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Abstract
Aim: The transformation of zero-valent iron (Fe0) and Cu2+ during Cu2+ removal by nanoscale zero-valent iron 
(nZVI) has not been properly investigated using modern analytical techniques, despite its importance in 
environmental toxicology and surface chemistry associated with wastewater treatment/groundwater remediation. 
This study critically examines the phenomenon using a variety of modern instruments that characterize the 
physical and chemical properties of materials and provides extensive comprehension of the subject.

Methods: As-prepared nZVI was used to remove Cu2+ in 5 mmol/L CuSO4. The morphological and structural 
characteristics of the Cu2+ and nZVI after removal were investigated with the aid of scanning electron microscopy 
(SEM), transmission electron microscopy (TEM), X-ray diffraction (XRD) and X-ray photoelectron spectrometry 
(XPS).

Results: Complete removal of Cu2+ by the nZVI was achieved within 60 min and remained constant till 120 min. 
The Cu2+ got reduced into cuprite (Cu2O) and copper metal (Cu0) (the crystals of both transformation products 
were cubic), while the Fe0 nanoparticles transformed into lath-like lepidocrocite (γ-FeOOH) and twin-rod goethite (
α-FeOOH). The mechanism of Fe0 transformation was that the Fe2+ produced by Fe0 corrosion and oxidation by 
Cu2+ was hydrolyzed and oxidized to form hydropyrite, which was later converted into lepidocrocite and goethite 
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with the assistance of Fe2+. The transformation of Cu2+ was due to the strong reduction property of Fe0. The toxicity 
and bioavailability of the transformed products were lower than those of Cu2+ and Fe0 nanoparticles.

Conclusion: The findings are critical in understanding the fate of Fe0 nanoparticles and Cu2+ during Cu2+ removal by 
nZVI and can provide guidance for the application of nZVI technology.

Keywords: Removal efficiency, transformational products, heavy metal, nanoparticles

INTRODUCTION
Anthropogenic activities such as mining and galvanizing are the significant contributors to large 
concentrations of copper in the environment[1-3]. Even though copper is an essential trace element in living 
organisms, its excessive concentration is detrimental to life[4]. High concentrations of copper may cause 
dermatitis, nausea, cancer, chronic asthma, peritonitis, gastroenteritis, and growth retardation in 
humans[5-7]. The adverse effects on aquatic and plant life may be lethal and retard crop growth, 
respectively[5,6]. Considering the high toxicity and lethal effects of copper on life, several researchers have 
proposed many effective ways of removing copper from wastewater and groundwater[3,8-14]. Among the 
proposed removal techniques (ion exchange, adsorption, complexation, electrodialysis, membrane 
technology, bioremediation, solvent extraction and chemical treatment), nanotechnology is the most 
efficient and effective[15-19]

Nanoscale zero-valent iron (nZVI) has been employed extensively to remove contaminants such as 
dyes[20,21], nitrates[22,23], heavy metals[24-27], chloro-organic compounds[28-30], chlorinated pesticides and 
organophosphates[31,32] from wastewater and groundwater. Its removal mechanisms during reaction with 
heavy metals include adsorption (Zn, Cd, Ni, Pb, Cr, Co, Se, Ba, U, As), reduction (Cu, U, As, Pt, Hg, Ni, 
Ag, Pb, Cr), precipitation (Cd, Cu, Pb, Co, Zn), co-precipitation (Cd, Co, Cu, Zn, Pb), oxidation (Se, Pb, As, 
U), chemisorption and diffusion through pores[33-35].

