0.7 g, which corresponded to 92% 

of the iron fed to the reactor. Thus, it can be concluded that temperatures higher than 200ºC 

were high enough to cause the total incorporation of the initial iron into the nanomaterial. 

 
Figure 6.9. Amount of material synthesized (w) and its content of iron vs reaction temperature in 

HTC process. Reaction conditions: nFe/nCf = 0.05, 3 h. 

 On the contrary, the surface area of the material calculated by the BET analysis presented a 

strong variation with temperature (see Figure 6.10). The surface area showed a maximum value 

at a reaction temperature of 225ºC, when its value almost doubled the one at 180ºC (190 m2/g vs 
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108 m2/g). At temperatures above 225ºC, the surface area decreased again. Taking into account 

the pore size distribution of the materials obtained by the BJH model represented in Figure 6.11, 

it can be seen that at 200ºC and 250ºC reaction temperatures, the most abundant pore size was 

3.8 nm. At 180ºC and 250ºC, the distribution was also centered at the same value of pore size, 

but the fraction of pores at that size was lower than at the other temperatures. At the highest 

temperature evaluated (275ºC), it can be seen that the pore size distribution moved towards 

higher pore sizes. Indeed, the pore size distribution was centered at 8.6 nm, which is the 

consequence of the decrease observed in surface area. Considering that the sequestration of 

some heavy metals relies on the adsorption capacity of the iron nanoparticles, the total surface 

area is an important property. Consequently, it is not beneficial to increase the HTC reaction 

temperature higher than 225ºC considering the surface area.   

 

Figure 6.10. Variation of the BET surface area of the samples with the HTC reaction temperature. 
Reaction conditions: nFe/nCf = 0.05, 3 h. 

 
Figure 6.11. Pore size distribution calculated by the BJH model of the OMW-CE-nZVI synthesized 
at different HTC reaction temperatures. Reaction conditions: nFe/nCf = 0.05, 3 h. BJH model was 

applied to the desorption branch of the isotherm. 
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 Another effect observed in the final material as a result of the change in temperature was 

the crystallinity. As shown in XRD results (see Figure 6.12), while at 180ºC the material was 

amorphous, at 200ºC the characteristic peaks of maghemite at 2 values of 35.7, 57.2 and 62.8º 

were visible, and became higher at 275ºC.  

 
Figure 6.12. XRD patterns of OMW-CE-nZVI synthesized at various temperatures. Reaction 

conditions: nFe/nCf = 0.05, 3 h.   

 

6.3.2.2  Effect of reaction time  

  The duration of the HTC reaction had a similar effect as the temperature in the solid 

production (see Table 6.1). The higher the reaction time, the higher the carbonization of the 

material and thus, the lower amount of solid obtained. The iron content of the solid 

consequently increased with the reaction time due to the decrease in the total sample weight. 

 The analysis of the BET surface area of the samples showed a maximum at a reaction time 

of 3 h, as seen in Table 6.1. While at 0.5 h of reaction time the surface area obtained was 130 

m2/g, at 3 h it increased to 176 m2/g, and then decreased to 148 m2/g when increasing the 

reaction length to 18 h. This was consistent with the pore volume and pore size distribution 

obtained by the BJH model (see Figure 6.13). Although the three samples displayed a single 

modal pore size distribution centered at 3.8 nm, at the reaction time of 3 h the proportion of 

pores at that size was higher, which provided it with higher surface area. Regarding the XRD 

analysis of the sample, the crystallinity of the material increased with reaction time, as it is 

shown in Figure 6.14.  
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Figure 6.13. Pore volume and pore size distribution calculated by the BJH model of the OMW-CE-
nZVI synthesized at different HTC reaction times. Reaction conditions: 200ºC, nFe/nCf = 0.05. 

BJH model was applied to the desorption branch of the isotherm. 

 

 

Figure 6.14. XRD patterns of OMW-CE-nZVI synthesized at various reaction times. Reaction 
conditions: 200ºC, nFe/nCf = 0.05. 
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precursor added. This was to be expected, as more Fe available at the start increased the 

possibility for a higher incorporation of Fe in the final product. Looking at the data at Table 6.1 

it can be seen that the iron incorporated into the final nanomaterial was always the 

stoichiometric put into the reaction, i.e., all the iron added as iron nitrate to the reactor was 

precipitated in the OMW-CE-nZVI. The solid production also increased with the increase of 

nFe/nCi ratio, which in part was due to the higher amount of iron precipitated in each 

experiment. But it is more interesting to notice that the carbonaceous mass also increased with 

nFe/nCi ratio. Although the initial mass of OMW was the same for all the experiments, the 

increase in iron resulted in a higher carbon production. Consequently, the recovery of the 

reaction, defined as the carbonaceous material precipitated through HTC divided by the initial 

carbon content could be maximized increasing the nFe/nCi ratio.  

 
Figure 6.15. Solid production by HTC with its proportion of Fe and carbonaceous mass vs. the 

initial molar ratio of Fe to C (nFe/nCi). Reaction conditions: 200ºC, 3 h. 
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increased linearly until 0.2 molFe/molCi relationship, above which it remained constant (see 

Figure 6.16). This suggests that the amount of carbon encapsulating the iron decreased when 

more Fe precursor was added up to nFe/nCi = 0.2, above which the level of coating remained 

uniform. This was consistent with TEM images of the nanoparticles, as shown in Figure 6.17. 
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distinguish inside the carbon structure due to a low precipitation. However, when increasing the 

nFe/nCi to 0.05, the nanoparticles precipitated, having an average size of 4.4±0.6 nm and they 

were encapsulated by a thin coating (<1 nm) of carbon. At nFe/nCi = 0.25, the structure of the 

nanomaterial was similar, but the size of the iron nanoparticles increased to 9.7±1.5 nm and the 

carbon coating was such thinner that it was difficult to distinguish it in the TEM images. 

0

5

10

15

20

25

0.00 0.05 0.10 0.15 0.20 0.25

S
o

li
d

 p
ro

d
u

ct
io

n
 (

g
)

nFe/nCf

Fe Carbonaceous mass



Chapter 6   

148 
 

 

Figure 6.16. Molar ratio of Fe to C in the product (nFe/nCp) vs the initial molar ratio of Fe to C in 
the feed (nFe/nCi). Reaction conditions: 200ºC, 3 h. 

 

Figure 6.17. TEM images of OMW-CE-nZVI at different Fe/C initial molar ratios. Reaction 
conditions: 200ºC, 3 h. 
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 Regarding the BET surface area of the solid, it is evidenced in Figure 6.18 that there was 

an optimum at nFe/nCi = 0.05, which gave the highest surface area. At lower ratios, the iron 

content was not enough to produce the desired structure of the material, as evidenced by TEM 

and SEM images (Figure 6.17 and Figure 6.19) and for higher ratios, the large iron loading 

produced an increase in the nanoparticles sizes as shown in TEM and SEM images and a more 

crystalline structure. Consequently, the surface area diminished in these samples. Indeed, at 

nFe/nCi = 0.25 (sample P17) there were some structures of bigger sizes (150 nm length x 58 nm 

width) that were composed totally of iron and were highly crystalline (see Figure 6.20) and 

produced a decrease in the surface area available. The increase of crystallinity with nFe/nCi was 

also showed by XRD (see Figure 6.21). At nFe/nCi = 0.01 the sample was completely 

amorphous, as any crystalline peak was observed. At nFe/nCi = 0.05, the characteristic peaks of 

-Fe2O3 (30.3, 35.6º, 43.6, 57.9º, 62.5º) were detected, and at nFe/nCi = 0.15 the same peaks 

were detected but with a higher magnitude. The pore volume and pore size distribution of the 

samples calculated by the BJH method (see Figure 6.22), also showed that the highest pore 

volume was obtained at nFe/nCi  = 0.05, again confirming that this was the optimal value for 

this parameter. 

 

Figure 6.18. BET surface area calculated of the CE-nZVI when varying the Fe/Cf molar ratio. 
Reaction conditions: 200ºC, 3 h. 
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Figure 6.19. FE-SEM images of OMW-CE-nZVI at different Fe/C initial molar ratios. Reaction 
conditions: 200ºC, 3 h. 

 

Figure 6.20. TEM image of the sample P17 (200ºC, nFe/nCf = 0.25, 3 h ). 
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Figure 6.21. XRD patterns of OMW-CE-nZVI at different Fe/C initial molar ratios. Reaction 
conditions: 200ºC, 3h. 

 
Figure 6.22. Pore volume and pore size distribution calculated by the BJH model of the OMW-CE-
nZVI synthesized at different Fe/C initial molar ratios. Reaction conditions: 200ºC, 3 h. BJH model 

was applied to the desorption branch of the isotherm. 
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higher than 600ºC led to an increase in the total iron percentage in the nanomaterial, as shown in 

Table 6.3. This was to be expected, since at high temperatures carbon is being converted to CO 

and CO2, thus increasing the iron content of the samples. Furthermore, the post-treatment of the 

samples was successful in increasing the ZVI content, as shown in Table 6.3. Before the 

treatment, the percentage of ZVI in the solid was just 4.5%, but it increased to 6.6, 10.0 and 

15.5 % after the treatment at 600, 700 and 800ºC respectively during 3 h. This was consistent 

with XRD patterns showed in Figure 6.24. Before the post-treatment, only the peak of -Fe2O3 

was detected by XRD. However, after the post-treatment at 600ºC and 800ºC, the characteristic 

peaks of ZVI at 44.7º and 65.1º were observed and were more intense at the treatment 

temperature of 800ºC. The sample showed to contain also iron carbide, which had been obtained 

also by Wang et al. when using a mixture of melamine and glucose as starting materials [34]. At 

800ºC, it is interesting to notice that crystalline carbon (lonsdaleite) was identified by XRD. 

Lonsdaleite is known to be synthesized by heating and compression of graphite.  

 

Figure 6.23. TG profile of the sample P4 (200ºC, nFe/nCf = 0.05, 3h) under nitrogen atmosphere. 

Table 6.3. Properties of the sample P4 (200ºC, nFe/nCf = 0.05, 3 h,) after the post-treatment. Post-
treatment time was set to 3 h for all the samples. 

Sample 
Post-treatment 
Temperature (ºC) 

BET surface 
area (m2/g) 

% Fe in 
sample 

%Fe0 in 
sample 

P4 - 176 42.5 4.5 

P4_N600 600 195 53.0 6.6 

P4_N700 700 219 56.4 10.0 

P4_N800 800 161 73.1 15.5 
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Figure 6.24. XRD pattern of the sample P4 (200ºC, nFe/nCf = 0.05, 3 h,) before and after the post-

treatment with nitrogen at high temperatures. 

 It was evidenced by TEM images (Figure 6.25) that the structure of the nanomaterials was 

slightly modified after the post-treatment. Some of the iron sintered to higher particle sizes of 

46±22 nm (Figure 6.25a) and they were less aggregated and better distributed into the carbon. 

Another interesting thing to remark is that when applying the post-treatment temperature of 

800ºC, graphitic layers of carbon were observed surrounding the iron nanoparticles (Figure 

6.25b). Although the peak of graphitic carbon was not observed at XRD analysis, the 

measurement of the distance between the layers of crystalline carbon matched with the one of 

graphite (0.335 nm). Moreover, the presence of lonsdaleite in the nanomaterial treated at 800ºC 

suggested also the presence of graphite. The iron nanoparticles encapsulated with graphitic 

carbon have shown interesting properties as catalysts for efficient hydrogen evolution [38]. 

