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Coppering nanoscale zero-valent iron particles for
enhanced decontamination: implications of
synthesis conditions on particle architecture and
reactivity

Martin Lichovník, *ab Miroslav Brumovský, ac Jan Filip, a

Martin Petr a and Vojtěch Ettler b

Doping of the surface of nanoscale zero-valent iron (nZVI) particles with noble metals enhances their

reactivity and efficiency of pollutant removal. In this study, we explored the effects of different synthesis

procedures on the performance of Cu-doped nZVI particles in the removal of trichloroethylene (TCE). The

abundance, speciation, and distribution of Cu on the Cu–nZVI particle surface were analysed by powder

X-ray diffraction (XRD), transmission electron microscopy (TEM) with energy-dispersive X-ray spectroscopy

(EDX) mapping, and X-ray photoelectron spectroscopy (XPS). Based on the measurements of oxidation–

reduction potential (ORP), pH, and dissolved Cu concentration, a 60 min reaction time was found to be

optimal for the Cu–nZVI synthesis. The particles prepared with Cu(II) chloride and sulfate removed 67%

more TCE than the non-modified nZVI particles in eight days, degrading it mainly to ethene. In contrast,

particles synthesized with Cu(II) nitrate showed no increase the removal efficiency due to (i) higher pH of

the dispersions, (ii) more passivated surface, and (iii) the presence of Cu in an amorphous form. Increasing

the Cu loading above 1% did not improve the TCE removal rate likely due to the more extensive particle

surface passivation. These findings provide insights into optimizing the synthesis and performance of

metal-doped (n)ZVI particles for pollutant removal.

1. Introduction

Nanoscale zero-valent iron (nZVI) particles have been
extensively studied over the past 25 years as a promising tool
for the removal of a wide range of contaminants from

aqueous environments.1–3 Despite the good reducing and
adsorption abilities and the environmental compatibility of
nZVI, several challenges continue to impede the widespread
adoption of this technology, such as the fast passivation of
the nZVI particles in water and their low colloidal stability.
Amending the nZVI particles with a small amount of a noble
metal, such as palladium, nickel, silver, or copper, has been
shown to enhance their reactivity and remediation
efficiency.4 The mechanism of the reactivity enhancement
through noble metals in bimetallic nZVI systems is complex
and involves the accelerated generation of atomic hydrogen
(H*), faster electron transfer through galvanic effects, and
improved selectivity due to lower water adsorption affinity at
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Environmental significance

Engineered nanomaterials for the removal of (ground)water pollutants show complex relations among their synthesis methods, particle characteristics, and
performance. In this study, we demonstrate that the choice of Cu(II) salt used for the surface modification of nanoscale zero-valent iron (nZVI) particles
significantly influences their performance in the dechlorination of trichloroethylene (TCE) to the environmentally benign hydrocarbons ethene and ethane.
To explain these observations, we conducted a comprehensive material characterisation and evaluated the efficiency and selectivity of the TCE degradation.
The key factors controlling the performance were identified as the synthesis pH, surface passivation, and Cu crystallinity. The nZVI particles were
synthesized via thermal reduction of iron (oxyhydr)oxide precursors—a scalable approach suitable for large-scale production and relevant for field
applications.
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and close to the noble metal atoms.5–8 Among the noble
metals, Pd is often found to be the most effective for
improving the (n)ZVI reactivity.9–11 A more cost-efficient
alternative could be the use of Ni.11–13 Nevertheless, its
toxicity presents a limiting factor for its widespread
application.14 The modification of nZVI particles by Cu could,
however, provide an effective trade-off between higher
efficiency, reasonable cost, and limited toxicity.9,15–17 Several
previous studies showed that amending nZVI with Cu
substantially improves the degradation and sequestration of
various contaminants, including chlorinated organic
pollutants,11 the antibiotic oxytetracycline,18 metals and
metalloids,19,20 nitrate,21,22 and phosphate.23

There have been diverse approaches to synthesize the
nZVI particles amended with noble metals, resulting in
different particle architectures:24 (i) particles with the noble
metal located only within the particle surface (i.e., surface-
modified particles) and (ii) particles with the noble metal
dispersed in the whole particle volume. Surface-modified
particles have been typically prepared by dispersing the
previously synthesized nZVI particles in a solution of noble
metal salts,18,21,25 which results in a reductive deposition of
noble metals onto the nZVI surface. The particles of the type
(ii) can be prepared by coprecipitation from the solutions of
Fe(II)/Fe(III) salts in the presence of dissolved noble metals
salts by NaBH4.

