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Abstract 

Nano Zero-Valent Iron (nZVI) is a versatile nanomaterial that can not only efficiently remove 

contaminants in soil, but also improve the soil’s geotechnical strength by changing their 

physicochemical properties. Inert solid mineral particles are the most common ingredients in soils, 

they present universal surface modification after the nZVI treatment. This study presents an 

investigation on the morphological and mineral features of nZVI induced iron mineral 

precipitations on quartz particles. Lead was employed as the artificial contaminant, while quartz 

was used to mimic the inert solid mineral particles in soil. Scanning Electron Microscope (SEM), 

Digital Image Analysis (DIA), Transmission Electron Microscopy (TEM), laser particle size 

analyzer, X-ray diffraction (XRD) and Raman spectrum were carried out for the characterization. 

The results indicate that iron minerals precipitated heterogeneously on the surface of quartz 

particles with plush-like and flake-like structure. They are made of deuterogenic plumbiferous 

minerals and ferriferous minerals. XRD analysis demonstrated that these minerals are amorphous. 

The curly flake-like mineral clusters were scatteredly distributed on the surface of quartz along 

with the of corroded nZVI aggregation. The thickness of the curly flake-like precipitation varied 

from 20 nm to 60 nm, and 20 nm to 35 nm for the plush-like precipitation. The generation of these 

iron mineral precipitations led to a slight increase in the average particle size and a decrease in the 

surface area of the soil. However, no clear difference in the shape and roughness of quartz was 

found after the nZVI treatment. This study is provided to improve the understanding of mass 

transfer from nZVI to inert solid particles in soil and its effect in soil improvement. 
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Introduction 

Nano Zero-Valent Iron (nZVI) and the iron-mediated nanoparticles have high removal 

efficiency for various contaminants in soils, groundwater and wastewater. The target 

contaminants include these involved in pharmaceutical and personal care products (PPCP), 

halogenated organic compounds (HOCs), nitroaromatic compounds (NACs), arsenic, heavy 

metals, nitrate & phosphate, dyes and phenol (Lei et al., 2018; Stefaniuk et al., 2016). The 

chemical reaction of nZVI with these contaminants varies. In the aqueous system, redox 

reactions between nZVI and H2O/O2 spontaneously proceed as the following representative 

reactions (Liu et al., 2017): 

2
2 22 2oFe H O Fe H OH� �� o � �             (1) 

2
2 22 2 2 4oFe O H O Fe OH� �� � o �             (2) 

2
2 2 3 46 6 2 ( ) 12Fe O H O Fe O s H� �� � o �            (3) 

2
22 ( ) ( )Fe OH Fe OH s� �� o              (4) 

2 2 3 4 26 ( ) ( ) 2 ( ) 6Fe OH s O Fe O s H O� o �            (5) 

The mechanisms of removal of contaminants using nZVI have been broadly investigated, 

in which a synergistic process of adsorption, reduction, oxidation, surface precipitation, surface 

complexation, and co-precipitation are generally involved (Zou et al., 2016). Additionally, the 

behavior of nZVI particles in environment and its resultant influence on the ecological system 

also have been extensively revealed. For instance, Adeleye found that the bulk of the nZVI 

injected into the polluted sites will end up in the sediment phase of the aquifer (Adeleye et al., 

2013). They indicated that a loading level of iron higher than 500 g/kg may potentially affect 
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some organisms and also reduce the permeability of aquifers. A study conducted by Gil-Diaz et 

al. reported that the nZVI treatment stimulated the respiration and the dehydrogenase activity 

in soils, and no negative effects were found on the physicochemical and biological properties 

of soil (Fajardo et al., 2015; Gil-Diaz et al., 2014). 