Thus, the work presented here could serve as a low-cost method of synthesizing this kind of 

material with very interesting applications.  

 
Figure 6.25. TEM images of the sample P4 (200ºC, nFe/nCf = 0.05, 3 h) after the post-treatment 
with nitrogen at high temperatures. a) sample treated at 600ºC; b) detail of the graphitic carbon 

encapsulating the iron nanoparticles in the sample treated at 800ºC. 
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 Regarding the BET surface area of the nanomaterials, it increased with the post-treatment 

temperature up to 700ºC, at which it displayed a surface area of 219 m2/g (see Table 6.3). 

However, at 800ºC, the surface area diminished to 161 m2/g, which is even lower than the initial 

surface area of the OMW-CE-nZVI before the post-treatment. This can be ascribed to the fact 

that at 800ºC the carbon becomes crystalline, presenting then a lower surface area, as evidenced 

by XRD and TEM analysis.  

 One question of interest of the obtained OMW-CE-nZVI after the post-treatment is if the 

nZVI particles were protected against oxidation by the layer of carbon. With this objective, the 

particles were subjected to a specific program with the TG analyzer to determine their response 

to the contact to an oxidant atmosphere (see Figure 6.26). Results showed no oxidation of the 

nanoparticles after 15 hours of contact with air at 25ºC, as the sample weight did not show any 

increase that would have been ascribed to the formation of oxides in nZVI surface. Thus, it is 

assumable to affirm that the iron layer was able to protect the nanoparticles against oxidation. 

 

Figure 6.26. TG profile of the sample P4 (200ºC, nFe/nCf = 0.05, 3h) subjected to the post-
treatment with N2 at 600ºC, and then to air at 25ºC to study the oxidation of the sample after the 

post-treatment in air atmosphere. a) Initial part of the TG profile; b) Detail of the final part of the 
TG profile in which the sample weight during the stage of contact with air is presented.  
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6.4 CONCLUSIONS 

 In this chapter it has been demonstrated that OMW can be used as a raw material for the 

synthesis of high quality thin layer carbon-encapsulated iron nanoparticles by the hydrothermal 

carbonization method. The nanomaterial presented improved properties compared to other 

studies which usually employ glucose or sucrose as a feedstock. The OMW-CE-nZVI 

synthesized in this work consisted of nanoparticles of small sizes (4.4nm) surrounded by a thin 

layer of carbon (< 1nm). They presented a high surface area (up to 190 m2/g) and a very good 

distribution of iron in the particles. 100% of incorporation of iron in the material was obtained 

when using temperatures above 200ºC.  

 HTC temperature and heating time did not show a strong influence in the characteristics of 

the nanoparticles obtained. An increase in the crystallinity and a decrease in the total amount of 

nanomaterial synthesized were observed when increasing time and temperature, and the optimal 

temperature to maximize the BET surface area of the OMW-CE-nZVI was shown to be between 

200ºC and 225ºC. On the contrary, the ratio of iron to carbon had a strong influence in the 

structure and surface area of the material. The optimal ratio of iron to carbon to obtain the 

maximal surface area was 0.05. 

 The post-treatment of the encapsulated nanoparticles at high temperatures under nitrogen 

increased the percentage of zero valent iron in the samples from 4.5% to 15.5% at the 

temperature of 800ºC. Although the post-treatment produced the sintering of the nanoparticles 

to larger sizes (46 nm), the surface area of the material increased at the temperature of 600ºC 

and 700ºC due to lower aggregation of the sample.  

 The use of OMW, which is a waste stream, as a feedstock for the production of carbon-

encapsulated nanoparticles shows a green chemistry approach to produce cheaper nanoparticles. 

Moreover, the characteristic organic compounds of the OMW, probably polyphenols, revealed 

to be able to obtain encapsulated nanoparticles at the nanosize with great surface areas and high 

iron incorporation, which corresponds to an important improvement of the current start of the 

art. Therefore, the study of the mechanisms implied in the production of these nanoparticles 

should be relevant for future research. 
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7.1 INTRODUCTION 

 As mentioned in Chapter 6, the encapsulation of nZVI into carbon spheres can offer 

improved characteristics compared to conventional nZVI. The carbon-encapsulated nZVI (CE-

nZVI) particles have been suggested to provide a combination of the adsorption capacity of 

carbon and the reducing properties of iron [1]. Furthermore, the layer of carbon protects the 

nZVI particles from oxidation, thus remaining active for extended periods [2, 3]. Accordingly, 

another interesting advantage of CE-nZVI compared to conventional nZVI is that the carbon 

layer acts as a barrier material to the iron nanoparticles, thus avoiding the inter particle dipole-

dipole interactions between the nanoparticles. As a consequence, the material displays lower 

aggregation than conventional nZVI [4, 5]. This, added to the more porous surface characteristic 

of carbon, provides the CE-nZVI with higher surface areas (in the order of hundreds of m2/g) 

than conventional nZVI (~15 m2/g).  

 In previous works, iron nanoparticles have been effectively encapsulated or entrapped into 

different materials and supports. Examples include: glucose [3], melamine [5], alginate 

biopolymer [6], chitosan [7], Gum Arabic [8] or platinum [9]. The wide majority of the 

applications of supported and encapsulated nZVI found in literature are centered in the 

oxidation of pollutants through the Fenton process [10, 11]. It is well acknowledged, as was 

previously explained in Chapter 4, that the application of homogeneous Fenton reagent is 

limited due to the requirement of acidic conditions and the generation of high amounts of 

dissolved iron in the water after the Fenton treatment [12]. For this reason, in Chapter 4 the 

application of nZVI as a heterogeneous reagent for Fenton oxidation of 2,4-D was studied. 

However, the iron concentration in solution was still slightly above the legislation limit (5 ppm). 

To counteract this disadvantage, supported or encapsulated iron can be used in order to diminish 

the leaching of iron into the solution [11]. In this way, several works have proven that with 

supported or CE-nZVI, the final iron concentration in the solution is <0.7 mg/L [13-15]. 

Furthermore, another advantage of trapping nZVI into a carbon material is that the carbon layer 

has been suggested to act as a catalyst of H2O2 decomposition, enhancing the production of 

hydroxyl radicals [10, 16]. Recent studies have shown the existence of a corrosion galvanic 

effect between iron and carbon, which can improve the electron transmission efficiency between 

Fe0 and Fe3+, hence enhancing Fe2+ regeneration [2, 11]. Indeed, a very recent study of Qin et al. 

reported that hydrothermal carbon could enhance the degradation of alachlor by promoting the 

Fe3+/Fe2+ cycle [17]. In the study, it was proposed that the Fe3+ complex with surface hydroxyl 

groups favored the electron transfer from hydroxyl groups to Fe3+, which then produced Fe2+. 

 Considering other applications of supported or encapsulated nZVI, previous works have 

shown its effectiveness for the degradation of chlorinated organic compounds or the removal of 
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heavy metals from water. For example, in Bezbaruah et al.’s work, iron nanoparticles were 

encapsulated in alginate biopolymer to examine their effectiveness for the aqueous remediation 

of trichloroethylene [6]. Also the same author studied in another work the application of nZVI 

encapsulated in Ca-alginate beads for arsenic treatment [18]. Considering the sequestration of 

heavy metal cations from water, one of the barriers for the application of nZVI is the occurrence 

of the “aging effect” [19]. As it was reported in Chapter 2, although nZVI showed a high initial 

uptake of the heavy metals, at longer reaction times the nZVI released some of the heavy metal 

cations back into water due to nZVI oxidation [20, 21]. Research conducted by Crane et al. [22] 

proved that by using carbon as a support of nZVI particles, the release of uranium back to the 

water was avoided due to the retention effect of the carbon. Thus, the application of CE-nZVI 

into heavy metal removal could help to counteract the drawbacks of the use of conventional 

nZVI. 

 With regards to the removal of sulfurous compounds from malodorous gas streams, the 

application of CE-nZVI has not been studied in any previous work. However, the high 

performance of activated carbon (AC) in the removal of odors is well known. ACs present high 

uptake capacities for the removal of a wide range of malodorous compounds, such as 

hydrocarbons, mercaptans, oxygenate organic compounds and H2S [23, 24]. There are two 

predominant kinds of AC that are used for odor abatement, virgin AC and impregnated AC. The 

impregnated AC is designed to selectively remove certain pollutants, namely hydrogen sulfide 

[25]. Commonly, potassium or sodium hydroxide are used as impregnating agents, but recently, 

the impregnation with other chemicals such as metal oxides or carbonates has been investigated 

[26, 27]. Such carbons combine the adsorption properties of the AC with the catalytic oxidation 

mechanism of the additive [28, 29]. Therefore, it is expected that the combination of nZVI with 

the carbon layer will provide it with outstanding properties for the elimination of sulfur 

compounds. In addition, as the suspension of nanoparticles is continuously in presence of 

oxygen due to the bubbling with the air stream, the carbon layer could protect the nanoparticles 

against their oxidation. 

 In Chapter 6, the synthesis of CE-nZVI using olive mill wastewater (OMW) as a 

carbonaceous source enabled obtaining iron nanoparticles of very low size (4.4 nm) surrounded 

by a thin layer of carbon (<1 nm). The nanoparticles had a surface area of 176 m2/g and an iron 

content of 42%, of which 9.6% was in its zero valence state. After the post-treatment of the 

nanoparticles at 600ºC during 3 h under nitrogen flow (CE-nZVI-PT600), although the mean 

nZVI particle size was increased to 46 nm, the surface area was concomitantly increased to 195 

m2/g and the zero valent iron content increased to 21.2% of total iron. 
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 The aim of this chapter has been to study the application of CE-nZVI and CE-nZVI-PT600 

for the remediation of the contaminants already studied with nZVI in order to determine its 

effectiveness in contaminant removal and to compare it with the results obtained with 

conventional nZVI. Hence, the contaminants studied have been: heavy metals (Zn, Cd, Cr, Ni, 

Cu), 2,4-D and H2S. 

7.2 MATERIALS AND METHODS 

7.2.1 CE-nZVI synthesis  

 The CE-nZVI particles were synthesized by hydrothermal carbonization (HTC) from olive 

mill wastewater (OMW) with the procedure already described in Section 6.2.2 of Chapter 6. 

The influence of the HTC conditions on the final material characteristics was also acutely 

described in the Section of Results of Chapter 6. Specifically, it was determined that HTC 

temperatures above 200ºC enabled the incorporation of 100% of the iron fed into the reactor 

into the final material. Regarding the surface area of the obtained materials, it was determined 

that it increased with the heating temperature until 225ºC, above which it diminished. Thus, the 

HTC temperature chosen was 200ºC to maximize the surface area and the iron content in the 

sample without further increasing the heating costs. The other selected variables were a reaction 

time of 3 h and an initial molar ratio of Fe to C of 0.05 again with the aim of maximizing the 

surface area and the iron content in the final material. Thus, the sample chosen for the study of 

the contaminants remediation was P4, whose characteristics were described in the Table 6.1 of 

Chapter 6. Regarding the characteristics of the post-treatment of the CE-nZVI, the heating time 

was of 40 min, followed by 3 h of treatment at 600ºC (CE-nZVI-PT600) or 800ºC (CE-nZVI-

PT800) under a nitrogen flow of 500 mL/min. 

