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Abstract

Fe and Cu powders were mixed at a 50:50 ratio. Then, Fe-Cu alloys were prepared using
the ball milling technique with different milling times of 6, 12, 18, 24, 30, 36, and 42 h. The
crystalline structure was analyzed using X-ray diffraction (XRD), and it was found that
the optimum milling time was 30 h. The homogeneity of the Fe and Cu elements in the
Fe–Cu alloys was analyzed using the scanning electron microscopy with energy dispersive
X-ray spectroscopy (SEM–EDX) mapping technique. Additionally, the crystal orientation
of the Fe–Cu alloys was investigated using transmission electron microscopy (TEM). To
fabricate the cathode for nitrate removal via electrolysis, an Fe–Cu alloy milled for 30 h was
deposited onto a copper substrate using mechanical milling, then annealed at 800 ◦C. A
pulsed DC electrolysis method was developed to test the nitrate removal efficiency of the
Fe–Cu-coated cathode. The anode used was an Al sheet. The synthesized wastewater was
prepared from KNO3. Nitrate removal experiments from the synthesized wastewater were
performed for durations of 0–4 h. The results show that the nitrate removal efficiency at 4 h
was 96.90% compared to 74.40% with the Cu cathode.

Keywords: Fe–Cu alloy; mechanical alloying; cathode fabrication; nitrate electroreduction;
wastewater treatment

1. Introduction
General wastewater sources often have a significant accumulation of nitrogen com-

pounds. The occurrence of nitrogen compounds in water sources comes from various
sources, including wastewater from communities generated from the use of tap water or
groundwater for household activities, such as cooking, dishwashing, and cleaning. Nitro-
gen compounds in this type of wastewater typically arise from the decomposition of organic
substances contaminating the water. Wastewater from industrial factories originates from
production processes involving chemicals that may be released without proper treatment.
Agricultural wastewater can result from the use of nitrogen fertilizers and insecticides, such
as neonicotinoid pesticides. These chemicals remaining on the soil surface can flow into
water sources due to runoff or rainwater washing, leading to the accumulation of nitrogen
compounds in water sources [1–3].
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Nitrogen compound accumulation in water sources leads to a process called nitrifi-
cation, where these compounds are converted into nitrate

(
NO−

3
)
. This process occurs

in two stages. The first stage is ammonia oxidation, where bacteria from the ammonia-
oxidizing bacterial group, such as Nitrosomonas, oxidize ammonia (NH3) or ammonium(
NH+

4
)
, which is produced from the decomposition of organic matter in the water, into

nitrite
(
NO−

2
)
. The second stage is nitrite oxidation, where the nitrite formed in the first

stage is further oxidized into nitrate, which is a stable form that can dissolve in water [4].
Various technologies have been developed and used to remove nitrate from wastewa-

ter, including biological denitrification, physical processes, and electrochemical denitrifica-
tion [5–7]. In the biological denitrification process, bacteria are used to transform nitrate
into nitrogen gas and release it into the air [8]. For wetlands, wastewater treatment systems,
aquatic plants, and microorganisms are used to absorb and treat nitrate in water. Biolog-
ical denitrification is the cheapest method for nitrate removal in wastewater. However,
this process takes a long time because the conversion of nitrate into nitrogen gas occurs
naturally. Moreover, for industrial wastewater, biological denitrification greatly affects
microbial activity, and therefore, this technique is not suitable for nitrate removal from
industrial wastewater [9].

Among the physical processes, ion exchange and reverse osmosis are the most widely
applied treatment methods for nitrate removal [5]. The electrochemical denitrification
process has been recognized as a promising method for nitrate removal through oxidative
and reductive reactions into water, nitrogen, and oxygen [10]. These methods include
electroreduction and electrocoagulation [5,7,11]. In every electrochemical process, the
electrode material is a key variable to study [6,12]. Good electrode materials should have
a high catalytic activity, high stability, good corrosion resistance, and low cost [13–15]. In
addition, the pulsed-electrocoagulation process for the treatment of various wastewaters
has been widely studied [9,16,17]. This is because pulsed electrocatalysts consume lower
energy than DC electrocatalysts and can reduce corrosion on the anode surface [16–18].

The water electrolysis process has recently received significant attention due to its
potential application in wastewater treatment. This method involves the use of electrical en-
ergy to split water molecules into oxygen and hydrogen gases, effectively removing nitrate
contaminants without the need for chemical additives. One of the primary advantages of
this method is its straightforward operation and ease of control, making it highly adaptable
to various treatment requirements. Additionally, the flexibility in system design allows for
integration into diverse wastewater treatment processes, enhancing its applicability and
scalability [19–22].