In view of the powerful redox reaction of nZVI, it is conceivable that the 

physicochemical properties of soil shall be changed, such as particle size, shape, roughness and 

mineral composition. This may subsequently lead to an alteration of soil’s geotechnical 

properties over time (Keykha et al., 2015; Sreedeep S., 2015). Therefore, it is significant to 

investigate the effect of nZVI on the soil’s geotechnical strength as it provides a crucial 

foundation for civil engineering. More attention should be paid to the potential changes of 

soil’s geotechnical properties regarding the application of nZVI in the remediation of 

brownfield and the contaminated site in which soil will be reused as backfill. As a matter of 

fact, nZVI is such a utility nanomaterial that can not only efficiently remove contaminants in 

soil, but also improve the soil’s mechanical strength. Nasehi et al. (2016) firstly demonstrated 

the effectiveness of nZVI in soil improvement and ascertained that the increased unconfined 

compressive strength (UCS) of the samples treated with nZVI was attributed to both colloidal 

reaction (cation exchange, flocculation, and agglomeration) and cementing reaction 

(pozzolanic reaction) among the particles of nZVI and the soil (Nasehi et al., 2016). However, 

their speculation is feeble because no clear evidence to support the colloidal reaction and 

cementing reaction. 
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Our previous study has demonstrated that the corrosion of nZVI and its induced 

precipitation is essentially evidence of the mass transfer from nZVI to the soil particles that 

responsible for the changes of physicochemical of soil and the improvement of soil’s 

geotechnical strength (Zhou et al., 2018). However, soil particles composed predominantly of 

various minerals, organics, ions, and microorganisms etc. As the compositional complexity of 

soil, litter research clearly revealed the characteristic features of nZVI induced mass 

transformation as well as the precipitation on the soil particles. 

Inert solid mineral particles (e. g. quartz, aluminum oxide, etc.) are the common 

components in soil and dominate the behavior of soil strength (Grytan et al., 2017; Kattidinesh 

et al., 2017). Endeavoring the clear characterization of the changes of morphological and 

mineral features of inert solid mineral particles in soil allows to make out the effect of nZVI 

treatment on the soil strength (Chinchu and Naidu, 2018; Habib-ur-Rehman et al. 2017). 

Quartz is one of the most common inert solid mineral constituents in soils. Because of its 

inherent chemical structure, quartz exists stably in soil and shows a very poor solubility (11.0 ± 

1.1 mg/kg, at 25°C and 1 bar) (Martín‐García et al., 2015). The oxidation reaction of nZVI 

with contaminated soil shall make a general difference on the inert solid mineral particles by 

changing their surface physicochemical properties. Therefore, a knowledge of the precipitation 

of nZVI induced precipitation on the quartz is of key importance to make out the 

heterogeneous reaction of nZVI in the soil system and its mechanism in soil improvement 

(Aldeeky et al., 2016; Nahar, 2018). To the best of our knowledge, few studies shed light onto 

this issue. 
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This study presents a characterization of nZVI induced iron mineral precipitations on 

quartz particles. It aims to detail the morphologic and mineral features of those precipitations 

on the inert solid particles in soil. Quartz (SiO2) was used to simulate those inert solid particles 

in natural soil particle. Because using nZVI for stabilization of heavy metals has been 

investigated widely both in laboratory test and field remediation (Li et al., 2018), lead (Pb), a 

ubiquitous contaminant in soil, was used as the artificial contaminant for the premise of nZVI 

treatment. Specifically, Scanning Electron Microscope (SEM), Digital Image Analysis (DIA), 

Transmission Electron Microscopy (TEM), laser particle size analyzer, X-ray diffraction 

spectrum (XRD), and Raman spectrum were employed to evaluate the morphology and mineral 

features of the precipitation. The results of this study can improve the understanding of its 

derived bounding effects between nZVI and soil particles. 

 

Methodology 

Sample preparation 

Chemical reagents (Pb(NO3)2, FeCl3·6H2O and NaBH4) were of analytical grade and were used 

without further purification in the study. nZVI was prepared according to the suggestions 

reported by (Turabik and Simsek, 2017). In detail, 50 mL NaBH4 solution (0.2 mol/L) was 

added dropwise into the 50 mL FeCl3·6H2O solution (0.05 mol/L) under the magnetic agitation 

of 500 rpm at the ambient temperature. The obtained dark sediment was wash using deionized 

water and ethanol for three times, respectively. After the air drying for 8 h at 35 ℃, the nZVI 

was obtained and sealed for usage. 
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To highlight the changes of physicochemical properties of quartz, four samples are 

prepared, namely pristine SiO2, Pb-SiO2, nZVI treated Pb-SiO2, and nZVI-Pb sample: 1) 