26,27 The choice of the synthesis method and
the type of the particle structure affect the efficiency and
mechanism of the pollutant removal.28,29 The uptake of Cu(II)
by nZVI particles is usually fast and efficient, resulting in a
facile synthesis of Cu–nZVI particles.30 In contrast, the
uptake of Ni(II) by the nZVI particles is slower and less
efficient.31 A drawback of using metal-doped (n)ZVI particles
is the potential oxidation and subsequent release of the
second metal to the aqueous phase. Considering Cu-
modified (n)ZVI, a significant Cu release has been observed
only under acidic conditions.32,33 However, compared to
other metals, the extent of the Cu release from the particles
is relatively low.34

Trichloroethylene (TCE) is a hazardous anthropogenic
pollutant, classified as a human carcinogen (group 1),35 whose
presence in groundwater originates primarily from its industrial
use as a degreasing agent and a cleaning solvent. In December
2024, the United States Environmental Protection Agency (US
EPA) issued a final rule regulating TCE, which bans its
manufacture, processing, and distribution in commerce and
introduces stringent worker protection measures for a limited
number of TCE uses, which will be phased out over a longer
period.36 Reactive Fe(0)-based materials, such as nZVI, are able
to reductively degrade TCE into fully dechlorinated
hydrocarbons.37,38 During the reaction, the nZVI particles are
continually transformed into iron (oxyhydr)oxides—natural and
non-toxic soil constituents.39

Despite extensive research on bimetallic nanoparticles,
limited attention has been given to (i) the influence of different
salts of the same noble metal on particle synthesis and (ii) the
detailed characterization of metal distribution and speciation

within such systems. To address these gaps, we synthesized Cu–
nZVI particles using three different Cu(II) salts, performed
comprehensive material characterization including X-ray
diffraction (XRD), elemental mapping via transmission electron
microscopy (TEM) with energy-dispersive X-ray spectroscopy
(EDX), X-ray photoelectron spectroscopy (XPS), and geochemical
modelling, and evaluated how these factors affect the TCE
dechlorination reactivity. The Cu–nZVI particles were prepared
by amending commercially available nZVI with Cu(II) solutions,
which represents a simple and scalable approach suitable for
field applications.

2. Materials and methods
2.1 Chemicals

The Cu(II) salts CuCl2 (Sigma-Aldrich, ≥98%), Cu(NO3)2·3H2O
(Penta, Czech Republic, and Sigma-Aldrich, ≥99%), and
CuSO4·5H2O (Penta, ≥99%) were used for amending the nZVI
particles with Cu. The commercially available nZVI powder
NANOFER 25P was supplied by NANO IRON (Židlochovice,
Czech Republic). The characteristics of the nZVI material and
the preparation of the deoxygenated deionized (DO/DI) water
are presented in Text S1 in the SI.

2.2 Measurement of the oxidation–reduction potential (ORP)
and pH during Cu–nZVI synthesis

In a three-neck flask (250 ml), a 20% (w/w) dispersion of nZVI
was made using 40 g of nZVI and 80 ml of DO/DI water,
followed by 2 min of sonication in an ultrasound bath, and
the addition of 80 ml of Cu(II) solution in DO/DI water. The
amount of each Cu(II) salt corresponded to a Cu/nZVI mass
ratio of 1/100 (i.e., 0.4 g of Cu per 40 g of nZVI). The choice of
this Cu/nZVI mass ratio of 1/100 was based on a literature
survey (e.g., ref. 16 and 20) and corresponded to a trade-off
between the expected effects on the reactivity in comparison
to the non-modified nZVI particles and practical applicability.
The flask was equipped with a mechanical stirrer (BDC2002
Compact Digital, Caframo, Canada), operating at 300 rpm, pH
and ORP probes (details in Text S2), and an injection needle
connected to a source of N2 gas. The measurement lasted for
24 h and was carried out in triplicate. The ORP values were
recalculated to the standard hydrogen electrode (EH).

2.3 Determination of Cu concentration in the aqueous phase
during Cu–nZVI synthesis

To study the changes in dissolved Cu concentration during
reaction, the Cu–nZVI particles were prepared by mixing 4 g
of nZVI powder in 42.2 ml glass vials with 16 ml of a solution
of each Cu(II) salt (2500 mg l−1 Cu) in DO/DI water. The
dispersions were immediately homogenized using a T 18
basic ULTRA-TURRAX dispersion tool (IKA, Germany),
operating at 11 000 rpm for 2 min and placed at a vertical
rotator (PTR-35, Grant Instruments, UK), operating at 15
rpm. The sample collection and the Cu determination are
described in Text S3.
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2.4 Characterisation of Cu–nZVI particles

The Cu–nZVI particles prepared using three different Cu(II)
salts were analysed using a combination of transmission
electron microscopy (TEM) with energy-dispersive X-ray
spectroscopy (EDX) mapping, powder X-ray diffraction (XRD),
and X-ray photoelectron spectroscopy (XPS) to study the
nanoparticle composition, morphology, and the distribution
and speciation of Cu on the particle surface. The Cu–nZVI
dispersions for the particle characterisation were prepared
according to the procedure described in section 2.3. After 60
min of reaction, the particles were collected using a
permanent magnet and the solution was decanted. The
particles were then washed three times with 10 ml of
ethanol.

The TEM analysis was performed with a JEM-2100
microscope (JEOL, Japan) coupled with an X-MaxN 80T
SDD EDX analyser (Oxford Instruments, United Kingdom)
with a drop of the dispersion of the Cu–nZVI particles in
ethanol placed on holey carbon-coated gold (Au) grids and
evaporated to dryness. Additionally, the distribution of Cu
on the surface of nZVI particles, as well as their particle-
size and morphology, was investigated by means of
transmission electron microscope Titan G2 TEM (FEI,
USA), operating at 80 kV and equipped with a BM
UltraScan CCD camera (Gatan) and a Super-X EDX system
with four silicon drift detectors (Bruker, USA). The EDX
elemental maps were collected in a scanning TEM (STEM)
mode, with images obtained using the HAADF detector
3000 (Fischione, USA).