In electrochemical processes, the electrode material is an essential part that directly
affects the removal rate of nitrate from wastewater [23,24]. Metal electrodes with low
resistance and high activity have been widely studied for nitrate removal from wastewater.
Various electrode materials have been used as cathodes, such as Cu, Pt, Fe, Ti, and Sn.
Various metallic electrodes, such as Cu, Ni, Pb, Fe, Al, and stainless steel (SS), have
been investigated for the electrolytic reduction of nitrate [24,25]. Consequently, bimetallic
alloy electrodes, such as Cu–Ni, Ni–Fe, Cu–Pt, Cu–Sn, and FeCu/CC, have been widely
studied [26–29]. Xu et al. [5] summarized the efficiency of different types of metallic
electrodes and bimetallic alloys on nitrate electroreduction. They found that bimetallic alloy
electrodes could reduce nitrate with higher efficiency than metallic electrodes. However,
most previous studies on electrochemical nitrate removal often require chemical additives
or strict pH control during operation, increasing operational complexity and cost and
reducing sustainability for practical applications.

In recent years, the bimetallic Fe–Cu alloy has gained significant interest for use as an
electrode due to its high strength, good electrical conductivity, and high-efficiency catalytic
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properties [30–32]. Fe–Cu nanoparticles can be synthesized using two different methods:
the top-down or the bottom-up method [33]. The top-down method involves breaking
down the bulk material into nanoparticles. This method includes ball milling, grinding,
and crystal etching. Meanwhile, the bottom-up method involves building up a material
from the bottom. Among the various methods available, ball milling is one of the most
widely used techniques for synthesizing several alloys, including Fe–Cu alloys [30,34–36].
Additionally, Fe–Cu alloys can be utilized for wastewater treatment [34,37]. While some
studies have investigated Fe–Cu colloids and electrodeposited coatings for electrochemical
denitrification, the use of Fe–Cu alloy-coated electrodes fabricated through mechanical
alloying remains largely unexplored.

It is well-known that the cathode material plays an important role in nitrate electro-
chemical removal [5,38,39]. The reactions at the cathode (reduction site) are represented by
Equations (1)–(3), in which nitrate

(
NO−

3
)

is reduced to nitrite
(
NO−

2
)
, ammonia (NH3), or

nitrogen gas (N2)
NO−

3 + H2O + 2e−→ NO−
2 +2OH− (1)

NO−
2 + 5H2O + 6e−→ NH3 +7OH− (2)

2NO−
3 + 6H2O + 10e−→ N2 +12OH− (3)

For the reactions at the anode (oxidation site), only water oxidation occurs, as shown
in Equation (4):

2H2O→ O2 + 4H++4e− (4)

Although aluminum is prone to oxidation, in systems without pH control, the alu-
minum electrode becomes passivated by a layer of Al(OH)3 or Al2O3, particularly under
alkaline conditions. During electrolysis, the reduction of nitrate and its derivatives at the
cathode generates the OH− ions, raising the solution’s pH and alkalinity. This high pH
encourages the formation of a protective passive layer on the aluminum surface, which
limits further oxidation. Consequently, the primary anodic reaction is the oxidation of
water (oxygen evolution) rather than the dissolution of aluminum, and the anode does not
play an important role in the nitrate electrochemical removal process.

This study focuses on synthesizing Fe–Cu alloys through mechanical ball milling over
various durations, followed by annealing to improve alloy formation. The optimal alloy
was then coated onto a copper sheet, which served as a cathode in an electrochemical cell,
with aluminum acting as the anode. Importantly, our study is one of the first to fabricate
a solid Fe–Cu alloy cathode using mechanical milling and annealing and to assess its
effectiveness for electrochemical nitrate removal without the use of chemical additives or
pH adjustments during the treatment process. This straightforward, cost-effective method
offers a promising and environmentally friendly alternative to traditional electrochemical
systems, which often depend on expensive materials or additional reagents.

2. Materials and Methods
2.1. Synthesis of Fe–Cu Alloy

Fe powders (99% purity) with a grain size of 864 µm and Cu powders (99.99% purity)
with a grain size of 10 µm (Thermo Fisher Scientific Inc., Waltham, MA, USA) were used as
the starting materials. Fe–Cu alloys were prepared using a planetary ball mill (ZcyGrinding,
Zcynyx Materials and Technology Co., Ltd., Lamphun, Thailand). Sample powders of Fe
and Cu were prepared with a 50:50 mixing ratio. Each powder weighed 10 g, and they were
combined to obtain a mixture of 20 g. Zirconium dioxide (ZrO2) milling balls (∅ 5 mm)
with a weight of 120 g were prepared. That is, the ratio of the Fe–Cu powders to the ZrO2

milling balls was 1:6. All materials were loaded into the grinding jar, which was made of
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polypropylene and had a volume of 100 mL. The ball milling machine was run at 600 rpm.
Samples of ground Fe–Cu alloys were obtained after different milling times of 6, 12, 18, 24,
30, 36, and 42 h. During the ball milling process, the machine was paused for 10 min after
every 30 min of milling until the specific time for each sample was completed.