The influence of environmental factors such as pH, dissolved oxygen and co-existing ions on the removal 
by nZVI has been investigated by previous researchers[36-38], but the transformation that nZVI undergoes 
when removing contaminants is understudied. Similarly, the transformations that the contaminants 
undergo during removal are not properly investigated through modern analytical techniques. A critical 
investigation of the transformation of nZVI and heavy metals in water is essential because of their potential 
evolution into more toxic substances after the treatment process. The evolution of heavy metals and nZVI 
into toxic substances have the potential to affect the environment and human health adversely (in the event 
that the toxic substances get into the food chain)[39]. Therefore, establishing the transformation products of 
zero-valent iron (Fe0) and Cu2+ ions during nZVI application in Cu2+ removal and establishing their toxicity 
levels in the environment are equally essential in understanding ZVI technology and toxicity. Additionally, 
the exact mechanism through which Fe0 is transformed during the reaction, as well as the contributing 
factors to the transformation rate, remain debatable, particularly in the presence of different heavy metal 
ions. A previous study by Yang et al.[40] on the transformation of ferrihydrite (from Fe0 evolution) to 
magnetite or goethite showed that the variations in transformation rates cannot be entirely explained by the 
extent of Fe2+ sorption. Yang et al.[40] suggested that the rate of Fe2+ uptake by a solid is most important in 
determining the transformation of Fex species. The phenomenon can be likened to the assumption that 
heavy metal ions present in wastewater have a direct effect on the transformation rate of Fe0 to Fe2+. In the 
investigation of the current study, we used analytical methods to characterize the changes in Fe0 reducibility 
and also demonstrated the transformational mechanism of Fe0 during reaction with Cu2+.
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In this study, Cu2+ was selected as the target heavy metal ion because of its prevalence in the environment 
and high rate of discharge by mining and galvanizing industries. The crystalline composition of the 
transformation products of Cu2+ and Fe0 nanoparticles after the reaction was identified by X-ray diffraction 
(XRD). The morphologies of the transformed products were analyzed using scanning electron microscopy 
(SEM) and transmission electron microscopy (TEM), whereas the distribution of elements of the individual 
morphologies was depicted by TEM mapping. In addition, high-resolution transmission electron 
microscopy (HR-TEM) was employed to obtain the lattice stripe spacing of individual morphologies, and 
X-ray photoelectron spectroscopy (XPS) was used to characterize the changes in the valence states of Cu2+ 
and Fe0 before and after the reaction, thereby confirming the compositional evolution. Subsequently, the 
mechanism of the compositional evolution of Cu2+ and Fe0 in nZVI was elucidated, and the risk of 
conversion products was evaluated. Collectively, the above elucidated specific objectives helped to achieve 
the main objective of the study, which is to provide an insight into the fate of Cu2+ and zero-valent iron 
during Cu2+ removal by nZVI.

METHODS
Chemicals
The chemicals used in the study were ferrous sulfate (FeSO4•7H2O), sodium borohydride (NaBH4) and 
copper sulfate (CuSO4•5H2O). All were of analytical grade and obtained from the Tianli Chemical Reagent 
Company in Tianjin, China. Deionized water was used to prepare the chemical solutions.

Preparation of nZVI
The nanoscale zero-valent iron (nZVI) was prepared under the reduction phase method[16]. First, 13.9 g of 
iron (II) sulfate heptahydrate (FeSO4•7H2O) was measured into a beaker, and 50 mL of 0.01 mol/L H2SO4 
was added. 40 mL of the resulting mixture was pipetted into a three-necked round bottom flask and 
mechanically stirred (200 rpm) for 5 min. 3.026 g of NaBH4 was measured into a beaker and dissolved with 
40 mL of deionized water. The solution was added dropwise into the three-necked round bottom flask and 
mechanically stirred under N2 purge. The resulting mixture was allowed to sit and stir mechanically for 15 
min after all the NaBH4 solution was used up. The as-prepared nZVI was filtered and washed with 
deionized water. The material was then dried under vacuum at -30 °C for 14 h in a Freeze Dryer.

Batch experiments
Batch experiments were performed to investigate the transformation of Cu2+ and Fe0 in nZVI after Cu2+ 
removal. First, 200 mL of 5 mmol/L CuSO4 solution was measured into a beaker and the pH of the solution 
was adjusted to 4.0. The resulting solution was transferred into a 500 mL Erlenmeyer bottle with a stopper 
and 0.1 g nZVI was added to the solution before reacting in the thermostatic oscillator (200 rpm) at 25 °C. 
At pre-determined time intervals (5, 10, 20, 30, 45, 60, 90 and 120 min), 2 mL of the mixture was sampled 
and filtered through a 0.45 µm nitrocellulose membrane. The filtrates obtained at the determined time 
intervals were analyzed for the removal rate of Cu2+. The batch experiments were performed in duplicate to 
ensure data precision. The residue of the nZVI after Cu2+ removal was vacuum filtered and freeze-dried at -
30 °C for 14 h, and then stored in a refrigerator before proceeding to characterize the residue for significant 
changes in morphology and structure.