7.2.2 Application of CE-nZVI in heavy metal removal 

 In this section, CE-nZVI an CE-nZVI-PT600 were tested for the degradation of a solution 

containing 10 ppm of each of the following heavy metals: Cu, Zn, Cr, Ni and Cd. The solid 

nanomaterial was mixed with the contaminated solution during extended periods. Samples were 

taken from the aqueous solution at various times, and the concentration of the heavy metal 

cations in water was analyzed using inductively coupled mass spectrometry (ICP-MS) after 

filtration of the samples with PTFE 0.2 m syringes and subsequent addition of 2% of nitric 

acid. A sample of conventional nZVI was tested under the same conditions to enable a direct 

comparison with the encapsulated nanoparticles. In addition, also a sample synthesized by HTC 

of OMW without iron addition and submitted to post-treatment (AC-PT600) was tested for 
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heavy metal removal. The aim of this experiment was to determine the implication of the carbon 

in heavy metal removal. 

 The amount of material used for each test was the corresponding to ensure that all samples 

provided the same amount of iron, which was selected to be 1 g/L. In this way, 1 g/L of nZVI, 

2.2 g/L of CE-nZVI, and 2.4 g/L of CE-nZVI-PT600 were the amounts used for the 

experiments. In the case of AC-PT600, which does not contain iron, the amount of material 

used was equal to CE-nZVI-PT600, i.e., 2.4 g/L. 

7.2.3 Application of CE-nZVI in oxidation of 2,4-D 

 CE-nZVI, CE-nZVI-PT600 and CE-nZVI-PT800 were tested for the oxidation of 2,4-D 

using the reactor described in Section 4.2.1 of Chapter 4. Experiments were performed at the 

same conditions and with equal procedure as the ones with conventional nZVI in order to enable 

direct comparison of the results. 

7.2.4 Application of CE-nZVI in deodorization of a gas stream containing H2S 

 The experimental set-up used to perform the experiments of H2S degradation was very 

similar as the one used in Chapter 3 with slight modifications due to the different availability of 

the equipments in the laboratory. Therefore, an experiment with nZVI was performed to 

properly compare the results. The encapsulated nanomaterials tested were CE-nZVI and CE-

nZVI-PT600. The concentration of H2S studied was 10 ppm and was generated by mixing an air 

stream of 1 L/min with 1 mL/min of a gas stream containing 10,000 ppm of H2S. The total flow 

was regulated by means of a mass flow meter and controller from Omega (model FMA5512A). 

The reaction vessel consisted of a 1 L tank which was filled with 700 mL of the nanoparticles 

suspension. pH was monitored through the experiment. H2S concentration was measured using 

the same equipment as the one described in Chapter 3. The nanomaterials were characterized 

after the reaction by XPS and TEM following the procedure described in Section 2.2.2 of 

Chapter 2. 

7.3 RESULTS AND DISCUSSION 

7.3.1 Application of CE-nZVI in heavy metal removal 

 The encapsulated nZVI particles were tested for their application in heavy metal removal 

remediation of contaminated water in order to study their efficiency and if they were able to 

avoid the aging effect displayed by conventional nZVI, which produces the delivery of some of 

the heavy metal cations back to water. Tests with four different materials (nZVI, AC-PT600, 

CE-nZVI and CE-nZVI-P600) were performed. The evolution of the heavy metal cations in the 
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aqueous solution during reaction time is shown in Figure 7.1, and the final removal percentage 

achieved by each of the materials is shown in Table 7.1. It can be seen in Figure 7.1 that 

conventional nZVI and CE-nZVI-P600 were the ones that achieved the highest degradation 

efficiencies. Conversely, AC-PT600 was the material that showed the lowest degradation 

efficiencies, being negligible for Ni and Zn and only of 1.5% for Cd. Thus, it was corroborated 

that the carbon itself was not sufficient to remove the heavy metals ant that the presence of iron 

was needed. In the case of CE-nZVI, although the removal efficiencies were higher than with 

AC-PT600, they were much lower than with CE-nZVI-P600. This is suggested to be due to the 

lower zero valent iron content of CE-nZVI (4.5%) compared to CE-nZVI-P600 (15.5%), and 

also to its lower surface area.  

 

Figure 7.1. Removal of heavy metal cations with time, using: a) conventional nZVI; b) AC; c) 
OMW-CE-nZVI; d) OMW-CE-nZVI-PT600. Reaction conditions: Ci0 = 10 ppm, pHo = 4.7, CFe,0 = 
1g/L (except for AC in which Cmat=. OMW-CE-nZVI used was sample P4 (200ºC, nFe/nCf = 0.05, 

3 h). 

Table 7.1. Removal efficiencies after 165 h of experiment with the different materials tested. 
Reaction conditions: Ci0 = 10 ppm, pHo = 4.7, CFe,0 = 1g/L (except for AC in which Cmat=. OMW-

CE-nZVI used was sample P4 (200ºC, nFe/nCf = 0.05, 3 h). 

Zn Cd Ni Cu Cr 

nZVI 93.3 78.3 82.9 98.5 100.0 

AC 0.0 1.5 0.0 50.7 71.9 

CE-nZVI  34.1 39.9 30.4 87.7 88.5 

CE-nZVI-P600 99.9 99.2 97.3 100.0 100.0 
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 Regarding the comparison between conventional nZVI and CE-nZVI-PT600, while at short 

reaction times nZVI eliminated the heavy metals from the aqueous solution with high yields 

(degradation  > 99.9 % for Zn, Cd, Cu and Cr; and 93.4% for Ni), at extended periods the 

contaminants started to be released back to water. This behavior was already described in 

Chapter 6 and is ascribed to the oxidation of nZVI at long reaction times. However, in the case 

of the encapsulated nanoparticles, the delivery of the heavy metal cations was not produced, as 

shown in Figure 7.1. On the contrary, the percentage of removal increased with the time of 

application of the nanoparticles until degradations greater than 99% were obtained for all the 

elements except for Ni, which had a removal efficiency of 97%. In the case of the conventional 

nZVI, the final degradation percentages of the contaminants were only 94.0, 81.1, 76.5, 99.3, 

100 % for Zn, Cd, Ni, Cu and Cr respectively. Therefore, it is concluded that, for applications in 

which the reaction times are long, such as the remediation of contaminated soils or aquifers, the 

encapsulated nZVI could avoid the release of the contaminant back to the water that is observed 

when nZVI particles are employed.   

7.3.2 Application of CE-nZVI in heterogeneous Fenton oxidation of 2,4-D 

 The encapsulated nZVI particles were tested for their application in Fenton oxidation of 

2,4-D. First, conventional nZVI, CE-nZVI and CE-nZVI-PT600 were applied for the 

degradation of 2,4-D at the same experimental conditions ([H2O2]0 = 10 mM, [Fe]0=, without 

pH adjustment) in order to compare their performance. The results presented in Figure 7.2 

showed that CE-nZVI-PT600 displayed better performance than CE-nZVI, achieving 99.6% of 

2,4-D degradation after only 40 min of reaction time. This was to be expected, as CE-nZVI-

PT6000 had a significantly higher zero valent iron content (15.5%) compared to CE-nZVI 

(4.5%). Regarding the iron released to the solution at the reaction end, it was lower for CE-

nZVI (5.2 mg/L) than for CE-nZVI-PT-600 (13.0 g/L). The conventional nZVI showed a 

intermediate behavior between CE-nZVI and CE-nZVI-PT-600 regarding 2,4-D degradation, 

but higher release of iron. The degradation efficiency was 90.1% after 40 min of reaction, which 

was almost 10 points lower than CE-nZVI-PT600, and the dissolved iron at the reaction end 

was higher than any of the encapsulated nZVI (21.1 g/L). Thus it was proven that encapsulated 

nZVI achieved a better degradation efficiency than conventional nZVI when applying the post-

treatment, which increased its Fe0 content to 15.5 %. Regarding the iron released to the solution, 

both kinds of encapsulated nZVI released less iron than the conventional nanoparticles. 
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Figure 7.2. 2,4-D degradation using heterogeneous Fenton reaction with different materials: nZVI, 
CE-nZVI and CE-nZVI-PT600. a) evolution of 2,4-D concentration; b) dissolved iron 

concentration. Reaction conditions: [2,4-D]0 = 100 ppm, [Fe]0 = 9 mM, [H2O2]0 =10 mM, without pH 
adjustment. 

 A similar set of experiments ([Fe]0 = 9mM, [H2O2]0 = 10mM) but using UV-light were 

performed. In this case, the conventional nZVI were compared to CE-nZVI-PT600 and CE-

nZVI-PT800. As seen in Figure 7.3, in the presence of UV-light the encapsulated nZVI showed 

better 2,4-D degradation efficiencies: 99.9 % and 100.0% for CE-nZVI-P600 and CE-nZVI-

P800 respectively, while nZVI showed similar degradation efficiency (95.5%) to that in the 

absence of UV-light. With regards to the release of iron to the solution, the encapsulated 

nanoparticles in photo-Fenton experiments displayed much lower iron concentration in the 

solution at the reaction end: 2.1 mg/L and 2.2 mg/L for CE-nZVI-PT600 and CE-nZVI-PT800 

respectively. This suggests that the degradation process was much more efficient for 

encapsulated nZVI when using UV-light. In the case of conventional nZVI again the behavior 

was similar to that in the dark-Fenton experiments, showing an iron release of 32.8 mg/L. 

Therefore, when applying UV-light, the encapsulated nZVI achieved higher 2,4-D degradation 

yields with lower release of iron to the solution. With regards to the temperature of the post-

treatment, there was no significant difference between both experiments.  

 

Figure 7.3. 2,4-D degradation using heterogeneous Fenton reaction with different materials: nZVI, 
CE-nZVI-PT600 and CE-nZVI-PT800. a) evolution of 2,4-D concentration; b) dissolved iron 

concentration. Reaction conditions: [2,4-D]0 = 100 ppm, [Fe]0 = 9 mM, [H2O2]0 =10 mM, without pH 
adjustment, with UV-light. 
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 Finally, a photo-Fenton experiment at neutral pH was performed in order to determine if 

the encapsulated nZVI worked well at these conditions. As seen in Figure 7.4, the CE-nZVI-

PT600 exhibited similar 2,4-D degradation as conventional nZVI, reaching in both cases 

efficiencies above 99.9% at the reaction end. However, considering the iron released to the 

solution, the CE-nZVI-PT600 offered much better results, as the final iron concentration at the 

reaction end was only 1.9 mg/L compared to 11.7 mg/L  in the case of conventional nZVI.  

 

Figure 7.4. 2,4-D degradation using heterogeneous Fenton reaction with different materials: nZVI 
and CE-nZVI-PT600. a) evolution of 2,4-D concentration; b) dissolved iron concentration. Reaction 

conditions: [2,4-D]0 = 100 ppm, [Fe]0 = 1.8 mM, [H2O2]0 =10 mM, pH0=7.0, with UV-light. 

 Summarizing, CE-nZVI-PT particles showed better degradation efficiencies and produced 

lower concentration of dissolved iron into the solution than conventional nZVI particles. In the 

photo-Fenton experiments, CE-nZVI-PT showed even better performance and much lower 

dissolved iron release into the solution, complying with the allowed limit of legislation.  