2.2. Fabrication of Fe–Cu–Coated Electrode

A Cu sheet (99.9% purity) with a thickness of 0.05 mm was cut into a rectangular
shape with a size of 2.5 × 15 cm2 (Figure 1a). This Cu sheet, utilized as a substrate, was
rolled and fixed on the inner wall of the polypropylene grinding jar (Figure 1b). Then,
3 g of the Fe–Cu alloy prepared with a milling time of 6 h was placed in the grinding jar of
the milling machine without milling balls (Figure 1c). The machine was run with a milling
speed of 600 rpm for 2 h. The centrifugal force from this rotating speed was enough to
coat the substrate with the Fe–Cu alloy, but the powder did not strongly bind to the Cu
surface. Hence, the obtained Fe–Cu alloy-coated Cu substrate was placed in a quartz tube
(Figure 1d) and annealed in an electric furnace under an Ar gas atmosphere at 800 ◦C for
2 h (Figure 1e). Finally, Cu electrodes coated with Fe–Cu alloy were obtained, as shown in
Figure 1f. The above process was repeated with the Fe–Cu alloys prepared with milling
times of 12, 18, 24, 30, 36, and 42 h.

 

Figure 1. Photographs showing the synthesis of Cu electrodes coated with Fe–Cu alloys: (a) Cu sheet,
(b) Cu sheet fixed on the inner wall of the grinding jar, (c) the grinding jar with Cu sheet and Fe–Cu
alloy powder were ground with a milling machine for different times, (d) the Cu sheet coated with
the Fe–Cu alloy powder, (e) the Cu sheet coated with the Fe–Cu alloy powder annealed at 800 ◦C,
(f) the Cu sheet coated with the Fe–Cu alloy powder after annealing.

2.3. Characterization

The crystalline structures of the ground Fe-Cu alloys obtained with different milling
times of 6, 12, 18, 24, 30, 36, and 42 h (Section 2.1) were investigated using X-ray diffract
ometer (XRD; SmartLab SE, Rigaku Corporation, Akishima, Tokyo, Japan) with CuKα
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radiation (λ = 0.1541 nm). The equipment was operated at an accelerating voltage of 40 kV
and a current of 15 mA. The XRD spectra were recorded in the 2q range of 20◦ to 90◦ with a
step size of 0.01◦.

The surface morphology of the Fe-Cu alloys was investigated using a scanning electron
microscope (SEM; Quanta 250 FEG, FEI Company, Hillsboro, OR, USA). Additionally, an
energy dispersive X-ray spectrometer (EDX; Oxford X-Max 50; Oxford Instruments plc.,
Abingdon, Oxfordshire, UK) was used to determine the composition of Fe and Cu elements
in the alloys. The homogeneity of the Fe and Cu elements in the alloys was analyzed using
the SEM–EDX mapping technique. SEM and EDX were performed at an operating voltage
of 15 kV.

The crystal orientation of the Fe–Cu alloys was investigated using a transmission
electron microscope (TEM; JEM-2100Plus, JEOL Ltd., Akishima, Tokyo, Japan) working at
160 kV. Prior to the TEM study, the Fe–Cu alloys were ultrasonically dispersed in isopropyl
alcohol for 5 min. These suspended Fe–Cu alloys were then dropped on a TEM carbon-
coated Au grid.

The surface roughness of the Cu substrate and the Cu substrate coated with the Fe-Cu
alloys was investigated using the atomic force microscopy (AFM; Park FX40, Park Systems
Corp., Suwon, Gyeonggi-do, South Korea) technique in the non-contact mode at room
temperature. The surface morphology of the Fe–Cu alloy-coated Cu substrate was observed
using the SEM.

2.4. Synthesis of Wastewater

Wastewater with a concentration of potassium nitrate (KNO3) of 45 mg/L was used to
study the nitrate. (NO−

3 ) removal efficiency of the Fe–Cu alloy–coated electrode. KNO3

(99% purity) was purchased from Merck, Germany and prepared by diluting 0.0371 g of
KNO3 in 500 mL of deionized water.

2.5. Experimental Setup for Nitrate Removal from Synthesized Wastewater

In this work, pulsed DC electrolysis was used to test the nitrate removal efficiency of
the Fe–Cu alloy-coated electrode. Figure 2 shows the schematic diagram of the experimental
setup. The components consisted of a function generator (SG1003, MCP Lab Electronics,
Gdańsk, Poland), a DC power supply (PSW 30-36; Good Will Instrument Co., Ltd., Taipei,
Taiwan), an electronic switch (MOSFET D4184), and an electrolysis cell.