Analytical methods 
The concentration of Cu2+ was analyzed with the aid of the Atomic Absorption Spectrometer (NOVAA-350 
Analytic Jena, Germany). Commercial standards of the heavy metal were used to calibrate the equipment 
and facilitate their identification. The removal efficiency of Cu2+ was determined with Equation (1).
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Removal efficiency (%) = c0-ct/c0×100%(1)

Where C0 is the initial concentration of Cu2+, Ct is the concentration of Cu2+ at the pre-determined time 
intervals.

Characterization
The morphological characteristics of the nZVI before and after reaction with Cu2+were analyzed using 
Scanning Electron Microscopy (SEM) (Nova 400 Nano, FEI, USA) and Transmission Electron Microscopy 
(TEM) (Tecnai G2 F30, S-Twin, FEI, USA). The condition of measurement for the SEM images was 
maintained at 1 µm with a 30,000 × magnification. The wavelengths of the TEM images varied and are 
found at the bottom left corner of each image. The peak at 1.751 keV was omitted in the TEM. The 
crystalline structure of the samples was also characterized using an X-ray diffractometer (XRD) (D/MAX-
2500, Rigaku Co, Japan) operated at 45 kV and 250 mA with CuKα. Continuous scans from 10° to 100° at 2θ 
were collected with a 0.02° step size and 0.6 s per step count time. The change of valence state and elemental 
composition of the transformation product formed by the reaction of nZVI and Cu2+ were analyzed with the 
aid of an X-ray Photoelectron Spectrometer (XPS) (Escalab 250Xi, Thermo Fisher Scientific, USA) and a 
monochromatic Al Kα X-ray source (hν = 1486.6 Ev). The binding energies (BEs) of the samples were 
calibrated using the C1s peak at 284.8 eV.

RESULTS 
Performance of Cu2+ removal by nZVI
The removal efficiency of Cu2+ by nZVI under the identified reaction conditions is shown in Figure 1 . It is 
evident that 72.1% of the Cu2+ was removed at 5 min, followed by a significant increase in removal till 60 
min (100%). The complete removal of the Cu2+ ions persisted till 120 min. It is obvious that the reaction 
conditions support efficient Cu2+ removal by nZVI.

Compositional transformation of Cu2+ and Fe0 in nZVI
XRD analyses
The XRD patterns of nZVI before and after the reaction with Cu2+ are shown in Figure 2 . The peaks at 
44.7°, 65.0° and 82.3° (JCPDS No 06-0696) denoted the presence of Fe0 in the pristine nZVI spectrum. The 
Fe0 peaks in the reacted nZVI spectrum were significantly lower in intensity than those in the pristine nZVI, 
thus, denoting transformation into iron hydr(oxides). The reacted nZVI spectrum shows that the Fe0 
transformed into goethite (α-FeOOH; 21.2°, 36.6° JCPDS No 81-0463) and lepidocrocite (γ-FeOOH; 27.0°, 
36.3°, 46.7° JCPDS No 44-1415) within 120 min. The Cu2+ also transformed into copper oxides (cuprite (Cu2

O) and copper metal (Cu0)) during the removal. The peaks at 29.5°, 36.4°, 42.3°, 61.3°, 73.5°, 77.3° (JCPDS 
No 05-0667) are indicative of Cu2O, while those at 43.2°, 50.4°, 74.0°, 89.9° (JCPDS No 04-0836) denote Cu0.

SEM analyses 
Figure 3 shows the SEM images of unreacted nZVI and reacted nZVI. The unreacted nZVI shows the 
existence of Fe0 particles which are depicted by the chain-like patterns and aggregated particles due to the 
magnetic effect of the nZVI [Figure 3A][41,42]. A significant disintegration of the chain-like patterns and 
subsequent transformation of the morphology after the nZVI reaction with Cu2+ are shown in Figure 3B. 
However, some Fe0 particles were observed in Figure 3B, as evidenced in the XRD analysis. The crystal 
morphologies of both Cu2O and Cu0 are cubes, thus the morphology of the products of the reaction between 
nZVI and Cu2+ included cubes which can be attributed to Cu2O (cuprite) and Cu0 [Figure 3B]. It was 
reported that lath-like rods are characteristic of lepidocrocite, while twin-rods represent goethite, these two 
morphologies can be observed in Figure 3B[43].
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Figure 1. Removal efficiency of Cu2+ by nZVI (Reaction conditions: initial concentration = 5 mmol/L; nZVI dosage = 0.5 g/L; initial pH = 
4.0 ± 0.1; final pH = 5.1 ± 0.1; temperature = 25 ± 1 °C).