The XRD analysis was performed on the particles dried in
anoxic conditions using an Empyrean diffractometer
(Malvern PANalytical, United Kingdom) equipped with CoKα

radiation source and operating in the Bragg–Brentano
geometry with the diffraction patterns acquired in a 2θ range
of 5–105° (step size 0.026°, 6 fast scans in 30 min) at ambient
conditions. The XRD data were processed using HighScore
Plus software (Malvern PANalytical) in conjunction with
Crystallography Open Database (COD)40 and PDF-4+
database.

The XPS analysis was performed using a PHI 5000
VersaProbe II spectrometer (Physical Electronics, USA) with a
monochromatic AlKα radiation source. A small amount of the
Cu–nZVI particle dispersion in ethanol was placed on an Al
sample holder and immediately inserted into a vacuum
chamber of the spectrometer. The measurement was
performed at 21 °C and 1.4 × 10−7 Pa. The acquisition
parameters for the survey spectra were 187.85 eV pass energy
and a 1100–0 eV binding energy range with a step of 0.80 eV.
For the high-resolution spectra, the pass energy was 23.50 eV,
and the spectra were acquired at 0.20 eV steps. Dual beam
compensation of the surface charge of the samples was used
for each measurement. The evaluation of the acquired
spectra was performed with the MultiPak (ULVAC-PHI)
software. The values of the binding energies were referenced
to the energy of aliphatic carbon (C 1s) at 248.80 eV.

2.5 Trichloroethylene degradation experiments

The removal of TCE by Cu–nZVI particles and its degradation
products were evaluated in a series of three- and eight-day
experiments. The variables tested were the source of Cu
(Cu(II) chloride, nitrate, and sulfate), the Cu loading (Cu/nZVI
mass ratio of 1/100, 5/100, and 15/100), and the method of
mixing Cu(II) solution with nZVI (stirring of the nZVI particles
in the Cu(II) solution and continuous addition of the Cu(II)
solution during stirring of the nZVI particles in DO/DI water).
The concentration of the Cu–nZVI particles was 1 g l−1, while
the concentration of TCE was 20 mg l−1. The detailed
experimental protocol is presented in Text S4, together with
the description of the subsequent gas chromatography
analysis.

To evaluate the selectivity of Cu–nZVI in TCE degradation,
we calculated the electron efficiency parameter, εe, according
to eqn (1),41 where pi are the molar quantities of the TCE
degradation products multiplied by the respective
stoichiometric coefficients, ni, and pH2

is the molar quantity
of molecular hydrogen evolved.

εe ¼
P

nipiP
nipi þ 2pH2

(1)

2.6 Data treatment and geochemical modelling

The experimental data were plotted using DataGraph 5
software (Visual Data Tools, USA). Where applicable, the
measurement uncertainty was expressed as one standard
deviation of the analysed replicas. Significant differences
among the experimental values were evaluated on the basis
of the Tukey–Kramer's honestly significant difference (HSD)
test using the One-way ANOVA with post hoc Tukey HSD
Calculator42 and, for the data in Table S1 and Cu
concentration comparisons in section 3.1, on the basis of the
two-sample t-test assuming unequal variances using Excel
(Microsoft, USA). The PHREEQC-3 geochemical modelling
software with the LLNL database43 was applied on the
systems consisting of the solutions of the respective Cu(II)
salts (2500 mg l−1 Cu) equilibrated with Fe(0). The amounts
of Fe(0) used in the calculations were based on the initial
nZVI concentration (250 g l−1) and the relative abundance of
Fe(0) in the (Cu–)nZVI based on the results of the XRD
analysis (Fig. 2d).

3. Results and discussion
3.1 Evolution of EH, pH, and dissolved Cu concentration
during the synthesis of Cu–nZVI particles

Fig. 1a shows the evolution of EH after adding solutions of
Cu(II) chloride, nitrate, and sulfate to a freshly prepared nZVI
dispersion in DO/DI water. The initial EH value of the pure
DO/DI water was 370 ± 30 mV. An insight into the EH at the
beginning of the reaction is shown in Fig. S1 in the SI. At
first, there is a rapid decrease in EH due to the reactions of
nZVI with water, resulting in the formation of molecular
hydrogen and hydroxide ions, according to eqn (2).44
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Fe + 2H2O → Fe(OH)2 + H2 (2)

A comparison of the three types of Cu–nZVI reveals
considerable similarity for CuSO4 and CuCl2 when used as
modifying agents. In both cases, EH dropped to −465 mV
within 15 min after the addition of the Cu(II) solution to the
freshly prepared nZVI dispersion. In contrast, the addition of
Cu(NO3)2 to the nZVI dispersion resulted in stronger
reducing conditions with slower stabilization of the EH value.

The evolution of EH in the Cu–nZVI dispersions with nitrate
shows three distinct phases: a rapid drop of EH from the
beginning of the reaction to −400 mV within 10 min, followed
by a slower decrease to −630 mV within 2 h and a subsequent
slight increase up to −610 mV within 24 h. The final EH value
at the end of the initial phase was close to the value of the
standard redox potential of the Fe2+/Fe couple −447 mV,45

which is also the case of the Cu–nZVI dispersions with
chloride and sulfate. The middle phase was absent in the

Fig. 1 Oxidation–reduction potential (EH) (a) and pH (b) in the Cu–nZVI dispersions prepared with different Cu(II) salts. The insets magnify the first
2 h from the beginning of the reaction (i.e., from the addition of the Cu(II) solution to a fresh dispersion of the nZVI particles). The lines of 1-Cl and
1-SO4 in the EH plot overlap. Lighter colours indicate one standard deviation (n = 3; for 1-SO4, n = 2) calculated for each data point.