Figure 2. Schematic of pulsed DC electrolysis setup.

The function generator can generate a PWM signal with an adjustable frequency range
from 1 Hz to 20 kHz. It was used as the on–off switch by sending the PWM signal to the gate
leg (G) of the MOSFET D4184. The PWM signal controlled the switching behavior of the
MOSFET. When the PWM signal was in a high state, the MOSFET closed the circuit (ON),
allowing the current from the DC supply to flow through the MOSFET to the electrolysis
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cell. When the PWM signal was in a low state, the MOSFET opened the circuit (OFF),
stopping the current from flowing. The switching behavior of the MOSFET, according to
the characteristics of the PWM, caused the current to flow to the electrolysis cell in the form
of pulses. The duty cycle (D) of the pulse refers to the proportion of time that a waveform
spends in the active state (Ton) compared to the total time of one complete cycle (period, T).
It is often expressed as a percentage, as shown in Equation (5):

D =
Ton

T
(5)

Therefore, an 80% duty cycle means that the waveform is on 80% of the time and off
20% of the time. The DC supply model PSW 30–36 can supply a maximum voltage of 30 V
and a maximum current of 36 A. The positive power from the DC supply was connected to
the anode of the electrolysis cell.

The electrolysis cell was a 100 mL beaker with a diameter of 5 cm and a height of about
7 cm. The electrode of the electrolysis cell consisted of an aluminum (Al) sheet, used as the
anode, and the Fe–Cu alloy–coated Cu, used as the cathode. In order to compare the NO−

3
removal efficiency, 2 metal types (Cu, and Fe/Cu-coated Cu) were used as cathodes. The
dimensions of both the anode and cathode were 2.5 × 7.5 cm2. The beaker was filled with
wastewater synthesized from KNO3 until the electrode was immersed to a depth of 5 cm.
Therefore, the active area of the electrode during the wastewater treatment was 7.5 cm2.
Before installing the electrodes in the electrolysis cell, each electrode was ultrasonically
cleaned in acetone for 3 min. For all the tests, the duration time (3 h), solution temperature
(30 ± 2 ◦C), electrode distance (5 mm), electrode voltage (12 V), and starting pH of the
treatment were kept constant.

The nitrate concentration in the synthesized wastewater was measured using a UV–Vis
spectrophotometer (UV-2600, Shimadzu Corporation, Kyoto, Japan). The absorbance at a
wavelength of 218 nm correlated with the nitrate concentration. The nitrate concentration
was determined using the equation obtained from the calibration curve. The nitrate removal
efficiency (R [NO−

3 ]) was calculated using Equation (6) [40].

R[NO−
3 ](%) =

[
NO−

3
]

0 −
[
NO−

3
]

t[
NO−

3
]

0
× 100 (6)

where
[
NO−

3
]

0 is the initial nitrate concentration, and
[
NO−

3
]

t is the nitrate concentration
at a given time during the electrolysis process.

3. Results and Discussion
3.1. Fe–Cu Alloys

Figure 3 shows photographs of the as-synthesized Fe–Cu alloys. It can be seen that the
color and particle size of the alloys varied with the milling time, but did not significantly
vary after 18 h. The alloy color changed from brown to dark brown to black as the milling
time increased.

The color of the Fe–Cu alloy samples was analyzed in the wavelength range from
200 to 800 nm using a UV–visible spectrometer for Pt-Co (Evolution 220, Thermo Fisher
Scientific Inc., Waltham, MA, USA). The absorbance spectra of all samples are shown in
Figure 4. In Figure 4, the black line on the graph represents the sample powder after 6 h
of ball milling, and a broad absorption band can be observed in the wavelength range of
450–500 nm. This corresponds to the absorption of light in the blue–green region, resulting
in the powder appearing brown. The peak intensity in this region decreased with prolonged
milling from 6 to 18 h, indicating a reduction in light absorption in the blue–green region,
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which caused the powder to appear darker brown. For the samples milled for 24–42 h, no
peak appeared in the 450–500 nm range, indicating broad absorption across all wavelengths.
This resulted in the powder appearing black. It can be concluded that the colors observed
using the UV–visible spectrometer are consistent with the photographic results shown in
Figure 3. In addition, the color change in the Fe–Cu alloy samples could indicate a decrease
in particle size. To confirm this, the particle sizes of the Fe–Cu alloy samples milled for
different times were investigated.

   

Figure 3. Fe–Cu alloys obtained from ball milling machine at a rotating speed of 600 rpm with various
milling times of (a) 6, (b) 12, (c) 18, (d) 24, (e) 30, (f) 36, and (g) 42 h.