7.3.3 Application of encapsulated nZVI in deodorization of a gas stream containing 

H2S 

 CE-nZVI-PT600 proved to have outstanding properties for H2S degradation, as shown in 

Figure 7.5. At the conditions studied ([[H2S]0 = 10 ppm; [CE-nZVI-PT600] = 0.04g/L; 1 L/min 

of total gas flow), the experiment lasted 7 days, and the uptake capacity of the encapsulated 

nZVI was calculated to be 4185 mgH2S/gFe, which is almost 7 times the theoretical value 

determined by reaction (3.1). Therefore, it was suggested that the carbon encapsulating the iron 

has a favorable effect for H2S elimination. However, an experiment using carbon-encapsulated 

nZVI but without the post-treatment showed much lower removal of H2S (24.2 mg/g). Thus, the 

synergetic effect between Fe0 and the carbon layer in CE-nZVI-PT600 is suggested to provide 

increased surface sorption sites for H2S removal. With regards to the uptake capacity of nZVI at 

these experimental conditions, it reached the value of 161.5 mg/g, which was also much lower 

than the one of CE-nZVI-PT600. Therefore, it was also suggested with this study that the 

carbon protects the nZVI against oxidation, thus greatly enhancing its capacity of removal of 

H2S. 
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Figure 7.5. Degradation of H2S with CE-nZVI-PT600. Reaction conditions: [H2S]0 = 10 ppm; [CE-
nZVI-PT600] = 0.04g/L; 1 L/min of total gas flow. 

 An XPS survey of the surface of the encapsulated nZVI after the reaction with H2S was 

performed to try to determine the mechanism of H2S degradation by CE-nZVI-PT600. As 

shown in Figure 7.6, the spectrum consisted of a doublet with a 2p3/2 component at 163.5 eV, 

which corresponded to elemental sulfur [30]. Therefore, the reaction mechanism to remove H2S 

was suggested to be different to that of nZVI, which involved the oxidation of the FeS2 initially 

formed in the nanoparticles surface to give sulfate. In the case of CE-nZVI-PT600, the 

mechanism seemed to be the reduction of H2S to FeS and finally to S8 due to the action of the 

FeOOH layer, as shown in reactions (3.1) to (3.5). 

 

Figure 7.6. Sulfur 2p XPS spectra of reacted CE-nZVI-PT600. Reaction conditions: [CE-nZVI-
PT600]=0.04 g/L; [H2S]0=10 ppm; gas flow rate of 1 L/min. 
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H2S + Fe FeS + H2 (7.1) 

2FeOOH + H2S 2FeS +1/8S8+ H2O 
(7.2) 

FeS+1/8S8 FeS2 
(7.3) 

7.4 CONCLUSIONS 

 In this Chapter, it has been evidenced that the synthesized CE-nZVI-PT can be applied 

satisfactorily to the remediation of different contaminants showing better degradation 

efficiencies than conventional nZVI.  

 Regarding heavy metal removal, the encapsulated nanoparticles were capable of avoiding 

the aging effect of conventional nZVI, which produces the delivery of the heavy metals that had 

already been eliminated by nZVI again to the water due to nZVI oxidation at long time periods. 

The removal efficiencies of the different heavy metals achieved by CE-nZVI-PT and nZVI were 

similar, but CE-nZVI did not show any release of the heavy metals back to the solution. 

However, the degradation rate was slower with CE-nZVI-PT probably due to the carbon layer 

covering the nZVI.  

 Concerning the application of CE-nZVI-PT for the oxidation of the herbicide 2,4-D, the 

material showed better degradation efficiencies than conventional nZVI. Furthermore, and more 

importantly, the encapsulated nZVI protected the iron of being released to the solution, and thus 

the dissolved iron concentration at the reaction end was much lower than with nZVI, especially 

when applying UV-light. 

 Finally, the application of encapsulated nZVI for H2S abatement from an air stream 

achieved an outstanding uptake capacity by CE-nZVI-PT of 4180 mg/g, which is much higher 

than that achieved by other current existing materials tested. Therefore, the results obtained in 

this chapter lead to promising applications of CE-nZVI-PT in odor removal.   
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8.1 CONCLUSIONS 

 As stated in the Introduction, nZVI is considered very attractive for the elimination of a 

great variety of pollutants and represents a promising material to be applied on environmental 

remediation. Throughout the previous chapters, the application of nZVI on contaminant 

remediation has been assessed from a chemical engineering point of view. In this way, the 

application of nZVI for the removal of various pollutants has been undertaken with the 

objective of trying to approach to the real conditions of the treatment. For example, in Chapter 

2, a complex mixture of several heavy metals was used as the contaminated water, rather than 

using a solution of a unique pure compound. In addition, the study was performed during 

several days in order to study the effect of nZVI aging on the removal process. Likewise, in 

Chapter 4, the study of 2,4-D degradation by nZVI was focused on achieving a high degradation 

efficiency at neutral pH. Lastly, in the study of degradation of sulfur compounds of WWTPs 

presented in Chapter 3, which is the first study that covers this application of the nZVI, an 

experiment a pilot scale in a real WWTP of an industry was performed. 

 At the view of the limitations that are hindering the widespread application of nZVI for 

environmental remediation, i.e., its high tendency to aggregation, low stability and high cost of 

synthesis; as a result of the work presented in this Thesis a novel method for the synthesis of 

carbon-encapsulated nZVI has been developed. Carbon-encapsulated nZVI has been obtained 

by applying hydrothermal carbonization to a mixture of iron nitrate and olive mill wastewater. 

In this way, it has been possible to obtain a valuable material by making profit of a waste, thus 

achieving the principles of material revalorization. On one hand, an application for a waste that 

usually is treated in WWTPs without further utilization has been found; and, on the other hand, 

the cost of production of nZVI is diminished. In addition, the capability of the synthesized CE-

nZVI for the remediation of the same compounds studied through the thesis has been tested, 

hence enabling the direct comparison with the conventional nZVI. 

 In particular, the specific conclusions derived from this thesis are hereafter presented 

classified by the different chapters: 

Chapter 2 

 It was proved that there has been an overestimation of the uptake capacity of the nZVI by 

previous works. In this chapter, it was shown that part of the heavy metals that were trapped by 

nZVI at short reaction times were released again to the aqueous solution as a result of nZVI 

aging. The concomitant effect of the decrease of solution pH with the change of nZVI structure 

at long reaction times caused the detachment of Cd, Cu, Zn and Ni from the nZVI surface. 
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Nevertheless, the Cr was not released to the solution, probably due to the fact that it is the only 

element that was incorporated to the nZVI core. 

 The influence of several conditions on the release of the heavy metals was studied. Iron 

concentration showed to increase the time at which the release of the heavy metals was 

produced, but did not have influence on the final concentration reached in the solution. The 

addition of stabilizers shortened the release time, due to the decrease of the available surface 

area of the nZVI. The use of anaerobic conditions did not have a significant effect in the release 

of the heavy metals. Finally, it was proved that maintaining the pH ~8, the release of the 

contaminants to water was avoided. 

 Therefore, as a conclusion of the results of this chapter, it was recommended that, if 

alkaline conditions cannot be assured in remediation sites, only Cr can be certainly removed by 

the application of nZVI. 

Chapter 3 

 nZVI were applied to the degradation of sulfur containing compounds in a gas stream, 

which is the first study of this application found in the literature. nZVI were reported to have 

removal capacities for H2S and DMDS of 161.5 and 1380 mg/gFe respectively for initial 

concentrations of 10 and 8000 ppm respectively. Both removal capacities for H2S and DMDS 

increased with the iron loading and with initial contaminant concentration. H2S was degraded to 

FeS2 in a first step and then oxidized to sulfate due to the oxygen presence in the aqueous 

solution, as proved by XPS analysis in nZVI surface after the reaction. 

 With regards to the DMDS elimination by nZVI, it was demonstrated that the process of 

degradation was feasible both at neutral and acidic pH values. The increase in iron amount 

enhanced the DMDS degradation capacity of the nZVI up to a limit, when the oxidation of the 

nZVI avoided a further improvement in DMDS elimination. The main product of the reaction, 

indentified by GC/MS, was methyl mercaptan, followed by DMS and methane. The use of 

bimetallic Fe/Ni nanoparticles improved the selectivity of the reaction that completely reduces 

DMDS to give methane, which is not odorous as DMS and methyl mercaptan. 

 The nZVI were shown to be effective during 9 days of experiment at a pilot-scale plant, 

degrading the sulfur compounds present in a gas stream of a WWTP from an ice-cream 

manufacturing plant. The sulfur compounds present in the air stream were DMDS, DMS, 

carbon disulfide and ethyl methyl disulfide, which were removed with an average efficiency of 

79% at the conditions studied.  
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Chapter 4 

 The optimal conditions for 2,4-D degradation at the natural pH of the aqueous solution 

(3.4) were determined to be 10 mM of H2O2 and a nZVI dose of 0.9 mM for an initial 

concentration of 100 ppm of 2,4-D. The degradation efficiency was 99.95% after only 10 

minutes of reaction when these conditions were applied. The increase of pH to circumneutral 

values resulted in a detriment on the degradation rate, although the final degradation efficiency 

achieved was the same as when using the natural pH of the pesticide solution (3.4). However, 

photo-Fenton experiments revealed a significant improvement of 2,4-D degradation rate at 

higher pH with respect to Fenton experiments, achieving a 99.9% degradation after 130 min at 

both pH 5 and 7. The reason was ascribed to the capacity of UV light of regenerating Fe2+ from 

Fe3+. 

 The main intermediates of the process were identified to be 3,5-dichlorocatechol, hydroxy-

2,4-dichlorophenoxyacetic acid and chloro-2,2,2-trichloroacetate. A degradation mechanism 

was accordingly proposed, in which 2,4-D was degraded throughout the substitution of chlorine 

atoms by hydroxyl radicals, by the hydroxylation through ·OH radicals, and by the breakage of 

the aromatic rings. The only compound detected by HPLC at the reaction end was chloro-2,2,2-

trichloroacetate. Traces of oxybiphenyl chlorinated compounds were identified when non-

optimal conditions were applied. Consequently, it is suggested that organochlorinated 

compounds should be monitored after 2,4-D Fenton oxidation in order to prevent potential 

contamination to the environment with byproducts of 2,4-D degradation. 

Chapter 5 

 It was proven that PCDD/Fs are present in nZVI synthesized by the wet chemical reduction 

method when iron (III) chloride is used as a source of iron. Iron chloride was demonstrated to 

be the source of the PCDD/Fs detected in the nZVI particles. During the synthesis of the nZVI, 

the PCDD/Fs were suggested to be transferred from iron chlorides to nZVI. Among the 

PCDD/F isomers identified, hepta- and octa-chlorinated PCDD/Fs were the most abundant ones 

both in ferric chloride and nZVI, with much higher concentrations of PCDFs than PCDDs. 

There were slight differences in the patterns between ferric chloride and nZVI particles that 

influenced their respective total WHO-TEQ values, which may indicate a transformation of the 

PCDD/Fs during the nZVI synthesis process. 

 As a conclusion of the work developed in this chapter, it was recommended that, if nZVI 

particles are produced through the wet chemical reduction method using iron chloride for 

environmental remediation, the possible presence of PCDD/Fs in nZVI should be meaningfully 
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considered, and a preliminary cleaning treatment should be performed before using the nZVI 

particles.   