Pristine SiO2 was used to mimic inert solid particles in natural soil as received, without further 

processing. The others were prepared as follows: 2) Pb-SiO2 sample: 30 mL deionized water, 

6.4 mg Pb(NO3)2 and 10 g pristine SiO2 were vividly mixed and aged for one week, then 

centrifuged and air dried at 35oC for 24 hours. 4) nZVI treated Pb-SiO2 sample: 30 mL 

deionized water, 6.4 mg Pb(NO3)2 and 10 g pristine SiO2 were vividly mixed and aged for one 

week, followed by adding 1 g newly prepared nZVI and stirring evenly. The above mixture 

was then aged for one week, centrifuged and air dried at 35oC for 24 hours. 4) nZVI-Pb sample: 

1 g newly prepared nZVI was added into 30 mL 1000 ppm Pb(NO3)2 solution with mechanical 

agitation, aged for one week, then centrifuged and air dried at 35oC for 24 hours. This sample 

was prepared to distinguish the mineral changes as a result of nZVI treatment. 

 

Characterization 

To characterize the morphologic features of the prepared samples, Scanning Electron 

Microscope (SEM), Digital Image Analysis (DIA), Transmission Electron Microscopy (TEM), 

and laser particle size analyzer were used. Scanning Electron Microscopy equipped with 

Energy Dispersive Spectrometer (SEM-EDS, Zeiss Merlin) was applied to depict the 

morphologic features and chemical composition. Digital image analysis of individual particles 

was analyzed using OCCHIO 500nano in water solution without agitation or ultrasound 

treatment, modified by the study reported by Sophie et al. (Leroy et al., 2011). A Hitachi 

HT7700 electron microscope with an accelerating voltage of 80 kV was used to conduct 
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Transmission Electron Microscopy (TEM) observations. Prior to the TEM test, ethyl alcohol 

was employed to disperse the simulated samples. Particle size distribution was characterized by 

a laser particle size analyzer (Malvern, Mastersizer 3000) in deionized water solution assisted 

with by the continuous electric mixing (3000 rpm) and ultrasound dispersion (40W, 40kHz). 

The mineral texture of samples was evaluated using X-ray diffraction spectrum (XRD) 

and Raman spectrum. X-ray diffraction (XRD) was carried out at a scanning rate of 2.0o/min 

from 10o to 90o on Rigaku Smartlab (anode Cu, in configuration θ/2θ, with an acceleration 

tension of 45 kV and a current of 200 mA). Raman spectra was collected using a LabRam-1B 

(HORIBA, LabRAM HR Evolution) with a 532 nm He-Ne laser. Furthermore, approximately 1 

mW of laser irradiation was used to stimulate the samples. Spectra were collected over the 

range 50-1000 cm-1, averaging over 10 scans with individual exposure times of 10 seconds. 

 

Result and discussion 

The most pertinent physicochemical properties of a soil relevant to its strength are the 

morphological and mineral features of soil particles, particularly for those dominating inert 

solid particles. In this study, quartz is used to stimulate those inert solid particles in natural soil, 

with the aim to highlight the features of changes by the introduction of Pb and nZVI. SEM, 

Digital Image Analysis (DIA), TEM, and laser particle size analyzer were employed to 

evaluate the morphology features of samples. The shape of stimulated samples was firstly 

evaluated using SEM and Digital Image Analysis (DIA), as shown in Figures 1-3. The results 

indicated that the particle shape of pristine SiO2 is irregular as other soil particles. The surface 

of quartz is relatively smooth with relative sharp edges. No obvious change of morphology 
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feature is distinguished in SEM images at a low-power field between the pristine SiO2, Pb-SiO2 

sample, and nZVI treated Pb-SiO2 sample (Figure 1). The results of Digital Image Analysis 

(DIA) presented a similar result, quartz particles in shapes were recorded (Figure 3). It is 

interesting that the roughness of Pb-SiO2 remained almost identical after the nZVI treatment, 

as given by the digital images and calculated roughness value. The changeless shape of quartz 

can be ascribed to the following speculations: a) the particle spacing is relatively large as they 

were prepared without pre-consolidation; b) the solute of the Pb-SiO2 is too simple. In other 

word, the roughness of soil particles may significantly change in practice considering the 

existence of various susceptive natural occurring organic matters, ions, and minerals that can 

be involved in the coprecipitation (Wen et al., 2014). 