Fig. 2 Transmission electron micrographs of the Cu–nZVI particles prepared with different Cu(II) salts and a Cu/nZVI mass ratio of 1/100: 1-Cl (a),
1-NO3 (b), and 1-SO4 (c), with the respective energy-dispersive X-ray spectra (insets); and X-ray diffraction patterns of the three samples (d) with
an inset magnifying the area of a Cu peak at 59.055° 2θ.
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case of chloride and sulfate. The stronger reducing
conditions in the 1-NO3 dispersion were likely the result of
more intense Fe(0) corrosion induced by the presence of
easily reducible nitrate ions.21,22,46,47

The evolution of the pH during the synthesis of the Cu–
nZVI particles, displayed in Fig. 1b and S2, was in agreement
with the observed EH. Alkaline conditions emerged from the
reaction of the nZVI with water, as mentioned above (eqn
(2)). Again, the dispersions with chloride and sulfate showed
similar evolution patterns. However, the dispersions with
nitrate exhibited a higher pH with a less stable curve. This
was likely due to reactions involving the reduction of nitrate
ions, which, in contrast to chloride or sulfate ions, can be
efficiently reduced by nZVI.21,22,48 The reduction of nitrate by
nZVI is accompanied by an increase in pH, as exemplified in
eqn (3).49

NO3
− + 3Fe0 + 3H2O → Fe3O4 + NH4

+ + 2OH− (3)

Although experiments with Fe(0) microparticles have
demonstrated only a negligible extent of nitrate removal in
unbuffered solutions at an initial pH > 4,50 the reduction of
nitrate by nZVI particles is fast even in unbuffered alkaline
solutions.21 Moreover, the modification of nZVI particles by
noble metals may increase the nitrate reduction rate with the
effect of the noble metal following the order Cu > Pd > Pt.21

The typical products of the reduction of nitrate by nZVI
particles at low EH and alkaline pH are mainly ammonium
ions (NH4

+) and ammonia (NH3); however, significant
amounts of nitrite (NO2

−) have also been observed when Cu–
nZVI particles were used.51

In addition, the higher pH of the 1-NO3 sample can affect
the composition of the outmost iron (oxyhydr)oxide shell due
to solubility and low stability of some primary iron-bearing
minerals at alkaline pH values, which may promote their
dissolution and/or recrystallization into more crystalline
secondary minerals.52 This is likely a contributing factor to
the more pronounced formation of magnetite in this sample
(see section 3.2).

The Cu concentration in the aqueous phase of the
prepared Cu–nZVI dispersions (Table S1 in the SI) decreased
from the initial value (nominally 2500 mg l−1) in the pure
Cu(II) solution to less than 100 μg l−1 within the first 5
minutes and remained below 50 μg l−1 at the end of the
experiment (2 h). A slight increase was observed in the
dispersions prepared using Cu(II) chloride and sulfate from
60 to 120 min of the experiment; however, the differences
were not statistically significant (p = 0.42 and 0.23,
respectively). The uptake of Cu from the solution by the nZVI
particles is, therefore, very fast and efficient (>99.99%), being
in accordance with previous research.30,53 The appropriate
duration of the modification of the nZVI particles by Cu was
estimated from the combination of the above-mentioned
experiments. Steady EH and pH values were established from
ca. 15 min to 2 h of reaction, depending on the type of the
Cu(II) salt used. As a result, a 1-hour reaction time was

further used in the synthesis of Cu–nZVI, as within this time,
almost all the Cu was removed from the solution.

3.2 Characterisation of Cu–nZVI particles by TEM-EDX, XRD,
and XPS

Cu–nZVI formed strongly aggregated particles without
substantial morphological differences between the particles
prepared with different Cu(II) salts (Fig. 2a–c). Using TEM,
the Cu on the particle surfaces cannot be distinguished from
Fe due to low material contrast. Noble metal doping is not
expected to substantially alter the morphology of the nZVI
particles at low metal loadings.29 The reductive deposition
mechanism implies that the base metal (Fe) is partly oxidized
during the reaction and may subsequently form (oxyhydr)
oxides on the particle surface. The morphology of noble
metals deposited on the nZVI particle surface has not been
widely examined in the literature. Ling and Zhang (2014)54

reported the formation of discrete Pd clusters on the nZVI
particle surface. However, their observations may be affected
by the use of ethanol for the preparation of the Pd(II) solution
during the synthesis instead of water. The EDX spectra
obtained from samples prepared with different Cu(II) salts
are shown with the corresponding TEM images in Fig. 2. The
copper peaks identified in each spectrum can be ascribed
entirely to Cu incorporated in the particles due to the use of
Au TEM grids. The presence of Si and Cr in all the samples
originates from the impurities of the precursor material used
for the nZVI synthesis.