Figure 2. XRD patterns of nZVI before and after reaction with Cu2+ showing the transformation of Cu2+ and Fe0 (Reaction conditions: 
initial concentration = 5 mmol/L; nZVI dosage = 0.5 g/L; initial pH = 4.0 ± 0.1; reaction time = 2 h). XRD: X-ray diffraction.

TEM analyses
The TEM and HR-TEM images of the nZVI reacted with Cu2+ are shown in Figure 4. Figures 4A and D 
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Figure 3. SEM images of pristine nZVI (A) and reacted nZVI (B) (reaction conditions: initial concentration = 5 mmol/L; nZVI dosage = 
0.5 g/L; initial pH = 4.0 ± 0.1; reaction time = 2 h.) C: cuprite; G: goethite; L: lepidocrocite; SEM: scanning electron microscopy.

clearly depict the cubic morphology of Cu2O and Cu0, which are also confirmed by their corresponding 
lattice fringes [Figure 4B, C, E, and F]. The lath-like lepidocrocite and twin-rod goethite are also clearly 
depicted in Figures 4G and J. The lattice fringes in Figure 4H, I, K and L confirm the identified 
morphologies in the TEM images.

The elemental mapping in Figure 5A was characteristic of cubic morphology. The O and Fe [Figure 5B and 
5C] elements were sparsely distributed in the cubic structure, thus, confirming the presence of Cu2O or Cu0 
in the cubic structure. Considering the elemental mapping in Figure 5A, which is characteristic of cubic 
morphology, it is observed that more Cu elements were concentrated in the cubic structure [Figure 5D]. On 
the other hand, the Fe elements in the lath-like morphology were more [Figure 5G] with sparse dispersion 
of the O elements [Figure 5F]. In the same area, Cu elements were absent [Figure 5H], thus, confirming the 
presence of lepidocrocite in the lath-like structures in Figure 5E. However, the apparent aggregated 
morphology in Figure 5E contains more Cu and Fe elements but sparse O elements as depicted in 
Figures 5F-H. Additionally, the Fe elements were highly distributed in the meshy morphology depicted in 
Figure 5I, whereas the O and Cu elements were sparsely distributed [Figures 5J and L]. The presence of 
more Fe elements in Figure 5K coupled with the lattice fringes in Figure 4 reiterates the presence of goethite 
and lepidocrocite. Moreover, the concentration of Cu elements in the seemingly cubic morphology at the 
bottom left in Figure 5I denotes Cu0 and Cu2O. The results of the elemental mapping are consistent with the 
analyses of XRD patterns, TEM images and lattice fringes.

XPS analyses 
The wide-scan spectra and narrow scan spectra of the nZVI before and after the reaction with the Cu2+ are 
shown in Figure 6 . The wide-scan spectra show the deconvolution of the Cu 2p, Fe 2p and O 1s regions 
before and after the reaction [Figure 6A]. The Cu 2p spectrum of the pristine nZVI was undefined. 
However, the nZVI spectrum after Cu2+ removal shows the Cu 2p3/2 and Cu 2p1/2 peaks at 932.6 eV and 952.4 
eV respectively. The Cu 2p3/2 and Cu 2p1/2 peaks also denote Cu0, whereas the peaks at 933.5 eV and 953.2 eV 
denote Cu2O [Figure 6B]. The Fe 2p spectrum of the nZVI before Cu2+ removal shows Fe0 (706.7 eV), Fe2+ 
(715.1 eV and 728.0 eV) and Fe3+ (719.7 eV and 733.0 eV). The peak intensities of the Fe2+ and Fe3+ in the 
nZVI spectrum before Cu2+ removal are relatively lower than those in the spectrum after Cu2+ removal 
[Figure 6C]. It is observed that the peak intensity of the Fe0 in the spectrum after Cu2+ removal was low as 
compared to that in the pristine nZVI. The reduced Fe0 peak intensity coupled with the increased Fe2+ and 
Fe3+ peak intensities denote the transformation of the Fe0 into more iron hydr(oxides) [Figure 6C]. In 
addition, it can be observed that the metallic O content in the O 1s region (529.7-530.1 eV) was more in the 
reacted nZVI as compared to the pristine nZVI, and the organic C-O was evident at 530.9-531.6 eV 
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Figure 4. TEM (A, D, G, J) and HR-TEM images (B, C, E, F, H, I, K, I) of nZVI reacted with Cu2+ (Reaction conditions: initial concentration 
= 5 mmol/L; nZVI dosage = 0.5 g/L; temperature = 25 ± 1 °C; initial pH = 4.0 ± 0.1; reaction time = 2 h. C: cuprite; G: goethite; HR-
TEM: high-resolution transmission electron microscopy; L: lepidocrocite.