The morphology of the nZVI treated Pb-SiO2 sample was further characterized using 

SEM at a high-power field, plush-like coating and curly flake-like mineral clusters are found 

on the surface of quartz (as shown in Figure 2). The curly flake-like mineral clusters 

principally appeared close to the corroded nZVI bulks. The chemical element analysis of the 

curly flake-like mineral clusters showed that they were composed primarily by Silicon (37.1%), 

Oxygen (49.9%), Iron (8.8%), and Lead (4.2%). These clusters are ascribed to the result of 

nZVI erosion by the restriction of metal iron growth in high precursor concentration (Hwang et 

al., 2011). Meanwhile, part of exchangeable Pb2+ are immobilized in the co-precipitation of 

ferrous and ferric ions. These two kinds of precipitations can be served as an evidence of mass 

transfer from nZVI to inert solid particles in soils, which is also consistent with the previous 

study reported by Arancibia-Miranda et al. (2014) (Arancibia-Miranda et al., 2014). The 
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aggregates of nZVI corrosion are distributed on the surface of quartz in a disorderly fashion. 

As a matter of fact, owning to the complexity of soil components, few studies have clearly 

presented this kind of morphologic features induced by nZVI treatment. 

The single particle size of eroded nZVI particle is approximately 10 nm. Because of the 

aggregation phenomenon in the nZVI particles, the deuterogenic iron minerals are 

heterogeneously precipitated on the surface of quartz. The results of TEM images showed that 

the thickness of the plush-like coating on the surface of quartz varies from 20 nm to 35 nm, 

while the curly flake-like of that varies from 20 nm to 60 nm (Figure 4). The difference in their 

thickness is peculated to be related to the distance from the eroded nZVI aggregates. 

The results of laser particle size analyzer are presented in Figure 5. It is showed that some 

quartz particles in larger size were generated after the Pb contamination. The generated quartz 

particles in larger size can hardly been found in SEM images. Meanwhile, a notable increase in 

the specific area of the quartz particles was presented after the introduction of Pb. This means 

that the introduction of Pb may result in a separation of smaller particles from the surface of a 

larger particle (Yukselen and Kaya, 2003). On the other hand, a slight increase of average 

particle size and a decrease of the specific area are recorded for the nZVI-treated sample. This 

increasing average particle size is presumably ascribed to the oxidation of nZVI aggregates, as 

well as its induced precipitation on the particles which bonding them together. Since no 

pre-consolidation was applied during the sample preparation, the bonding effects are faint but 

perceptible in the Digital Image Analysis (DIA). 
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X-ray diffraction (XRD) spectroscopy is used to examine the deuterogenic minerals after 

the immobilization of Pb by nZVI, as shown in Figure 6. The characteristic peaks of quartz 

(SiO2, JCPDS No. 46-1045) are clearly presented in pristine SiO2, Pb-SiO2, and nZVI treated 

Pb-SiO2 samples. However, no notable characteristic peak of deuterogenic plumbiferous 

mineral or ferriferous mineral crystals were found in Pb-SiO2 and nZVI treated Pb-SiO2 

samples (Figure 6). This scenario suggests that those plush-like coating and protogenetic curly 

flake-like mineral clusters are found on the surface of quartz may be amorphous. 