Quantitative phase analysis of the X-ray diffraction
patterns based on the Rietveld refinement (Table 1 and
Fig. 2d) shows a characteristic composition of the Cu–nZVI
samples: a high content of elemental Fe (around 80%),
followed by magnetite (Fe3O4) and wüstite (FeO), its oxidation
products (also present in the initial nZVI powder – see
section 2.1), and elemental Cu. The amount of Cu in the 1-Cl
and 1-SO4 samples corresponded to the theoretical 1/100 Cu/
nZVI ratio used to synthesize the particles, while, in the case
of the 1-NO3 sample, no Cu was detected. As the experiments
involving the measurement of the dissolved Cu concentration
during the synthesis indicated almost complete uptake of Cu
from the solution by the nZVI particles (see section 3.1 and
Table S1), the XRD results suggest that Cu in the Cu–nZVI
particles prepared with Cu(II) nitrate is present primarily in
an amorphous or nanocrystalline form. The presence of Cu
in the 1-NO3 sample was also confirmed by EDX (Fig. 2). The
highest amount of magnetite in the 1-NO3 sample correlates
with the additional oxidation of Fe(0) by nitrate anions,
according to eqn (3).52

The XRD analysis of the materials with higher Cu/nZVI
mass ratios, i.e., 5/100 and 15/100, also showed the presence
of trébeurdenite, a mixed Fe(II)/Fe(III) green rust mineral
(Table 1). The presence of trébeurdenite was also observed
during the static aging of the nZVI particles in purified water
in a previous study.55 In the 15-Cl sample with the highest
Cu/nZVI ratio and the highest chloride concentration in
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solution originating from the Cu(II) chloride, Fe(II)
hydroxychloride, Fe2(OH)3Cl, was also detected.

Table 2 presents the composition of the Cu–nZVI particle
surface obtained from the XPS analysis. The most abundant
elements are O (resulting from the oxidation of the particle
surface in the water and sample preparation), Fe, and C (its
presence originates partially from ethanol, which was used
during sample preparation). The content of Cu is similar for
all three Cu–nZVI materials. In the previous analysis by XRD,
however, no Cu was detected in the 1-NO3 sample.
Considering that Cu in the Cu–nZVI particles is located
primarily on their surface and that XRD provides a bulk
phase composition, its detection limit is in this case
significantly higher than that of XPS in this context.
Considering the similar Cu contents across all particle types
detected by XPS and the confirmation of Cu incorporation
via mass balance calculations, these results collectively
suggest that Cu in the 1-NO3 sample is present in an
amorphous or nanocrystalline form. Small amounts of Si
were also detected in the samples, likely due to
contamination of the precursor material and/or originating
from the glass reaction vessels. High-resolution spectra in
the Fe 2p region are displayed in Fig. S3a. The Fe 2p spectra
of all three materials contain a component around 706.5 eV,
which is indicative of the presence of Fe(0).56 This
component is more pronounced in the 1-Cl and 1-SO4

samples than in the 1-NO3 sample. The surface of the 1-NO3

sample is likely more oxidized due to the reaction with
nitrate anions, which is consistent with the results of the
XRD analysis (see above). Furthermore, the greater extent of
the oxidation of the 1-NO3 surface is supported by the
analysis of the O 1s spectra (Fig. S3b). A shoulder at 530 eV,

which corresponds to a component of O in the oxides57 (i.e.,
mainly Fe oxides/oxyhydroxides in our study), is most
pronounced in the 1-NO3 sample.

To examine the spatial distribution of Cu on the surface
of Cu–nZVI particles, a Cu–Fe–O EDX elemental mapping was
conducted. The resulting images (Fig. 3b and S4) reveal the
presence of tiny discrete Cu islands. This structure allows a
direct contact of the nZVI core with the surrounding aqueous
medium, while the discrete Cu islands can act as catalytic
centres.

A comparison of the high-resolution XPS spectra in the Cu
2p region for the three Cu–nZVI samples is displayed in
Fig. 3c. As the oxidation state of Cu cannot be identified
solely from the positions of the photoelectron lines in the Cu
2p spectra, a complementary analysis of the Cu LMM Auger
lines was performed (Fig. 3d). The most prominent line near
568 eV binding energy indicates the presence of Cu primarily
as Cu(0) in all the samples.58 Less intense lines between 569
and 571 eV also suggest the presence of Cu2O.

57 The relative
abundance of the Cu species can be determined by the curve-
fitting of the Cu LMM spectra.59 In our study, reliable
quantification was, however, not feasible due to the low
abundance of Cu and subsequent low signal-to-noise ratio. In
previous studies, the chemical form of Cu on the surface of
nZVI particles was identified similarly as Cu(0) or Cu2O.