Chapter 6 

 In this chapter, thin layer carbon-encapsulated nZVI particles of very low size (4.4 nm) 

were obtained using olive mill wastewater as a raw material through a hydrothermal 

carbonization process. The use of OMW, which is a waste stream, as a feedstock for the 

production of carbon-encapsulated nanoparticles shows a green chemistry approach to produce 

cheaper nanoparticles. The nanomaterial properties obtained were superior compared to other 

encapsulated nZVI synthesized by similar methods but using glucose or sucrose as a 

carbonaceous source. This was ascribed to the polyphenols present in the OMW. The OMW-

CE-nZVI had, in addition of lower sizes, high surface areas (up to 190 m2/g) and a very good 

distribution of iron thorough the particles. 

 The HTC temperature and heating time did not show a strong influence in the 

characteristics of the nanoparticles obtained. An increase in the crystallinity and a decrease in 

the total amount of nanomaterial synthesized were observed when increasing time and 

temperature, and the optimal temperature to maximize the BET surface area of the OMW-CE-

nZVI was shown to be between 200ºC and 225ºC. 100% incorporation of iron in the material 

was obtained when using temperatures above 200ºC. On the contrary, the ratio of iron to carbon 

had a strong influence in the structure and surface area of the material. The optimal molar ratio 

of iron to carbon to obtain the maximal surface area was 0.05. 

 The post-treatment of the encapsulated nanoparticles at high temperatures under nitrogen 

increased the percentage of zero valent iron in the samples from 4.5% to 15.5% at the 

temperature of 800ºC. Although the post-treatment produced the sintering of the nanoparticles 

to larger sizes (46 nm), the surface area of the material increased at temperatures of 600ºC and 

700ºC due to lower aggregation of the sample and to the increment of porosity of the carbon 

layer.  

Chapter 7 

 The application of the encapsulated nZVI in the contaminant remediation of heavy metals, 

H2S, DMDS and 2,4-D revealed significant advantages compare to conventional nZVI. 

 Regarding heavy metal removal, the encapsulated nanoparticles were capable of avoiding 

the aging effect of conventional nZVI, which produces the delivery of the heavy metals that had 

already been eliminated by nZVI again to the water due to nZVI oxidation at long time periods. 

The removal efficiencies of the different heavy metals achieved by CE-nZVI-PT and nZVI were 
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similar, but CE-nZVI did not show any release of the heavy metals back to the solution. 

However, the degradation rate was slower with CE-nZVI-PT probably due to the carbon layer 

covering the nZVI.  

 Concerning the application of CE-nZVI-PT for the oxidation of the herbicide 2,4-D, the 

material showed better degradation efficiencies than conventional nZVI. Furthermore, and more 

importantly, the encapsulated nZVI protected the iron of being released to the solution, and thus 

the dissolved iron concentration at the reaction end was much lower than with nZVI, especially 

when applying UV-light. 

 Finally, the application of encapsulated nZVI for H2S abatement from an air stream 

achieved an outstanding uptake capacity by CE-nZVI-PT of 4180 mg/g, which is much higher 

than that achieved with other materials in previous studies. Therefore, the results obtained in 

this chapter lead to promising applications of CE-nZVI-PT in odor removal.   

  

8.2 OUTLOOK 

 As a result of the conclusions reached from this thesis, future work is recommended in 

order to continue with the research of the areas covered in the work. Regarding the removal of 

heavy metals from water, it would be interesting to test if the release of the contaminants back 

to water is observed also with other contaminants, such as As, nitrates, Se, etc. 

 Concerning the study of the removal of sulfurous compounds, further studies dealing with 

the degradation of other pure compounds, such as DMS, carbon disulfide, methyl mercaptan 

and ethyl methyl mercaptan is recommended. Moreover it is recommended to perform a longer 

pilot plant scale test in order to reach the following objectives: obtain the actual uptake capacity 

of the nanomaterial at pilot scale and determine the period in which nZVI can be used before it 

loses its capacity of removal of the contaminants. In addition, an experiment at pilot-scale with 

CE-nZVI would be also very interesting, since it has shown an outstanding removal capacity of 

H2S. 

 At the view of the conclusions reached in Chapter 5 of the thesis, further investigation of 

these aspects is recommended: (i) determination of the potential risk of PCDD/Fs transfer into 

the environment from nZVI; (ii) analysis of the PCDD/F content of broader spectra of ferric 

chloride samples; and (iii) study of the possible presence of PCDD/Fs in coagulants used for 

wastewater treatment. Any correlation between PCDD/F and iron content in sewage sludge 

samples could provide a deep approach for the latter recommendation in particular. 
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 Lastly, it would be relevant for future research to further study the mechanism with leads to 

the formation of nano-sized carbon-encapsulated spheres when using OMW as a feedstock of 

hydrothermal carbonization. The synthesis of carbon-encapsulated nanoparticles using pure 

polyphenols as a carbonaceous source may be performed in order to determine if their use lead 

to the formation of high surface areas, great iron incorporation and low sizes of the 

nanoparticles. 
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INTRODUCCIÓN 

Esta tesis se centra en la síntesis y aplicación de nanopartículas de hierro de valencia cero, 

comúnmente denominadas nZVI por sus siglas en inglés, para la eliminación de contaminantes 

presentes tanto en el agua como en el aire. En concreto, la polivalencia de estas nanopartículas 

ha sido evaluada mediante su aplicación en la eliminación de los siguientes contaminantes: 

metales pesados (Cr, Cd, Ni, Cu y Zn) y pesticidas (ácido 2,4-diclorofenoxiacético o 2,4-D) 

presentes en aguas residuales debido a actividades industriales como el acabado de productos 

metálicos, la producción de pigmentos o la fertilización de cosechas; y compuestos de azufre 

presentes en fase gas causantes de malos olores en las estaciones depuradoras de aguas 

residuales (EDAR). Además, en el presente trabajo se ha desarrollado un método novedoso para 

la síntesis de nZVI consistente en la carbonización hidrotérmica (HTC) de un residuo de una 

productora de aceite de oliva. De esta manera, se consiguen cumplir los principios de 

sostenibilidad, ya que es posible obtener un nanomaterial valioso a partir del aprovechamiento 

de un residuo que actualmente es tratado en plantas de tratamiento de aguas residuales con 

grandes dificultades debido a su fitotoxicidad  [1].  

En las últimas décadas, se ha producido un gran nivel de industrialización y urbanización 

en nuestra sociedad, lo cual está afectando seriamente al medioambiente debido a la producción 

de residuos y gases contaminantes que son continuamente emitidos al agua, suelo y atmósfera. 

Según la Organización Mundial de la Salud (OMS), en el año 2015 más de 2 mil millones de 

personas no tenían acceso a agua limpia [2]. Además, la agencia europea de medioambiente 

(AEMA) estimó que existían más de 3 millones de emplazamientos contaminados en sus 

estados miembros en 2007 [3]. Igualmente, se estima que el 89% de la población vive en áreas 

cuya contaminación atmosférica supera los límites establecidos por la OMS (10 mg/m3 de 

partículas finas [4]). Por todos estos motivos, es cada vez más urgente proporcionar una 

solución a la contaminación antropogénica con el objetivo de conseguir un desarrollo sostenible 

y preservar los recursos naturales para las generaciones futuras. 

Paralelamente, en las últimas dos décadas se ha producido un desarrollo espectacular de la 

nanotecnología, la cual ha generado mucha atención debido a la posibilidad de fabricar 

nanomateriales con altas relaciones superficie-volumen y excelentes propiedades para la 

eliminación de contaminantes [2]. Cuando el tamaño de partícula disminuye, existe una mayor 

proporción de átomos superficiales, los cuales tienen su valencia insatisfecha. Dichos átomos 

muestran una reactividad elevada con el objetivo de alcanzar la estabilidad de carga [5, 6]. Estas 

propiedades pueden aprovecharse para la eliminación de compuestos contaminantes. De esta 

manera, su eliminación puede realizarse empleando menores cantidades de material y pueden 

obtenerse productos de degradación con menor toxicidad. De hecho, según los datos publicados 
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por la empresa BCC Research en Septiembre de 2015, el volumen de negocio de la 

nanotecnología para aplicaciones medioambientales alcanzó la cifra de 23400 millones de 

dólares en 2014, y se estima que este valor supere los 40000 millones de dólares en 2020.  

Entre los nanomateriales que se han estudiado para la eliminación de contaminantes, las 

nanopartículas metálicas han demostrado ser las más versátiles y, entre ellas, las nZVI son las 

más prometedoras debido a su versatilidad, relativamente bajo coste y reactividad elevada [7]. 

El hierro como elemento posee un gran poder reductor (E0 = -0.44 V), no es tóxico, y además es 

magnético, lo que permite separar las nanopartículas después del tratamiento mediante la 

aplicación de un campo magnético. Además, las nZVI poseen una estructura diferente en el 

centro o núcleo de la partícula y en la superficie de ésta, tal y como puede observarse en la 

Figura 1 [5]. El núcleo de las nanopartículas está compuesto por hierro metálico, y actúa como 

fuente de electrones, promoviendo las reacciones de reducción de compuestos. En cuanto a la 

superficie o corteza de las nZVI, aunque su composición exacta depende del método empleado 

para la síntesis de las nanopartículas, tiene una estructura y composición similar a la existente en 

la superficie de los óxidos de hierro cuando se sumergen en agua [8-10]. En las nZVI 

sintetizadas en medio acuoso, la capa de óxido está formada principalmente por oxihidróxido de 

hierro (FeOOH) y tiene un espesor de aproximadamente 3 nm [2]. Además, la corteza de las 

nZVI tiene oxígeno, vacantes y trazas de boro, lo cual le confiere la existencia de una elevada 

heterogeneidad confinada en un espacio de unos pocos nanómetros. Por todos estos motivos, la 

superficie de las nZVI es muy reactiva, permitiendo la adsorción, formación de complejos 

superficiales, interacciones electrostáticas y actuando como transporte de los electrones desde el 

núcleo de las nanopartículas [11]. 

 
Figura 1. Imagen de las nZVI obtenida mediante microscopía electrónica de transmisión (TEM) en 

la que se puede apreciar el núcleo y la corteza de las nanopartículas.  

Debido a la estructura característica de las nZVI, éstas son capaces de actuar mediante 

múltiples mecanismos para la eliminación de los compuestos contaminantes, tal y como se 

muestra en la Figura 2. Estos mecanismos incluyen la adsorción, reducción, co-precipitación, la 

formación de complejos superficiales y, en presencia de oxígeno o agua oxigenada, la oxidación 
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[2]. Por lo tanto, las nZVI son capaces de degradar un amplio rango de contaminantes muy 

diversos, como por ejemplo compuestos orgánicos halogenados, metales pesados, colorantes, 

pesticidas y nitratos [6-10].  

 

Figura 2. Esquema de los diferentes mecanismos de eliminación de contaminantes mediante las 
nZVI. 

Los métodos de síntesis de las nZVI se dividen entre los métodos bottom-up y top-down, 

los cuales aparecen descritos en la Figura 3. Los métodos bottom-up consisten en la síntesis de 

nanopartículas a partir de la nucleación, deposición o precipitación de los átomos, los cuales se 

agrupan hasta formar pequeños conjuntos de átomos que finalmente dan lugar a las 

nanopartículas [12]. Ejemplos de métodos bottom-up incluyen la precipitación reductiva en fase 

acuosa, o la condensación de vapor atómico [13]. Por el contrario, las técnicas top-down 

consisten en fraccionar partículas de tamaño mili o micrométrico hasta obtener partículas de 

tamaño nanométrico. Entre las técnicas top-down, se encuentran la molienda o de la litografía 

[14].  