The particle sizes of the unmilled sample and the samples milled for 6–42 h were
analyzed using a particle size distribution analyzer (CA-960, HORIBA, Ltd., Kyoto, Japan),
and the results are shown in Figure 5.

As shown in Figure 5, the mean diameter of the unmilled sample was 18.003 µm.
After ball milling for 6 to 30 h, the mean diameter of the particles rapidly decreased from
16.007 to 11.856 µm, indicating that the mechanical force of the ball mill effectively reduced
the particle size of the powder. However, after milling for 36 and 42 h, the particle size
decreased only slightly. The decreases in the mean diameter corresponded to the color
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changes in the Fe–Cu alloy samples from brown to black, as shown in the photographs
(Figure 3) and UV–visible spectra results (Figure 4). These results indicate that the decreases
in particle size resulted in higher light absorption [41].

Figure 4. Absorbance spectra of Fe–Cu alloy samples.

Figure 5. Mean diameters of Fe–Cu alloy samples milled for different times.

3.2. Crystalline Structure of Fe–Cu Alloys

Figure 6 shows the XRD patterns of Fe and Cu powders before mixing and grinding.
The XRD patterns of Cu reveal that its crystal structure was consistent with the reference
document JCPDS No. 01-1241 [42], with a min. peak appearing at a diffraction angle of
43.28◦, corresponding to the (111) plane. The crystal structure of Fe was consistent with the
reference document JCPDS No. 01-1262 [43], with the main peak at a diffraction angle of
44.66◦, corresponding to the (110) plane.

The XRD patterns of both Cu and Fe were observed after they were mixed together
without grinding. Subsequently, Fe and Cu were mixed and ground using the ball milling
method for different durations: 6, 12, 18, 24, 30, 36, and 42 h. It was found that in the early
stage of milling, up to 6 h, the X-ray intensity at the main peak position of Cu decreased
rapidly, while the intensity at the main peak position of Fe slightly decreased. From 12
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to 24 h of milling, the X-ray intensity at the main peaks of both Cu and Fe continued to
decrease. At 30 h of milling, the intensities at the main peaks of Cu and Fe became nearly
equal. However, in the samples milled for 36 to 42 h, the X-ray intensities at the main peak
positions of Cu and Fe continued to decline. The experimental results indicate that the
X-ray intensity at the main peak positions of both Cu and Fe decreased with the increasing
ball milling time.

Figure 6. X-ray diffraction patterns of Fe–Cu alloys.

The above observations were confirmed by determining the intensity of the main
peaks of Fe and Cu, and the results are shown in Figure 7. It can clearly be observed that
the main peaks in intensity of Fe and Cu were approximately equal after the mixed sample
was milled for 30 h. The main peak intensity was determined and plotted, as shown in
Figure 7. The main peak intensity of the Cu alloy sample significantly decreased between 0
and 24 h. Meanwhile, the main peak intensity of the Fe alloy sample was decreased slightly
in between 0 and 42 h. These results indicate that the Cu alloy sample was more brittle
than the Fe alloy sample. In addition, the decreases in the main peak intensity of the Fe
and Cu alloy samples directly resulted in the crystallite size.

The crystallite sizes of the Fe and Cu were determined from the full width at half-
maximum (FWHM) of the X-ray diffraction peak using Scherrer’s formula:

D =
0.94 λ

βcosθ
(7)

where λ is the X-ray wavelength, β is the FWHM of a diffraction peak, and θ is the
diffraction angle. Figure 8 shows the crystallite sizes of Fe and Cu after milling for 0, 6, 12,
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18, 24, 30, 36, and 42 h. It can clearly be seen that the crystallite sizes of both Fe and Cu
decreased as the milling time increased.

Figure 7. Intensity of Fe (110) peak and Cu (111) peak.

Figure 8. Crystallite sizes of Fe and Cu after milling for different times.

It can be concluded from the XRD results that the suitable milling time to produce Fe–Cu
alloys is 30 h. Therefore, the Fe–Cu alloy milled for 30 h will be further characterized for
surface morphology using SEM and for crystal orientation using TEM in Sections 3.3 and 3.4,
respectively.

3.3. Surface Morphology of Fe–Cu Alloys

The surface morphology of the Fe–Cu alloy milled for 30 h was investigated using
SEM-EDX. A SEM micrograph of the Fe–Cu alloy at a magnification of 5,000× is shown in
Figure 9a. It can be seen that Fe and Cu agglomerated into many small clusters with some
bigger clusters. Figure 9b shows a close-up view of area A on one big cluster in Figure 9a at
a magnification of 50,000×. It can be observed that Fe and Cu agglomerated and formed a
dense powder, possibly due to the impact and attrition of ball milling.
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(a)  (b) 

Figure 9. SEM images of Fe–Cu alloy at magnifications of (a) 5,000× and (b) 50,000×.