53,60

Furthermore, the possible reduction of SO4
2− anions on

the surface of the Cu–nZVI particles prepared using Cu(II)
sulfate was examined. According to the S 2p spectrum of the
1-SO4 sample (Fig. S5), the dominant S species was sulfate;
however, reduced S species were also present. The broad line
with a maximum at 162.5 eV binding energy was
deconvoluted into two components at 162.4 and 163.6 eV
ascribed to 2p3/2 and 2p1/2 lines of disulfide (S2)

2−. The
relative abundance of the species was 79% sulfate and 21%
disulfide based on the peak area. Although the formation of
Cu2S and CuS is thermodynamically favorable (see below),
the high-resolution Cu XPS spectra (Fig. 3c) do not support
the presence of these phases. However, similar features have
been observed in the analysis of pyrite (FeS2) samples.61,62

Therefore, the SO4
2− anions appear to have been reduced to

form FeS2 or FeS, which is consistent with a recent study that
investigated Cu–ZVI materials prepared by ball milling.63

However, the Fe 2p XPS spectra (Fig. S3a) did not provide
sufficient evidence to confirm the presence of the (di-)sulfide
phases. In the 1-Cl sample, chlorine was also present, likely

Table 1 Phase composition (wt%) of Cu–nZVI materials based on the quantitative XRD analysis

Phase Formula 1-Cl 1-NO3 1-SO4 5-Cl 15-Cl D-5-Cl

Iron Fe 81.7 79.6 81.4 85.1 70.5 82.0
Wüstite FeO 6.2 1.9 2.2 1.5 n.d. 1.3
Magnetite Fe3O4 11.4 18.5 15.4 9.8 11.5 9.1
Trébeurdenite FeII2Fe

III
4 O2(OH)10CO3·3H2O n.d.a n.d. n.d. 0.8 1.2 4.8

Iron(II) hydroxychloride FeII2 (OH)3Cl n.d. n.d. n.d. n.d. 5.3 n.d.
Copper Cu 0.7 n.d. 1.0 2.3 11.2 2.8

a Not detected.

Table 2 Surface composition (atomic %) of the non-modified nZVI
particles and the Cu–nZVI particles with a 1/100 Cu/nZVI mass ratio
prepared using three different Cu(II) salts as determined by X-ray
photoelectron spectroscopy (XPS). Small amounts of detected Si were
not included in the quantification

Material O Fe C Cu Cl S

nZVI 63.6 23.7 12.7 n.d.a n.d. n.d.
1-Cl 51.5 25.0 18.0 0.7 4.7 n.d.
1-NO3 62.6 27.6 8.8 1.0 n.d. n.d.
1-SO4 59.7 26.6 10.8 1.1 n.d. 1.7

a Not detected.
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as adsorbed Cl− anions (199.0 eV binding energy of the Cl
2p3/2 component). No nitrogen was detected in the 1-NO3

sample.
To support the results from the thermodynamic point of

view, we calculated the saturation indices of relevant Fe and
Cu phases that could be formed during the synthesis of the
Cu–nZVI particles. Positive values of the saturation indices
displayed in Table S2 indicate the possible reduction of Cu(II)
to both Cu(0) and Cu2O in all the Cu–nZVI dispersions, while
the formation of CuO was also possible in the dispersions
with Cu(II) nitrate and sulfate. The results also suggest the

possibility of the reduction of SO4
2− anions in the dispersion

of Fe(0) with Cu(II) sulfate, resulting in the formation of FeS,
FeS2, Cu2S, or CuS.

3.3 Performance of Cu–nZVI particles in trichloroethylene
degradation

3.3.1 Effects of different Cu(II) salts used for the Cu–nZVI
synthesis. The concentrations of TCE in various Cu–nZVI
dispersions measured after three and eight days of reaction
are summarized in Fig. 4a and Table S3. After the first three

Fig. 3 Transmission electron micrograph of the 1-Cl Cu–nZVI particles (a) with the corresponding energy-dispersive X-ray (EDX) map for Cu, Fe,
and O (b); X-ray photoelectron spectroscopy of the three Cu–nZVI materials prepared using different Cu(II) salts (c and d).

Fig. 4 Relative residual concentration of trichloroethylene (TCE) (c0 = 20 mg l−1, corresponding to 152 μmol l−1) in the dispersions of nZVI and Cu–
nZVI particles prepared with different Cu(II) salts (a) and different Cu loadings (b), after 3 and 8 days of reaction with the corresponding electron
efficiencies (c and d). The letters a–e above the columns indicate significant differences (p < 0.01 or 0.05) in the mean values within each plot
based on the Tukey–Kramer test.
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days, the amount of TCE in the Cu–nZVI dispersions was not
significantly lower than in the dispersion of the non-
modified nZVI particles (p = 0.90 for the 1-Cl, p = 0.86 for the
1-NO3, and p = 0.90 for the 1-SO4 sample, respectively).
However, larger differences were observed after eight days of
reaction: the 1-Cl and 1-SO4 samples removed 50% of the
initial TCE amount, while the non-modified nZVI removed
only 30%. The 1-NO3 sample showed no improvement in the
TCE removal over the non-modified nZVI particles.

Lu et al. (2017)47 suggested that the reason for the lower
reactivity of Fe(0) particles toward TCE in the presence of
nitrate is the more intense passivation of the iron surface.
This correlates with the highest amount of magnetite
observed in the 1-NO3 sample by XRD and the lowest amount
of Fe(0) in the surface layer as observed by the XPS (see
section 3.2, Table 1, and Fig. S3a).

Another factor influencing the removal of TCE by the
(Cu–)nZVI particles is the pH. According to the findings of
Fan et al. (2023),63 an increase in pH significantly lowers the
efficiency of the TCE removal by Cu-modified iron
microparticles. In our study, the concentrated dispersions of
Cu–nZVI particles prepared with Cu(II) nitrate were highly
alkaline (average pH 11.8 after 1 h of reaction, see section 3.1
and Fig. 1b) compared to dispersions with Cu(II) chloride (pH
8.4) and Cu(II) sulfate (pH 9.3). Since the pH was not
controlled in our experiments and the particles were used
directly from the synthesis mixture without washing, the
conditions during the particle synthesis directly impacted the
conditions during the experiments. Although the synthesis
mixtures were subsequently diluted (from the initial 20 wt.%
to 1 g l−1 nZVI during the experiments), the higher pH of the
1-NO3 sample may be one of the reasons for its lower
reactivity with TCE.