To further investigate the deuterogenic minerals observed in SEM and TEM images, 

sediment sample obtained from the oxidation of nZVI in Pb solution was prepared and 

characterised by XRD. Characteristic peaks of deuterogenic plumbiferous minerals including 

lead (Pb), massicot (PbO), and minium (Pb3O4), as well as ferriferous minerals including 

lepidocrocite (FeOOH), iron hydroxide oxide (Fe(OH)3) and magnetite (Fe3O4) are presented 

in Table 2. The characteristic peaks of lead (Pb) are of higher intensity than that of massicot 

(PbO), and minium (Pb3O4). This indicates that predominantly adsorbing and reducing 

exchangeable Pb2+ to stable Pb0 mechanisms were used to immobilize Pb2+ by nZVI (Wang et 

al., 2016). The lepidocrocite (FeOOH), iron hydroxide oxide (Fe(OH)3) and magnetite (Fe3O4) 

minerals were generated by the oxidation of Fe0 and precipitation of ferrous and ferric ions 

(Ruby et al., 2010, Kaze et al., 2017). However, no characteristic peak of Fe-Pb oxides or Fe0 

was observed. Since the nZVI were sufficient in the redox reaction, the deuterogenic massicot 

(PbO) and minium (Pb3O4) minerals generated slight oxidation and transformation of Pb0 by 

water and oxygen during the drying procedure, of which nZVI were detached. When nZVI is 

Downloaded by [ UNIVERSITY OF WARWICK] on [19/03/19]. Copyright © ICE Publishing, all rights reserved.



Accepted manuscript 
doi: 10.1680/jenge.18.00081 

13 
 

insufficient, exchangeable Pb2+ in an aqueous solution will be coprecipitated along with the 

precipitation of ferrous and ferric ions. This is then transformed into massicot (PbO) or minium 

(Pb3O4) minerals. 

Raman spectroscopy is used in this study to further identify the deuterogenic compounds 

precipitated on the quartz that cannot easily be distinguished by XRD, as shown in Figure 7. 

There are ten clear bands at 127, 206, 264, 355, 392, 401, 465, 696, 806, 927 cm-1 – all of 

which are clearly observed in the Raman spectrum patterns of pristine SiO2, Pb- SiO2 and 

nZVI treated Pb-SiO2. Slightly shift can be seen for the Pb-SiO2 and nZVI treated Pb-SiO2, 

revealing that the crystal lattice has been modified by the introduction of Pb ions. However, the 

bands of erosion products of iron oxides, such as lepidocrocite, iron hydroxide oxide, and 

magnetite, are clearly appeared in the nZVI treated SiO2 and nZVI-Pb samples (Liu et al., 2015; 

Liu et al., 2017). Therefore, four bands at 68, 83, 138 and 215 cm-1 can be ascribed to lead 

oxide. 

Based on the above analysis, a speculation is proposed that the nucleation in the crystal 

growth of the nZVI induced precipitation was impeded by the quartz particles, resulting the 

generation of these amorphous minerals heterogeneously precipitated on the surface of quartz 

particles. These minerals present different mineral characteristics when quartz was involved in 

the oxidation of nZVI. They may bond the soil particles together to form a firmer skeleton 

structure and improve the soil strength. 

 

Conclusion 

In this study, we have evaluated the morphology and mineral features of nZVI induced iron 
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mineral precipitation on the quartz particles, with the aim to improve the understanding of 

nZVI treatment in soil improvement. Lead was employed as an artificial contaminant for the 

premise of nZVI treatment, while quartz was used to imitate the inert solid mineral particles in 

soil. SEM-EDS, Digital Image Analysis (DIA), TEM, laser particle size analyzer, XRD, and 

Raman spectrum were involved for the evaluation. 

The results indicate that corroded nZVI aggregations were dispersedly distributed on the 

surface of quartz after nZVI treatment. Two kinds of deuterogenic iron minerals shaped in 

plush-like coating and curly flake-like mineral clusters were found on the surface of quartz 

particles. The nucleation of the nZVI induced precipitation was presumably impeded by the 

quartz particles, which resulted in the amorphous structure of deuterogenic iron minerals. The 

XRD results of the sediment obtained from the oxidation of nZVI in Pb solution indicated that 

these precipitations are primarily made of lead (Pb), massicot (PbO), minium (Pb3O4), 

lepidocrocite (FeOOH), iron hydroxide oxide (Fe(OH)3), and magnetite (Fe3O4). Part of 

exchangeable Pb2+ was immobilized by the co-precipitation of ferrous and ferric ions and 

incorporated into the iron mineral precipitations. The thickness of these mineral precipitation 

varied from 20 nm to 60 nm. The introduction of nZVI resulted in a slight increase of the 

average particle size and a decrease in the specific area of the soil. However, no clear 

difference in the shape and roughness of quartz was found after the nZVI treatment. 