The homogeneity of Fe and Cu elements in the Fe–Cu alloy milled for 30 h was
analyzed using the SEM–EDX mapping technique. Figure 11a–c show SEM images with
EDX mapping of the Fe–Cu alloy, Fe, and Cu, respectively. Figure 11d shows the EDX
spectra of Fe and Cu. The weight and atomic percentages of Fe and Cu elements in
the alloys were calculated, and the results are shown in Table 1. It can be seen that the
percentages of Fe and Cu elements in the Fe–Cu alloy milled for 30 h were 50.18 and
49.82 wt%, respectively, which is in good agreement with the XRD results. In Figure 11, the
mapping picture reveals that the dispersion of Fe and Cu in the Fe–Cu alloy milled for 30 h
was homogeneous throughout the sample volume.

3.4. TEM of Fe–Cu Alloys

The crystal orientation of the Fe–Cu alloy milled for 30 h was investigated using
transmission electron microscopy (TEM). Figure 10 shows a high-resolution transmission
electron microscopy (HRTEM) image of the Fe–Cu alloy. The random orientation of several
lattice planes, marked as Zones 1–5, was observed.

Figure 10. HRTEM image of Fe–Cu alloy milled for 30 h.

Table 1. Percentages of Fe and Cu elements in the alloys.

Element Wt (%) Atomic (%)

Fe 50.18 53.40
Cu 49.82 46.60

Total 100.00 100.00
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Figure 11. SEM images with EDX mapping of (a) Fe–Cu alloys, (b) Fe elements, (c) Cu elements, and
(d) EDX spectrum.

In Zone 1, lattice planes are visible in two directions, whereas in Zones 2, 3, 4, and 5,
lattice planes are visible in only one direction. The lattice plane in each zone was analyzed
to determine the spacing between the planes using fast Fourier transform (FFT) in the



Processes 2025, 13, 2232 13 of 21

ImageJ software (version 1.54g, National Institutes of Health, Bethesda, MD, USA). The
analyzed FFT patterns of each Zone are illustrated in Figure 12.

In Zone 1, the FFT pattern shows two distinct sets of diffraction spots. When perform-
ing inverse FFT, the distances between the diffraction spots were measured to be 0.2033 nm
and 0.2091 nm. When comparing these distances with the atomic spacing (d-spacing) from
the JCPDS files used in XRD analysis, the 0.2033 nm spacing corresponds to the d-spacing
of Fe, while the 0.2091 nm spacing matches the d-spacing of Cu.

In Zones 2 and 5, the distances between the diffraction spots were found to be
0.2042 nm and 0.2034 nm, respectively, which align with the d-spacing of Fe. Meanwhile,
in Zones 3 and 4, the diffraction spot spacings were 0.2090 nm and 0.2098 nm, respectively,
corresponding to the d-spacing of Cu.

3.5. AFM of Cu and Fe–Cu Alloy-Coated Cu

The surface roughness of the Cu sheet and the Cu sheet coated with the Fe–Cu alloy
prepared with a milling time of 30 h and annealed at 800 ◦C for 2 h was investigated using
the atomic force microscopy (AFM) technique in the non-contact mode at room temperature.
Figure 13 shows AFM images of the Cu sheet and the Cu sheet coated with the Fe–Cu
alloy. It was found that the root mean square roughness (Rrms) values of the Cu sheet and
the Fe–Cu alloy-coated Cu sheet were 33.084 and 61.691 nm, respectively. These results
indicate that the roughness increased after the formation of the Fe–Cu alloy, leading to a
larger active surface area.

3.6. Surface Morphology of Fe–Cu Alloy-Coated Cu Substrate

The surface morphology of the Cu substrate coated with the Fe–Cu alloy prepared
with a milling time of 30 h and annealed at 800 ◦C for 2 h was examined using SEM and
is shown in Figure 14. It can be observed in Figure 14a that the Fe–Cu alloy adhering to
the Cu substrate was homogeneous. The Fe and Cu particles were closely packed due to
annealing at 800 ◦C for 2 h after being coated on the Cu substrate. Figure 14b,c reveal that
the dispersion of the Fe and Cu on the Cu substrate was homogeneous.