 

Figura 3. Esquema sobre los métodos top-down y bottom-up para sintetizar nZVI. 

Actualmente, el método más común para la síntesis de nZVI es la reducción de sales de 

hierro mediante borohidruro de sodio, también conocido como precipitación reductiva en medio 

acuoso. Este método es muy simple, ya que se realiza a presión y temperatura ambiente y no 

requiere de equipos complejos para llevarse a cabo [15]. Sin embargo, su coste es elevado 

debido al alto precio del borohidruro de sodio, el cual además es tóxico, y es difícil de 
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implementar a mayor escala. Como producto de la reacción se producen cantidades elevadas de 

hidrógeno, y tras la síntesis son necesarias varias etapas de lavado de las nanopartículas 

sintetizadas con el objeto de eliminar los restos del borohidruro, el cual se aplica en exceso para 

la reacción [16].  Por tanto, actualmente la producción a escala industrial de nZVI se lleva a 

cabo mediante la reducción de óxidos de hierro a alta temperatura [17]. Este método es más 

fácilmente escalable, pero por el contrario exhibe costes de implementación muy elevados. Así 

pues, el coste actual de las nanopartículas de hierro estriba entre los 60-190 $ por kg [5]. 

Actualmente se están desarrollando otros métodos de producción de nZVI, como la molienda o 

los procesos electroquímicos, aunque todavía se encuentran a escala de laboratorio [18]. 

A pesar de las ventajas que han demostrado tener las nZVI para la descontaminación 

ambiental, su aplicación generalizada y a escala real está viéndose limitada, por un lado, debido 

al elevado coste actual de las nZVI, y por otro, debido a la falta de estabilidad y alto grado de 

agregación de las nanopartículas [19]. La reactividad elevada de las nZVI, que produce que sean 

apropiadas para la eliminación de contaminantes, provoca al mismo tiempo que reaccionen con 

otros compuestos, como el agua y el oxígeno disuelto, lo cual acelera su oxidación y resulta en 

una disminución de su reactividad hacia los compuestos deseados [20]. Por este motivo, 

recientemente se están estudiando varias modificaciones de las nZVI con el objetivo de 

aumentar su estabilidad, reactividad y área superficial. Los métodos para la modificación de 

nZVI incluyen: la adición de un segundo metal en su superficie [20], el recubrimiento de su 

superficie con sustancias orgánicas hidrófilas o anfifílicas [21],  la deposición de nZVI en 

soportes [22] o su encapsulación en una matriz, por ejemplo, de carbono [23] . En la Figura 4 se 

presenta un diagrama en el que se resumen los diferentes métodos de modificación de las nZVI 

existentes: 

  

Figura 4. Resumen de las diferentes modificaciones de las nZVI con el objetivo de mejorar sus 
propiedades para la eliminación de contaminantes. 
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Por tanto, como ha sido descrito, las nZVI disponen de un gran potencial para la 

eliminación de una amplia variedad de contaminantes y representan una solución prometedora 

para la descontaminación medioambiental. Sin embargo, su aplicación real aún no se ha 

extendido debido a diversos factores. Por un lado, las nZVI tienden a agregarse 

espontáneamente debido a las interacciones dipolo-dipolo entre partículas, fuerzas de van der 

Waals e interacciones magnéticas, lo cual disminuye el área superficial disponible para eliminar 

los contaminantes [24]. Por otro lado, la alta reactividad de las nZVI causa que éstas reaccionen 

con el agua y el oxígeno disuelto, disminuyendo su efectividad hacia la eliminación de los 

contaminantes. Además, los costes de los métodos actuales empleados para la síntesis de nZVI 

son demasiado elevados en comparación a los bajos costes que normalmente conllevan los 

procesos de eliminación de contaminantes. Por último, los estudios actuales sobre la 

descontaminación medioambiental con nZVI se desvían demasiado de las aplicaciones reales, 

tales como aguas contaminadas con más de un compuesto. Asimismo, es común encontrar 

estudios en los que se muestran tiempos de reacción muy cortos, del orden de minutos o pocas 

horas. Sin embargo, una de las aplicaciones más prometedoras de las nZVI es en la eliminación 

de contaminantes en acuíferos y en el sub-suelo, lo cual conlleva tiempos de reacción de varios 

días, semanas o meses. Por todo lo comentado, los objetivos concretos que se plantean tras la 

consecución de la presente tesis son: 

- Estudiar la eliminación de una mezcla de varios metales pesados en un agua 

contaminada durante largos tiempos de reacción para aproximarse lo más posible a las 

condiciones reales. 

- Investigar la aplicación de nZVI en la degradación de compuestos de azufre causantes 

de malos olores en las EDAR, de lo cual no existe ningún estudio previo en la 

bibliografía. 

- Estudiar la viabilidad de emplear las nZVI como catalizador del proceso Fenton para la 

eliminación de pesticidas a pH neutros. 

- Determinar la presencia de dibenzo-p-dioxinas y dibenzofuranos (PCDD/Fs) en la 

superficie de las nanopartículas. 

- Desarrollar un método de síntesis de nZVI que implique un menor coste de producción 

de las nZVI y, al mismo tiempo, permita producir nZVI encapsuladas para aumentar la 

efectividad y disminuir la agregación de las nZVI. Dicho método consiste en la 

carbonización hidrotérmica de agua residual de la industria productora de aceite de 

oliva, con lo cual se aprovecha un residuo para la producción de un material de elevada 

calidad.  
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- Determinar la eficiencia de dichas nanopartículas encapsuladas en la eliminación de 

todos los contaminantes estudiados en la tesis, realizando una comparación con el 

comportamiento observado para las nZVI convencionales. 

 

RESULTADOS 

En el capítulo 2 de la presente tesis, las nZVI se aplicaron a la eliminación de una 

disolución contaminada con 100 ppm de cada uno de los siguientes metales: Zn, Cd, Ni, Cu y 

Cr; los cuales se encuentran entre los metales pesados más comunes presentes en aguas 

superficiales y residuales. Los resultados demostraron que las nZVI eliminaron todos los 

elementos con mucha efectividad: empleando una concentración de 2 g/L de nZVI en la 

solución, se alcanzaron eficiencias de eliminación del 99.9% para el Zn, Cu y Cr; del 84.4% 

para el Ni y del 68.4% para el Cd en tan sólo 5 min; y éstas superaron el 99.9% para todos ellos 

tras 2 h de reacción (ver Figura 5). Sin embargo, a partir de las 5 h, algunos de los metales 

empezaron a ser liberados otra vez a la disolución. Concretamente, el porcentaje de liberación 

de los metales al agua tras 24 h de reacción alcanzó valores del 44% y 21% para el Cd y Ni 

respectivamente, y tras 21 días superó el 65% y el 27%. En lo que respecta al resto de 

elementos, el Cu y el Zn fueron liberados otra vez a la disolución en porcentajes menores: 0.4 y 

0.6% respectivamente tras 21 días de reacción. Por el contrario, no se observó ningún aumento 

en la concentración de Cr en la disolución tras los 21 días de duración de la reacción, siendo 

dicho elemento el que se eliminó con un mayor porcentaje (99.998%).  

 

Figura 5. Evolución de la concentración de los metales durante la reacción con nZVI. Condiciones 
de reacción: [Ci]0=100 mg/L, [nZVI]0 =2.0 g/L, pH0=4.0. 

Con el objetivo de estudiar el fenómeno de liberación de los metales pesados en más 
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disolución. Los resultados demostraron que, a menor concentración de hierro, el tiempo al cual 

comenzaba la liberación de los metales al agua era menor (ver Tabla 4). Sin embargo, la 

concentración final alcanzada por los metales en la disolución demostró ser independiente de la 

cantidad de nZVI empleada en la reacción. Por último, se demostró que, si se realizaba el 

experimento en condiciones de pH constantes y neutras, se conseguía evitar la redisolución de 

los metales en el agua, tal y como se muestra en la Figura 6. 

Tabla 4. Valores característicos del proceso de redisolución de los metales pesados para diferentes 
concentraciones de nZVI. 

nZVI (g/L) LT (h) pHmax pHf LPZn (%) LPCd (%) LPNi (%) LPCu (%) LPCr (%) 

1 3.0±0.2 6.6±0.2 5.9±0.3 69.3±2.3 98.2±3.4 98.5±2.1 27.8±0.8 0.0±0.0 

2.0 3.1±0.3 8.8±0.1 6.6±0.0 2.2±0.2 66.0±1.3 25.9±0.3 0.3±0.1 0.0±0.0 

2.5 22.6±0.4 8.9±0.2 6.1±0.2 1.5±0.5 65.5±4.3 19.3±1.5 1.8±0.8 0.0±0.0 

5 53.8±4.6 8.9±0.2 5.7±0.7 1.5±0.7 60.6±1.9 28.0±4.0 2.3±0.7 0.0±0.0 

LT: tiempo al que se produce la liberación de los metales; pHmax: pH máximo alcanzado durante el 
experimento; pHf: pH al final del experimento; LP: porcentaje de redisolución de los metales al final del 
experimento. 

 

Figura 6.  Experimento en condiciones de pH constantes (pH: 7.5-8.5). Condiciones de reacción: 
[Ci]0=100 mg/L, [nZVI]0 =2.5 g/L, pH0=8. 

El motivo por el cual el Cr no se redisuelve en el agua a tiempos largos de reacción, como 

el resto de los metales estudiados, puede deberse a que este elemento, tal y como se demuestra 

en el estudio de Pullin y colaboradores (201), se incorpora en la estructura de las nZVI en forma 

de oxihidróxido de Fe y Cr [25]. Por el contrario, según la bibliografía, el Ni y el Cu se eliminan 

por adsorción (sumada a la reducción parcial química en el caso del Cu); y el Zn y el Cd 

mediante adsorción y formación de complejos superficiales [5, 26]. Por tanto, la incorporación 

del Cr en capas más profundas de las nZVI podría explicar el que éste no sufra su liberación a la 

disolución tras la oxidación de las nZVI. Con el objetivo de comprobar dicha hipótesis, se 
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realizó un análisis de espectrometría de dispersión de energía de rayos X (EDS  por sus siglas en 

inglés) de las nZVI en su momento de mayor eliminación de los metales. Como se puede 

observar en la Figura 7, existen agregados adheridos a la superficie de las nZVI tras la reacción 

con los metales pesados. El análisis EDS de dichos agregados determinó la presencia de Zn, Cd 

y Ni. Sin embargo, en ninguno de los agregados se consiguió identificar el Cr. Por el contrario, 

al realizar el mismo análisis en el núcleo de las nZVI, se pudo comprobar que el Cr era el único 

metal presente, además del O y Fe. Por tanto, se demostró que el Cr era el único elemento 

incorporado al núcleo de las nanopartículas, y que por este motivo no era liberado de nuevo a la 

disolución tras la oxidación de las nZVI a tiempos largos de reacción. 

 

Figura 7. Imágenes TEM de las nZVI a 4 h de reacción, coincidiendo con el tiempo en el que la 
eliminación de todos los elementos era superior al 99.9%. También se presentan los análisis EDS de 
las áreas seleccionadas en las imágenes 7b y 7c. a) Vista general de las nanopartículas reaccionadas; 

b) Detalle de uno de los agregados adheridos a la superficie de las nZVI; c) Detalle del núcleo de 
una de las nanopartículas. Condiciones de reacción: [Ci]0=100 mg/L, [nZVI]0=2.0 g/L, 

pH0=4.0. 