Fan et al. (2023)63 also highlighted the effects of different
chemical forms of Cu on the particle surface on the TCE
degradation efficiency. They argue that the particles prepared
with Cu(II) nitrate are less reactive due to the higher content
of Cu2O on their surface (i.e., high Cu(I)/Cu(0) ratio based on
the analysis of the Cu LMM Auger spectra), which, in contrast
to Cu(0), does not allow the improvement of particle
reactivity via galvanic or catalytic effects. Accordingly, the
particles prepared with Cu(II) chloride and sulfate exhibited a
lower Cu(I)/Cu(0) ratio and, thus, higher reactivity.63

According to the XPS analysis, all three Cu–nZVI materials
contain Cu(0) as the dominant Cu species (Fig. 3c and d).
However, the results of the XRD analysis (see section 3.2 and
Table 1) revealed the presence of Cu(0) only in the 1-Cl and
1-SO4 samples, indicating that the Cu in the 1-NO3 sample is
amorphous/nanocrystalline. Thus, the crystallinity of Cu
appears to be an important factor that affects the reactivity of
the Cu–nZVI particles toward the TCE. While amorphous
metallic phases have shown increased catalytic activity
compared to their crystalline counterparts, the lack of order
in their structure results in lower electrical conductivity.64

The less conductive surface of the nZVI particles would,
therefore, result in a limited electron transfer from the Fe(0)

core. The effect of lowered electrical conductivity, together
with a higher pH and a more passivated surface, could
explain the lower reactivity of the Cu–nZVI particles prepared
using Cu(II) nitrate.

The dominant product of the TCE degradation was ethene
for all the Cu–nZVI particle types (Fig. S6), followed by ethane
and a minor concentration of 1,1-DCE (ca. 1% of the amount
of ethene). While similar degradation products were formed,
their ratios differed, which can substantially impact the
overall degradation efficiency (Fig. S7). The predominance of
ethene among the degradation products, together with the
absence of acetylene, suggests that Cu doping enhances TCE
degradation through both the direct electron transfer and
hydrogenolysis via adsorbed H* (see Text S5 for a detailed
discussion). However, Cu sites are likely not sufficiently active
to generate abundant H* for complete hydrogenation, which
limits further reduction of ethene to ethane. This is in line
with a poor ethene hydrogenation reported for Cu–Fe
bimetallic particles65 and Cu electro-catalysts.66 In several
samples, trace amounts of cis- and trans-DCE were also
detected (data not shown). Neither acetylene nor vinyl
chloride (VC) was detected. The absence of the VC
intermediate implies its complete conversion into
hydrocarbon species. Since only negligible amounts of
chlorinated intermediates were detected, it can be concluded
that the TCE degradation by Cu–nZVI particles resulted in
practically complete dechlorination. Additional discussion
and implications regarding the analysis of the TCE
degradation products are provided in Text S5 and Fig. S7–S10.

3.3.2 Effects of higher Cu loadings on the Cu–nZVI
reactivity. Previous studies on granular Fe found a correlation
between the increase in bimetallic particle reactivity with
pollutants and the noble metal surface coverage.15,67 These
studies found the greatest reactivity enhancement at metal
loadings up to the amount necessary for the theoretical
formation of one monolayer on the particle surface. In case
of the precursor nZVI used in this study, this would
correspond to ca. 5% Cu loading. However, as the TEM-EDX
mapping of Cu–nZVI particles showed that Cu does not form
a uniform layer but rather discrete islands (Fig. 3), we
decided to also test higher Cu loading of 15%.

The removal of TCE by Cu–nZVI particles with these
loadings (i.e., with 5/100 or 15/100 Cu/nZVI mass ratio) is
shown in Fig. 4b and Table S3. Interestingly, none of the
samples with higher Cu loadings degraded TCE faster than
the 1-Cl or 1-SO4 samples with a 1/100 Cu/nZVI mass ratio.
The lack of a further increase in removal rate with higher Cu/
nZVI ratios may have several explanations: (i) the discrete Cu
surface islands may coalesce at higher Cu loadings, blocking
access to the reactive Fe(0) surface; (ii) a thicker layer of Fe
corrosion products forms on the surface of the nZVI particles
as a result of a redox reaction between Fe(0) and Cu(II), which
may reduce the rate of electron transfer to the adsorbed
pollutant molecules and the generation of H* on the particle
surface due to the formation of surface iron (oxyhydr)oxides;
(iii) Cu possesses only limited catalytic efficiency for
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hydrogen activation compared to Pd or Ni; if sufficient Cu is
present to facilitate electron transfer, further increases in Cu
likely do not enhance H*-mediated dechlorination; and (iv)
higher Cu loadings induced more intense corrosion of the
nZVI particles during synthesis, which decreased the nZVI
reducing capacity.