3.7. Cost-Effectiveness and Pros of the Fe–Cu Treatment Process

After the Fe–Cu alloy-coated Cu was prepared, it was used as the cathode in the
electrolysis cell, with the setup details given in Section 2.5. The anode used was aluminum
(Al). For comparison, a pure Cu sheet was also used as a cathode. Synthesized wastewater
was prepared as described in Section 2.4. The nitrate concentration in the synthesized
wastewater was measured at treatment times of 0, 1, 2, and 3 h. Three replicates were
performed for each cathode. The experimental setup for nitrate removal from synthesized
wastewater using the Fe–Cu-coated and pure Cu cathodes was described in Section 2.5.
The average nitrate concentrations for the Fe–Cu-coated cathode and the pure Cu cathode
at 0, 1, 2, and 3 h were found to be 41.80, 20.29, 14.40, and 1.28 mg/L and 41.80, 26.70, 18.86,
and 10.70 mg/L, respectively. The plots of these values are given in Figure 15.

It can clearly be observed that the nitrate concentration using the Fe–Cu-coated cathode
decreased at a higher rate than with the Cu cathode. The nitrate removal efficiencies at
4 h for the Fe–Cu-coated cathode and the Cu cathode, as calculated using Equation (6),
were found to be 96.90 and 74.40, respectively. It can be concluded that the Fe–Cu-coated
cathode fabricated in this work provided an adequate reaction rate against wastewater
treatment without the need for chemical intervention, in contrast to cathodes and other
nitrate treatment methods reported in the literature (Table 2). It is worth noting that
in this work, pulsed DC electrolysis was used in the nitrate removal tests. The pulsed
DC system was operated at an 80% duty cycle, achieving a maximum nitrate removal
efficiency of 96.90%. If the test had been performed using conventional DC electrolysis,
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the Fe–Cu-coated cathode fabricated in this work would be expected to achieve a removal
efficiency higher than 96.90%. In addition, the kinetic of the Fe–Cu-coated cathode and
the Cu cathode were investigated. The kinetic of this was calculated using the first-order
kinetic according to Fick’s first law via the following equation [38,44].

Ct/C0 = exp(−kt) (8)

where C0 is the initial concentration of nitrate, and Ct is the concentration of nitrate at a
given time in the electrolysis process. The kinetic of this study is shown in Figure 16. The
results show that 1 h of the electrolysis process decreases nitrate to 90.87% of the Fe–Cu-
coated cathode and the Cu cathode. After 2 h of the electrolysis process, the Fe–Cu-coated
cathode and the Cu cathode experience decreases of 44.11 and 58.04%, respectively, while
3 h of the electrolysis process causes 31.30 and 41.00% nitrate decreases for the Fe–Cu-
coated cathode and the Cu cathode, respectively. After 4 h of the electrolysis process, the
Fe–Cu-coated cathode and the Cu cathode were shown to have 2.78 and 23.26% nitrate
concentrations. According to the results, the Fe–Cu-coated cathode showed a significant
decrease in nitrate removal as compared with the Cu cathode in the electrolysis process.
Then, in all periods of time in the electrolysis process, the nitrate removal efficiency was
calculated using Equation (6) and is shown in Figure 17. After 1 h of the electrolysis process,
both the Fe-Cu-coated cathode and the Cu cathode increased to 9.13% of the nitrate removal
efficiency. After 2 h of the electrolysis process, the Fe–Cu-coated cathode can improve the
nitrate removal efficiency to 55.89%, while the Cu cathode can increase it to 49.6%. After
3 h of the electrolysis process, the Fe–Cu-coated cathode can improve the nitrate removal
efficiency to 68.69%, and 59.00% for the Cu cathode. In the last 4 h of the electrolysis process,
the Fe–Cu-coated cathode enhanced the nitrate removal efficiency up to 96. 90%, whereas
it was only 76.74% for the Cu cathode. This implies that the Fe and Cu powders have an
important role in enhancing the nitrate removal efficiency as compared with only the Cu
cathode in this electrolysis process.

Table 2. Comparison of NO−
3 removal with other cathodes.

Cathode Cathode Area
(cm2)

Treatment
Time (min) Chemical Removal

Efficiency (%) Reference

Fe–Cu 7.5 90 - 96.90 This study
Fe–Cu 12 90 ✓ 98.60 [38]
Cu–Fe - 120 ✓ 73 [45]
Biofilm - 300 ✓ 76 [46]
Cu–Bi 1 240 ✓ 87.5 [47]

✓additional chemical agents or catalysts used in the nitrate treatment process.