Because soils are generally made of motley minerals, ions, natural organic matters, and 

microorganisms, it is advised that more investigation should be carried out to study the 

behavior of various nanoparticles on the changes of physicochemical properties of individual 
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or combined substances in soil. Only after that can we achieve a more accurate cognition on 

the mechanism of nanoparticles in changing the soil’s geotechnical properties such as these 

involved in undrained shear strength, cohesion, internal friction angle, and so on. 
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Table 1. Physicochemical parameters of samples 
 

Item a SiO2
  Pb-SiO2 nZVI treated Pb-SiO2 

Silicon (Si) - - 37.1 

Oxygen (O) - - 49.9 

Iron (Fe) - - 8.8 

Lead (Pb) - - 4.2 

D [4,3]/um b 30.7 30.4 46.7 

Dv (50)/um b 21.1 18.6 29.1 

Dv (90)/um b 73.7 118.0 109 

Specific area/m2·Kg-1 b 994.5 1264 755.8 

Roughness (90%) c - 21.4 21.1 

Note: 
a analysis point of chemical element composition was obtained from EDS, as is shown in 
Figure 2; 
b D [4,3], Dv (50), and Dv (90)/ were obtained from laser particle size analyzer; 
c roughness (90%) was obtained from Digital Image Analysis (DIA) of individual particles 
using OCCHIO 500nano. 
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Table 2. Characteristic peaks of the deuterogenic ferriferous and plumbiferous mineral crystals 
 

Mineral Crystal Chemical 
Formula 

JCPDS 
No. Characteristic Peaks/2θ 

Lead Pb 04-0686 31.305o, 36.266o, 52.228o, 62.119o, 65.236o, 
85.394o, 88.196o 

Massicot PbO 38-1477 15.017o, 22.110o, 29.078o, 30.315o, 36.066o, 
52.304o, 85.087o 

Minium Pb3O4 76-1799 14.222o, 26.338o, 27.165o, 28.668o, 30.790o, 
32.139o, 39.905o 

Lepidocrocite FeOOH 74-1877 14.147o, 26.072o, 30.009o, 36.387o, 46.866o, 
55.823o, 62.425o 

Iron Hydroxide 
Oxide Fe(OH)3 38-0032 14.188o, 21.223o, 36.373o, 38.049o, 46.865o, 

60.197o, 80.922o 

Magnetite Fe3O4 77-1545 18.285o, 30.076o, 370.57o, 47.139o, 62.520o, 
70.926o, 78.922o 

Quartz SiO2 99-0088 20.809o, 26.640o, 36.546o, 39.467o, 40.291o, 
50.140o, 59.960o 
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Figure 1. SEM images at a low-power field (Mag.= 1.00 KX): a) pristine SiO2; b) Pb-SiO2; c) 

nZVI treated Pb-SiO2 
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Figure 2. SEM images at a high-power field (Mag.= 23.34 KX and 3.97 KX): a) curly 

flake-like nZVI induced iron mineral precipitation on the surface of quartz; b) nZVI treated 

Pb-SiO2; c) EDS result of curly flake-like nZVI induced iron mineral precipitation 
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Figure 3. Typical shapes of individual quartz particle after the Pb contamination and nZVI 

treatment 
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Figure 4. TEM images of nZVI induced iron mineral precipitation on the surface of quartz: a) 

curly flake-like precipitation; b) plush-like coating precipitation 
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Figure 5. Particle size distribution of samples 
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Figure 6. The X-ray diffraction (XRD) patterns of each sample: a) pristine SiO2; b) Pb-SiO2 (at 

a Pb-concentration of 400 ppm); c) nZVI treated Pb-SiO2; d) nZVI-Pb 
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Figure 7. Raman spectrum of each sample: a) pristine SiO2, b) Pb- SiO2, c) nZVI treated 

Pb-SiO2, and d) nZVI-Pb 
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