Various published studies on the (n)ZVI-based materials
modified by Cu have come to different conclusions regarding
the effect of Cu loading on their performance in the removal
of pollutants (see the extended discussion in Text S6). There
is a noticeable difference between granular ZVI and nZVI
particles induced by the different amounts of Cu necessary to
amend the particle surface with varying specific surface area.

3.3.3 Electron efficiency (εe) and the Cu–nZVI application
potential. In practical applications, the high reactivity of
applied nZVI-based treatments toward target pollutants may
not be the primary determinant of remedial performance, as
nZVI typically reacts readily with water and undergoes rapid
corrosion. Electron efficiency, i.e., the percentage of the
reducing capacity that can effectively be used for pollutant
degradation as opposed to the hydrogen evolution reaction
and other side reactions with natural reducible species (see
also Text S7), thus represents a crucial performance indicator
for nZVI-based materials.68

The electron efficiencies of all the Cu–nZVI particles
investigated in this study are shown in Fig. 4c and d. The
non-modified nZVI particles showed the lowest electron
efficiency, reaching 2.9%. The εe values for the Cu–nZVI
particles in our study reached >8% in the case of 1-Cl,
1-NO3, 1-SO4, and D-5-Cl after 3 days of reaction. For the
1-NO3 and 1-SO4 samples, the calculation of εe would also
need to account for the reduction of nitrate and sulfate ions
in the dispersions; these species may be reduced by nZVI
and, therefore, should be considered as other side reactions.
However, following the results of Schöftner et al. (2015),69 we
assumed that the extent of the reduction of sulfate by the
nZVI particles was negligible and that the reduction of nitrate
occurred mainly during the synthesis of the Cu–nZVI
particles, as the process of nitrate reduction is usually
fast.21,22 The values of εe decreased over time, which was
likely caused by several factors, including the corrosion of
the Fe(0) core of the particles and the spent reduction
capacity, and the decrease in the TCE concentration. This
observation is essential for the evaluation of the long-term
performance of the particles in pollutant degradation. The
best stability of εe in time was observed for the D-5-Cl sample
(9.1% after 3 days and 8.1% after 8 days of reaction),
suggesting a longer reactive lifetime in a practical
application. This is likely due to a more uniform distribution
of Cu atoms on the particle surface due to the modified
synthesis procedure involving the addition of a concentrated
Cu(II) solution into a stirred nZVI suspension.

Another important effect that further contributes to the
better efficiency of Cu–nZVI particles in the TCE removal
compared to the non-modified nZVI particles is the
saturation of the product hydrocarbons, expressed as the

ethene/ethane ratio (Fig. S7). Although this ratio reached only
2.7 ± 0.4 and 3.0 ± 0.3 for the non-modified nZVI particles
after 3 and 8 days of reaction, respectively, for the Cu–nZVI
particles, it reached values more than four times larger (e.g.,
20.8 ± 0.6 and 13.6 ± 0.8 for the 1-Cl Cu–nZVI particles after
3 and 8 days of reaction, respectively). As the reduction of
TCE to ethane requires two electrons more than its reduction
to ethene, these results suggest that the Cu–nZVI can degrade
an even larger amount of TCE compared to the non-modified
nZVI than would be expected solely from the obtained
electron efficiency values. Taking into account both electron
efficiency and the saturation of product hydrocarbons, the
Cu–nZVI particles can degrade up to three times more TCE
than the non-modified nZVI (Table S4). Considering the
initial concentration of TCE (20 mg l−1, i.e., 0.152 mmol l−1),
the Cu–nZVI particles can degrade up to four times the
amount of TCE present in the reaction systems, whereas the
non-modified nZVI particles can degrade only around 30%
more than the dosed amount of TCE.

Finally, we acknowledge the limitation of using deionized
water as a model medium in this study, which does not fully
capture the chemical complexity of natural groundwater.
Factors such as dissolved minerals, natural organic matter,
and variable ionic strength can influence the reactivity,
selectivity, and longevity of Cu–nZVI particles. Therefore,
long-term batch or column tests with real or simulated
groundwater are needed to validate the performance and
mechanistic insights observed here under field-relevant
conditions.

4. Conclusions

Surface modification of the nZVI particles with a small
amount of Cu enhances their reactivity and selectivity for
TCE degradation. Of the three Cu(II) salts used in our study
(chloride, nitrate, and sulfate), Cu(II) chloride and sulfate act
similarly in terms of the physicochemical parameters (pH
and EH) and material composition (determined primarily by
XRD and XPS), resulting in a comparable performance in the
TCE degradation. In contrast, the nZVI particles modified by
Cu(II) nitrate showed a slower TCE degradation due to the
higher pH of the Cu–nZVI dispersions, a more passivated
surface, and the presence of Cu in their structure in an
amorphous form. Increasing the Cu loading above 1% did
not further improve reactivity, likely due to enhanced surface
passivation; however, electron efficiency was improved by
adding a concentrated Cu(II) solution dropwise to the nZVI
dispersion at the Cu/nZVI mass ratio of 5/100 during the
stirring rather than mixing directly, suggesting a longer
reactive lifetime of the Cu–nZVI particles prepared using this
procedure. Overall, our findings show that the choice of the
Cu precursor and the synthesis procedure strongly influence
the properties of Cu-doped nZVI materials. As similar trends
are expected for other noble metals, these insights can be
used to improve the reactive lifetime and selectivity of a wide
range of noble metal-doped nZVI materials.
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