The high performance of nitrate removal with the Fe–Cu coated cathode is related
to the other results obtained, such as the particle size distribution, crystallite size and
orientation, morphology, element dispersion, and surface roughness. All results can be
explained as follows: Regarding particle size distribution on the Fe–Cu alloy, the particle
size rapidly decreased between 6 and 30 h and slightly decreased between 30 and 42 h
(Figure 5). The decrease in the particle size led to an increase in the surface area, resulting in
more interaction between the Fe–Cu alloy and NO−

3 . Meanwhile, the XRD results (Figure 6)
show that the main XRD peak of the Cu particles significantly decreased after milling for
30 h due to the brittleness of the Cu particles. The brittleness and fragmentation of the Cu
particles led to an increase in crystal defects, which can help enhance the capture of NO−

3
Additionally, the brittleness and fracture of the Cu particles contributed to a decrease in the
crystallite size and an increase in the surface area. The SEM results (Figures 9 and 14) indicate
that the mixture of Cu and Fe particles with a 30 h milling time had a fine and homogeneous
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structure, resulting in an increased surface area. The Rrms roughness, according to the
AFM results (Figure 13), was higher in the Cu substrate coated with the Fe–Cu alloy than
in the uncoated Cu substrate, indicating a larger active surface area. The lattice planes
(d-spacing) observed in the TEM results (Figure 12) confirm the crystal structure identified
in the XRD results. In addition, the d-spacing indicates that the Fe and Cu particles were
homogeneously dispersed in the Fe–Cu alloy clusters. Subsequently, the increased surface
area and homogeneity of the Fe–Cu alloy led to a high performance for NO−

3 removal.
Moreover, the Cu particles had high crystal stability, making them a catalyst for removal
without degradation.

 

Figure 12. FFT patterns of Fe and Cu in Zones 1–5 with corresponding d-spacing in each zone.
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(a) 

(b) 

Figure 13. AFM images of (a) Cu sheet and (b) Cu sheet coated with Fe–Cu alloy.

3.8. Cost-Effectiveness and Pros of the Fe–Cu Treatment Process

The comparative study of the conventional and proposed systems is summarized in
Table 3, to clarify the advantages and costs of the treatment system. The Fe–Cu alloy cathode
was manufactured from low-cost base metals using a scalable mechanical milling and
annealing method. During the electrolysis process with the Fe–Cu cathode, the treatment
system does not require additional chemicals, such as catalysts, supporting electrolytes, or
pH control agents. These significantly reduce both material costs and the environmental
impact. Therefore, this system represents a promising low-cost and environmentally
sustainable alternative to conventional nitrate removal technologies.

Table 3. Comparison of conventional electrochemical nitrate removal and the proposed Fe–Cu
alloy-based chemical-free process.

Aspect Conventional Systems
(e.g., Pt, BDD)

This Work
(Fe–Cu Alloy Cathode)

Electrode material CVD, electrodeposition Fe–Cu alloy
(abundant, low cost)

Fabrication method Often required Ball milling + annealing
(scalable)

Catalyst addition Frequently needed Not required

pH adjustment Frequently needed No pH control

Supporting chemicals Acid/base, buffer,
electrolyte salts None used

System complexity Moderate to high Simple and low maintenance
Environmental impact Chemical residues possible Environmentally benign
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Figure 14. SEM images with EDX mapping of (a) Fe–Cu alloy coated on Cu substrate, (b) Fe element,
and (c) Cu element.

Figure 15. Variations in the nitrate concentration as a function of the treatment time.
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Figure 16. The kinetic behavior of the Fe–Cu-coated cathode and the Cu cathode in electrolysis process.

Figure 17. The nitrate removal efficiency of the Fe–Cu-coated cathode and the Cu cathode in
electrolysis process.

4. Conclusions
This study focused on the preparation of a cathode coated with Fe–Cu alloy prepared

at a 50:50 ratio using the ball milling technique. The Fe–Cu alloy particle size decreased
with an increasing ball milling time. The crystallite sizes of the Fe and Cu particles were
similar after ball milling for 30 h. In addition, the Fe and Cu particles from the ball milling
time of 30 h retained a fine particle size with a high surface area. The morphology and
element dispersion of the Fe–Cu alloy powder showed that the mixture was homogeneous,
which was confirmed with d-spacing calculations. The Fe–Cu alloy powder was coated
onto a Cu substrate using the ball milling technique. The surface roughness of the Fe–Cu
alloy-coated substrate was higher than that of the pure Cu substrate. Both the coated and
uncoated substrates were used as cathodes for nitrate removal from synthesized wastewater
using pulse DC electrolysis. The experimental results indicate that the nitrate removal
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efficiency of the Fe–Cu alloy-coated substrate was 96.90%, compared with the uncoated
Cu substrate, which achieved only 74.40%. This experiment demonstrated the successful
cathode synthesis of an Fe–Cu alloy-coated Cu substrate for wastewater removal.

5. Future Work
Future studies should focus on the long-term electrochemical stability and corrosion

resistance of the Fe–Cu alloy cathode under continuous operation. Moreover, perfor-
mance evaluation using real wastewater containing competing ions is essential for practical
application. Additional work could also explore the effect of the current density, elec-
trode configuration, and flow-through cell designs to optimize treatment efficiency at a
larger scale.
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