[Figure 6D].

DISCUSSION 
Removal of Cu2+ by nZVI and transformation of Cu2+ and Fe0 after removal 
In this study, complete removal of the Cu2+ was achieved within 2 h under pH 4. The finding is similar to 
that of Xu et al.[36], where high removal efficiency of Cu2+ was achieved within 2 h. The XRD and XPS 
patterns in this study were more defined after the 2 h reaction, which can be attributed to the reaction with 
Cu2+. A comparison of the XRD patterns to that of the lowest pH in Liu et al.[44] showed that the rate of 
ferrihydrite transformation into stable Fe (III) products was low in the absence of Cu2+ (an oxidizing agent). 
It is deduced from the findings of Liu et al.[44] that an increase in pH contributes to the effective 
transformation of the Fe0 ions in nZVI to Fe(III) products. However, in this study, it can be suggested that 
the reaction with Cu2+ achieves the same fate. Transformation of the Cu2+ into Cu2O/cuprite and Cu0 is 
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Figure 5. TEM images (A, E, I) and TEM mapping (B, C, D; F, G, H; and J, K, L) of nZVI reacted with Cu2+ (initial concentration = 5 
mmol/L; nZVI dosage = 0.5 g/L; temperature = 25 ± 1 °C; initial pH = 4.0 ± 0.1; reaction time = 2 h). TEM: transmission electron 
microscopy.

consistent with Karabelli et al.[45]. The results in the TEM and SEM only confirmed the transformations 
identified in the XRD and XPS[45,46].

Mechanism on transformation of Cu2+ and Fe0 in nZVI
Karabelli et al.[45] reported that the removal mechanism of heavy metal ions by nZVI is highly dependent on 
the redox potential of both parties involved in the reaction. The Fe0 posed as the reducing agent during the 
reaction, while the dissolved oxygen (DO, 8.08 mg/L at 25°C), water and Cu2+ (the redox potential of Cu2+/
Cu is +0.34 V) acted as the oxidizing agents in the removal process. The higher reducibility of the Fe0 (the 
redox potential of Fe2+/Fe0 is -0.44 V) facilitated the reduction of the Cu2+ into Cu0 [Equation 2] and Cu2O 
[Equation 3][45-48]. This was validated in the XPS and XRD investigations, where the redox process led to the 
formation of metallic copper and cuprite on the nZVI surface.

Fe0+ Cu2+ → Fe2+ + Cu0   (2)

Fe0 + 2Cu2++ H2O → Fe2+ + Cu2O + 2H+      (3)

The reduction of the Cu2+ by Fe0 in nZVI influenced the individualistic transformation of Fe0 into Fe2+ 

[Equations 2 and 3]. Similarly, the reaction of Fe0 with DO and water influenced the conversion of the Fe0 
into Fe2+ [Equation 4]. Hence, while Cu2+ undergoes reduction into Cu0 and Cu2O, Fe0 undergoes oxidation 
into Fe2+. The variation of Fe2+ and Fe3+ concentrations over time in the reaction process is shown in 
Supplementary Figure 1. The high Fe2+ concentration is proof that the Fe2+ promoted corrosion by 

5578-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/656444ff-dcc1-40d0-a095-1dbcf991a028/5578-SupplementaryMaterials.pdf
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Figure 6. XPS analysis showing the wide scan spectra (A); and narrow scan spectra of Cu2p (B); Fe2p (C) and O1s (D) of nZVI reacted 
with Cu2+ (initial concentration = 5 mmol/L; nZVI dosage = 0.5 g/L; initial pH = 4.0 ± 0.1; temperature = 25 ± 1 °C; reaction time = 2 h). 
XPS: X-ray photoelectron spectroscopy.

consuming DO, and is responsible for the transformation of amorphous iron hydr(oxides) into stable ones. 
Thus, eventually affecting the entire electrode process through the cathode.