En el tercer capítulo de la tesis se estudió la aplicación de las nZVI en la eliminación de 

compuestos de azufre presentes causantes de mal olor en las EDAR. En concreto, los 

compuestos objeto de estudio fueron el sulfuro de hidrógeno (H2S) y el disulfuro de dimetilo 

(DMDS), los cuales son molestos a concentraciones en fase gas tan bajas como 0.5 y 0.1 ppb 

respectivamente. Además, también se realizó una prueba a escala piloto en la que se aplicaron 

las nZVI en una torre de lavado de gases para eliminar los compuestos de azufre causantes de 

olor en una EDAR industrial.  

En lo que respecta a la eliminación de sulfhídrico, se alcanzaron capacidades de 

eliminación de 161.5 mg/g, y se comprobó que la capacidad de eliminación de las nZVI 
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aumentaba con la concentración de H2S de entrada. El análisis de espectroscopía fotoelectrónica 

de rayos X (XPS) de la superficie de las nZVI tras la reacción con el H2S reveló que el azufre se 

encontraba en forma de sulfato en la superficie de las nZVI. Consecuentemente, se propuso el 

siguiente mecanismo de reacción: 

H2S + Fe FeS + H2 (1) 

2FeOOH H2S 2FeS 1 8S8 H2O 
(2) 

FeS 1 8S8 FeS2 
(3) 

FeS2 7 2 O2 H2O Fe2 2SO4
2 2H  

(4) 

FeS2 14Fe3 8H2O 15Fe2 2SO4
2 16H  

(5) 
 

Fe2 1 4 O2 H Fe3 1 2 H2O 
(6) 

En lo que respecta a la degradación de DMDS con nZVI, se obtuvieron capacidades de 

eliminación de 1.4 mg DMDS/gFe. Un análisis mediante cromatografía de gases acoplada con 

espectrometría de masas (GC-MS) de la corriente de salida del reactor permitió identificar los 

productos de la reacción. Sorprendentemente, además del metano (ver reacción 7), que es el 

producto principal de la reacción esperada de degradación de DMDS por parte del Fe, también 

se identificaron metil mercaptano y sulfuro de dimetilo (DMS) como subproductos de la 

reacción. En la Figura 8 se representa la evolución del DMDS y los productos de la reacción. 

Como puede observarse en la figura, el subproducto más abundante detectado fue el metil 

mercaptano, el cual también es un compuesto oloroso y por tanto, es indeseable su formación. 

Una vez identificados los productos de la reacción, se propusieron las siguientes reacciones de 

eliminación de DMDS por las nZVI. 

 

Figura 8. Evuolución de la concentración de DMDS y los subproductos de su reacción de 
degradación con nZVI. Condiciones de reacción: [Fe]0=160 mM; m· =0.034 molDMDS/h/molFe; 

Qgas=54 L/h. El MDS y el metil mercaptano están representados en el eje principal, y el metano y el 
DMS en el secundario. 
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CH3-S-S-CH3 +3 Fe + 2H+ 2FeS + 2CH4 + Fe2+ (7) 

CH3-S-S-CH3+ Fe0+2H+ 2CH3-S-H+Fe2+ 
(8) 

CH3-S-S-CH3+Fe0 CH3-S-CH3+FeS 
(9) 

Con el objetivo de aumentar la selectividad de la reacción (7) con respecto a las reacciones 

(8) y (9) y de esta manera minimizar la cantidad de metil mercaptano y DMS producidas, se 

realizaron experimentos con nanopartículas bimetálicas de Fe/Pd, Fe/Ni y Fe/Cu. Los resultados 

mostraron una disminución del 12%, 30 y 43% de la capacidad de eliminación del DMDS por 

parte de las nanopartículas bimetálicas de Fe/Pd, Fe/Cu y Fe/Ni respectivamente. Sin embargo, 

las nanopartículas de Fe/Ni demostraron ser más selectivas para la formación de metano, tal y 

como se muestra en la Figura 9. De hecho, un experimento empleando nanopartículas 

únicamente formadas por Ni dio como único producto de la reacción metano, aunque la 

eficiencia de degradación en este caso fue 10 veces menor a las nZVI. Por tanto, los resultados 

sugieren que la adición del Ni a las nZVI mejora la ruptura del enlace S-S en lugar del enlace C-

S, por tanto promoviendo la reacción deseada para dar metano. 

 

Figura 9. Concentración de metano usando nZVI y nZVI bimetálicas con Ni, Cu o Pd. [Fe]= 80mM; 
flujo molar de entrada de DMDS=1.426 mmol/h. 

Por último, se realizó un experimento en escala planta piloto en el que se añadieron las 

nZVI a una torre de absorción de gases para eliminar los olores de una EDAR de una industria 

de fabricación de helados. En primer lugar se identificaron los compuestos de azufre existentes 

en la EDAR mediante GC-MS, que resultaron ser el DMDS, DMS, disulfuro de carbono y metil 

etil disulfuro, siendo el compuesto más abundante el DMDS. Para realizar el seguimiento de la 

eficiencia de eliminación de los compuestos con las nZVI, se analizaron las corrientes de 

entrada y salida con un analizador de azufre reducido por fluorescencia UV Serinus 57 que 

permitía determinar la concentración de azufre total. En lo que respecta a la entrada de 
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adsorción, la concentración de azufre total varió a lo largo del experimento entre los 40 ppb y 

los 15.6 ppm. Las variaciones en la corriente de entrada se deben a que la carga orgánica del 

agua residual que llega a la EDAR variaba mucho tanto a lo largo del día como a lo largo de la 

semana. Los resultados del experimento piloto demostraron que las nanopartículas se mostraron 

activas durante 9 días, consiguiendo una eficacia media de eliminación de azufre del 79%, 

llegando incluso al 99% durante algunos momentos (ver Figura 10). La capacidad de adsorción 

de las nZVI durante el experimento fue de 20.9 mgS/gFe. Sin embargo, este valor podría ser 

más elevado, ya que el experimento tuvo que finalizarse cuando la eficiencia de eliminación de 

las nZVI era aún del 84%.  

 

 

Figura 10. Resultados del experimento de eliminación de olores con las nZVI a escala piloto. a) 
Concentración de entada y salida de azufre total; b) Eficiencia de eliminación de S total. 

Condiciones del experimento: caudal total de gas: 440 m3/h; [Fe]=3g/L. 

En el cuarto capítulo de la tesis, las nZVI se aplicaron a la oxidación del pesticida ácido 

2,4-diclorofenoxiacético (2,4-D) mediante el proceso Fenton. El proceso Fenton consiste en la 

oxidación de los compuestos orgánicos mediante la producción de radicales hidroxilo a partir de 

ión ferroso (ver ecuación (10)) [27]. Normalmente, en el proceso Fenton homogéneo, se utilizan 

sales de hierro como fuente productora del ion ferroso. Sin embargo, este proceso tiene algunas 

desventajas: se requieren altas cantidades de sales de hierro para conseguir altas eficiencias de 

eliminación, produciendo una alta concentración de hierro en el agua al final del tratamiento. 
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Esto incrementa los costes del proceso ya que se requiere un tratamiento posterior de las aguas 

previo a su vertido a la red de alcantarillado [28]. Además, el proceso homogéneo sólo es 

efectivo a pHs ácidos (~ 2.8), lo cual de igual manera aumenta los costes de tratamiento [29].  

Fe2++ H2O2 → Fe3+ + ·OH + HO- (10) 

El proceso Fenton puede mejorarse con la utilización de catalizadores sólidos, lo cual se 

conoce como Fenton heterogéneo. Así pues, las nZVI pueden emplearse como fuente de iones 

ferroso con el objetivo de, por un lado aumentar el pH al cual puede efectuarse el proceso, y por 

otro disminuir la cantidad de hierro liberado al agua, ya que el Fe3+ queda en realidad 

“inmovilizado” en la estructura del catalizador [29]. En este caso, las reacciones características 

del proceso Fenton son las siguientes [30]: 

Fe0 + H2O2 + 2H+ → Fe2+ + 2H2O (11) 

2Fe3+ + Fe0 → 3Fe2+ (12) 

Los resultados mostraron que las condiciones óptimas para la degradación de 2,4-D al pH 

natural de la disolución (pH=3.4) fueron 0.9 mM de nZVI y 10 mM de H2O2. En estas 

condiciones, se obtuvo una degradación del 99.9% tras tan sólo 10 min de reacción. El aumento 

del pH inicial de la disolución a 5 y 7 produjo una disminución de la velocidad de eliminación 

de 2,4-D debido a la más lenta liberación de Fe2+ a mayores valores de pH. Sin embargo, el 

valor de degradación de 2,4-D alcanzado al final de la reacción fue el mismo que para un pH 

inicial de 3.4. 

Sin lugar a dudas, el resultado más prometedor de este capítulo fue que, al aplicar luz UV a 

la disolución, lo cual se conoce como proceso foto-Fenton, se consiguieron velocidades de 

eliminación similares a las observadas a pH ácido. Además, la eficiencia de eliminación del 2,4-

D alcanzada también fue similar al caso del experimento en condiciones ácidas. Esto puede 

deberse a que la radiación UV favorece la regeneración de Fe2+ a Fe3+, tal y como se muestra en 

la siguiente reacción: 

FeOH2++ hv → Fe2++ ·OH (13) 

Por último, se identificaron los compuestos de degradación del 2,4-D mediante HPLC/MS, 

obteniendo que los subproductos más abundantes eran el 3,5-diclorocatecol, el cloro-2,2,2-

tricloroacetato y el ácido hidroxil-2,4-diclorofenoxiacético. Sin embargo, todos estos 

compuestos fueron totalmente degradados al final de la reacción a excepción del cloro-2,2,2-

tricloroacetato, el cual fue el único compuesto detectado al final de la reacción. Según la 

bibliografía existente, los compuestos detectados son degradados finamente a ácidos orgánicos 

como el ácido maleico por los radicales hidroxilo, los cuales finalmente son mineralizados a 

ácidos orgánicos más simples como el oxálico y finalmente a CO2 [31]. A partir del 
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conocimiento de los subproductos de la reacción, fue posible proponer un mecanismo de 

degradación del 2,4-D por las nZVI, el cual aparece representado en la Figura 10. 

 

Figura 11. Mecanismo de reacción propuesto para la eliminación de 2,4-D mediante Fenton 
heterogéneo con nZVI. 

En el capítulo 5 de la tesis, se estudió la presencia de PCDD/Fs en la superficie de las 

nZVI, tanto sintetizadas en el laboratorio mediante el método de precipitación reductiva en 

medio acuoso, como las nanopartículas comerciales. Este estudio ha venido motivado por 

resultados de trabajos previos en los que se comprobó que la aplicación de nZVI en el 

tratamiento térmico de diversos materiales, como PVC o suelos contaminados con PCDD/Fs, 

aumentaba el contenido en PCDD/Fs de la fase sólida [32, 33]. Tras realizar el análisis, se 

determinó que tan sólo las nanopartículas sintetizadas en el laboratorio contenían cantidades 

apreciables de PCDD/F, siendo los congéneres más abundantes el HPCDD, HpCDF y OCDF.  