The formed Fe2+ undergoes a series of reactions with OH-, DO and H2O till ferrihydrite [Fe5O3(OH)9] which 
is an unstable and amorphous iron oxide is formed [Equations 5-8][39,49,50].

2Fe0 + O2(aq) + 2H2O → 2Fe2+ + 4OH- (4)

Fe2+ + OH- → Fe (OH)+      (5)

Fe (OH)++ OH- → Fe (OH)2        (6)

4Fe (OH)2 + O2(aq) + 2H2O → 4Fe (OH)3    (7)

4Fe (OH)3 + Fe2+ → Fe5O3(OH)9 + 3H+    (8)

A detailed analysis of the contribution of ferrihydrite to the formation of stable iron oxides upon reaction 
with the formed Fe2+ can be expressed as Equations 9 and 10[50,51], where ferrihydrite is denoted by FhyOH, 
and the active intermediate formed by FhyOH and Fe2+ is denoted by Fhy*OFe+. The formation of 
lepidocrocite and goethite are expressed in Equations 11 and 12, respectively (in the equations, lepidocrocite 
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Figure 7. Schematic representation of the transformation of Cu2+ and compositional evolution of Fe0 in nZVI during Cu2+removal.

and goethite are represented by LpdOH and GthOH, respectively).

FhyOH + Fe2+ → Fhy*OFe+ + H+    (9)

Fhy*OFe+ + H+ → Fhy*OH + Fe2+(reduced structural Fe3+)     (10)

Fhy*OFe+ + H+ → LpdOH+ Fe2+    (11)

Fhy*OFe+ + H+ → GthOH+ Fe2+    (12)

Based on the findings in this study, Figure 7  was proposed.

The Fe0 transformation products, lepidocrocite and goethite, have been reported to be less toxic than nZVI 
in the environment[51,52]. Therefore, the application of nZVI in Cu2+ removal does not have the potential to 
form more toxic substances that could eventually affect human health and the environment. Nonetheless, 
the accumulation of the transformed products may pose a certain level of threat to biodiversity and humans 
when the effluent of wastewater treatment is discharged into the environment indiscriminately. Moreover, 
the LD50 for copper oxides has been reported to be > 2,500 mg/kg, while that of Cu2+ has been reported to be 
about 480 mg/kg[53]. Additionally, Cu2+ is a dissolved form, which is easy to be taken up and absorbed by 
aquatic organisms, thus posing a greater threat to the ecosystem. Therefore, the transformation of Cu2+ into 
copper oxides is beneficial to the environment and poses a relatively lower threat to human and 
environmental health as compared to Cu2+ in the environment.

In conclusion, this study investigated the methodic transformation of Cu2+ and Fe0 during Cu2+ removal by 
nZVI. The results showed that complete removal of Cu2+ by nZVI was achieved within 60 min and 
remained constant till the 120 min reaction time. The removal process of Cu2+ resulted in the 
transformation of the Cu2+ into Cu0 and Cu2O with cubic crystal morphology, thus iterating that the 
mechanism of Cu2+ transformation is attributed to the reduction of Fe0. Moreover, the Fe0 particles 
transformed into lath-like lepidocrocite and twin-rod goethite. The mechanism of nZVI transformation is 
that Fe0 in nZVI reacts with Cu2+, water and dissolved oxygen to form Fe2+ and ferrihydrite first, and then 
ferrihydrite reacts with Fe2+ and H+ to form lepidocrocite and goethite. Cu0, Cu2O, lepidocrocite and goethite 
are solid metallic minerals with relatively low biological availability in the environment. Therefore, the 
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removal of Cu2+ by nZVI is an environmentally friendly wastewater treatment/groundwater remediation 
technology that has the potential for wide-scale application. For future studies, a simulation of the 
applicability of nZVI in removing Cu2+ on a large scale can be done along with a cost-benefit analysis.
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