Seguidamente, se analizaron los materiales utilizados para la síntesis de las nZVI para 

tratar de establecer el origen de las PCDD/Fs en las nZVI. Como resultado de estos análisis, se 

determinó que los cloruros de hierro eran los que contenían cantidades significativas de 

PCDD/Fs. En general, se determinó que los PCDFs eran más abundantes que los PCDDs en las 

muestras analizadas, al igual que los PCDD/Fs con mayor número de átomos de cloro 

comparados con los pocos sustituidos. La muestra en la que se identificó un contenido más 

elevado de PCDD/Fs fue la del cloruro de hierro de Sigma Aldrich, el cual alcanzó una 

concentración tóxica equivalente (WHO-TEQ) de 2.1 pg g-1. La concentración de PCDD/Fs 

entre los diversos cloruros estudiados, sin embargo, varió de una muestra a otra, y no pudo 

encontrarse ninguna relación entre el contenido en PCDD/Fs y la pureza o el origen de éstos. 

Por último, se realizó la síntesis de nZVI con el cloruro de hierro que mostró una mayor 

cantidad de PCDD/Fs, comprobando que todas las PCDD/Fs se trasladaban del cloruro de hierro 

a las nZVI durante la reacción de síntesis. Puesto que se emplea una relación 5:1 de cloruro de 

hierro para sintetizar las nZVI, la concentración de éstas se vio incrementada en las nZVI, 
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obteniendo un WHO-TEQ de 34.4 pg g-1. El valor de toxicidad en las nZVI fue mayor al 

esperado debido a que se observó un cambio en el patrón de isómeros hacia la formación de 

congéneres más tóxicos. Por tanto, como resultado de este estudio se recomendó que si las nZVI 

son sintetizadas por el método de precipitación reductiva en medio acuoso, se emplee sulfato de 

hierro, de nitrato u otra sal en lugar del cloruro de hierro para evitar la presencia de dioxinas en 

las nZVI. 

En el sexto capítulo se investigó un método novedoso para la síntesis de nZVI 

encapsuladas en carbón (CE-nZVI), consistente en la carbonización hidrotérmica (HTC) de una 

fuente de carbono en la que previamente se había disuelto nitrato de hierro. Como fuente de 

carbono se emplearon las aguas residuales de la industria productora de aceite de oliva (OMW 

por sus siglas en inglés). Dichas aguas se caracterizan por un elevado contenido en materia 

orgánica, siendo uno de sus compuestos más abundantes los polifenoles, entre los que se 

encuentran el tirosol, los flavonoles, las flavonas, los lignanos e isocromanos [34, 35]. Mediante 

este método se consiguió obtener nanopartículas de muy pequeño tamaño (4.4 nm) rodeadas de 

una fina capa de carbón de menos de 1 nm, con un área superficial entre 110-190 m2/g 

dependiendo de las condiciones de reacción empleadas (ver Figura 12a). La incorporación de 

hierro en las nZVI encapsuladas con respecto a lo previamente introducido en el reactor de HTC 

fue del 100 % para temperaturas mayores a los 200ºC. Las características de estas 

nanopartículas presentan un gran avance con respecto a trabajos previos [16, 36]. En la mayoría 

de los estudios en los que se sintetizan nZVI encapsuladas mediante HTC, se emplea glucosa 

como fuente de carbón, obteniéndose microesferas de carbón de diámetros de 0.25-8 m 

dependiendo de las condiciones de reacción aplicadas (ver Figura 12b) con áreas superficiales 

mucho menores (5-20 m2/g) e incorporaciones de hierro (5-10%) mucho menores a las 

obtenidas en este trabajo.  

 

Figura 12. Imágenes TEM de las CE-nZVI usando como material de partida: a) OMW; b) Glucosa. 
Condiciones de reacción: 200ºC, nFe/nC=0.05; 3 h. 

b)a)

5.56 nm
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Posteriormente, se variaron las condiciones de síntesis del HTC para estudiar su efecto en 

las propiedades finales de las CE-nZVI, obteniendo las condiciones óptimas para la síntesis de 

éstas: temperatura entre 200 y 225ºC, tiempo de reacción de 3 h y relación molar de Fe/C de 

0.05. Con estas condiciones, se obtuvieron CE-nZVI con un área superficial de 180 m2/g, un 

contenido de hierro total del 42.5%, y de hierro metálico del 4.5%. Con el objetivo de 

incrementar el porcentaje de hierro metálico de las CE-nZVI, se les aplicó un post-tratamiento a 

temperaturas elevadas (600-800ºC) bajo 500 mL/min de N2. Los resultados mostraron que el 

contenido de hierro metálico aumentaba a un 6.6%, 13.5% y 15.5% respectivamente al aplicar 

temperaturas de 600, 700 y 800ºC respectivamente. El tamaño de las CE-nZVI tras el post-

tratamiento (CE-nZVI-PT) aumentó a 46 nm. Sin embargo, el área superficial también aumentó 

a 195 y 219 m2/g para las temperaturas de 600ºC y 700ºC respectivamente; con la excepción de 

la temperatura de 800ºC, en la cual el área superficial disminuyó debido a la cristalización del 

carbón y a la sinterización de partículas. El aumento del área superficial observado en las CE-

nZVI-PT a pesar de poseer un mayor tamaño medio de partícula puede deberse a que presentan 

menor agregación, tal y como se puede observar en la Figura 13, y a la mayor porosidad 

desarrollada por el carbón tras el tratamiento térmico. 

 

Figura 13. Imágenes TEM de una de las muestras de CE-nZVI (200ºC, nFe/nC = 0.05, 3 h) tras el 
post-tratamiento con nitrógeno a 600ºC.  

En el séptimo capítulo, se aplicaron las nanopartículas encapsuladas cuya síntesis se 

describió en el capítulo 6 en la eliminación de los contaminantes estudiados a lo largo de la 

tesis. En concreto, se estudió la eliminación de metales pesados, la oxidación de 2,4-D mediante 

el proceso Fenton, y la eliminación de H2S de una corriente de aire. Los resultados mostraron 

que, en general, las CE-nZVI-PT fueron más efectivas en la eliminación de contaminantes que 

las nZVI convencionales. En primer lugar, las CE-nZVI-PT consiguieron evitar la liberación de 

los metales pesados a la disolución tras largos tiempos de reacción, lo cual probablemente sea 
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debido a la capa de carbón que cubre las nZVI. Aunque la velocidad de eliminación fue más 

lenta que la observada utilizando nZVI convencionales, la eliminación final de los metales 

alcanzó valores mayores al 99.9% para el Zn, Cu y Cr, del 99.2% para el Cd y del 97.3% para el 

Ni. Los resultados se muestran en la Figura 14 

 

 

Figura 14. Evolución de la eliminación de metales pesados con el tiempo empleando: a) nZVI 
convencionales; b) CE-nZVI-PT600. Condiciones de reacción: Ci0 = 10 ppm, pHo = 4.7, CFe,0 = 1g/L.  

La aplicación de las CE-nZVI-PT600 para el caso de la oxidación de 2,4-D mediante el 

proceso Fenton heterogéneo consiguió eficacias de eliminación y velocidades de reacción 

similares a las observadas con las nZVI, con las que ya se obtuvieron valores muy elevados. La 
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mayor ventaja de las nanopartículas encapsuladas, sin embargo, radicó en que como 

consecuencia de su aplicación, se liberaron valores muy bajos (< 2 g/L) de hierro al agua tras el 

proceso. Por tanto, de nuevo las nanopartículas encapsuladas demostraron ser más ventajosas 

que las nZVI convencionales. 

Por último, las CE-nZVI-PT600 se aplicaron a la eliminación de sulfuro de hidrógeno, 

obteniendo valores de eliminación de este compuesto mucho mayores que con las nZVI 

convencionales. En concreto, el valor obtenido fue de 4185 mgH2S/gFe, el cual es 7 veces mayor 

al valor teórico dado por la reacción (1) y un orden de magnitud mayor que los valores de 

eliminación alcanzados por otros materiales adsorbentes como el carbón activo o el óxido de 

hierro [37]. Por tanto, la capa de carbón debe tener un efecto catalítico en la eliminación de H2S. 

Por otro lado, el mecanismo de eliminación del H2S mediante las nZVI encapsuladas fue 

diferente al de las nanopartículas convencionales, ya que el análisis XPS de las nanopartículas 

tras la reacción indicó que el azufre estaba presente en forma de S8. 

CONCLUSIONES 

 Mediante la realización de esta tesis se han obtenido las siguientes conclusiones generales: 

- Las nZVI han demostrado ser efectivas y versátiles para la eliminación de una gran 

variedad de contaminantes presentes en el agua y en el aire, como metales pesados (Cr, Zn, 

Cd, Cu y Ni), 2,4-D, H2S y DMDS. 

- Se ha descubierto por primera vez el fenómeno de redisolución de los metales Zn, Cd, Cu y 

Ni al agua a tiempos largos de reacción debido a la oxidación de las nZVI. Dicho 

fenómeno ha demostrado poder ser evitado mediante la realización de la reacción a valores 

de pH elevados (pH= 7-8) o mediante la aplicación de nanopartículas encapsuladas. 

- Se han determinado las condiciones en las que el proceso Fenton de eliminación de 2,4-D 

puede realizarse a pH neutro, lo cual es un gran avance en el estado de la técnica. Dichas 

condiciones consisten en la aplicación de nZVI como catalizador heterogéneo utilizando un 

proceso foto-Fenton con luz UV-C. 

- Se han identificado por primera vez la presencia de PCDD/Fs en la superficie de las nZVI 

sintetizadas por el método de precipitación reductiva en medio acuoso. Se ha determinado 

que el origen de dichas PCDD/Fs son los cloruros de hierro empleados para su síntesis, los 

cuales tienen cantidades significativas de PCDD/Fs, sobre todo de los sustituidos con 7 u 8 

átomos de cloro. Las PCDD/Fs provenientes del cloruro de hierro son adsorbidas por las 

nZVI durante el proceso de síntesis. Por tanto, el empleo de nZVI para la descontaminación 

medioambiental no debería realizarse con nZVI sintetizadas mediante cloruros de hierro, o 

éstos deberían tratarse para eliminar su contenido de PCDD/Fs antes de emplearse para la 

síntesis de nZVI. 
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- Se ha descubierto un método novedoso de síntesis de nZVI encapsuladas en carbón 

empleando HTC como método de síntesis seguido de un post-tratamiento con N2 a alta 

temperatura, y empleando el agua residual de la industria productora de aceite de oliva 

como fuente de carbón. Mediante este método, se ha conseguido obtener nZVI de tamaño 

muy pequeño (4 nm), rodeadas de una fina capa de carbón (1 nm), las cuales tienen un área 

superficial elevada (190 m2/g). Mediante este método se cumplen los principios de química 

sostenible, ya que es posible obtener un material de alta calidad empleando un residuo, 

cerrando el ciclo de éste. 

- Las nanopartículas encapsuladas han demostrado ser más efectivas para la eliminación de 

contaminantes que las nZVI convencionales. Por ejemplo, la liberación de los metales a 

altos tiempos de reacción no se produce cuando se emplean nanopartículas encapsuladas en 

el proceso. Cuando se aplican para la oxidación de 2,4-D mediante la reacción Fenton 

heterogénea, se obtienen menores concentraciones de hierro disuelto en la disolución al 

final del proceso. Por último, la capacidad de eliminación del H2S es mucho más elevada 

que la de las nZVI u otros adsorbentes descritos en la bibliografía. 
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