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Anode passivation is a significant challenge in the electrochemical synthesis of ferrate(vi), resulting in
In this study, cyclic voltammetry (CV), electrochemical
impedance spectroscopy (EIS), scanning electronic microscopy (SEM), X-ray diffraction (XRD), energy-

diminished Fe(v) production efficiency.

dispersive X-ray spectroscopy (EDS), and E-t polarization curves were used to evaluate the
electrochemical properties and the formation of passivation layers on two anode materials, namely, pure

iron (Pl) and porous iron foam (PIF). Results revealed that PIF had favorable characteristics for ferrate(vi)

generation, such as improved electron transfer capability and mitigated anode passivation compared
Received 22nd July 2025 ith Pl. Experiments al firmed that PIF significantly outperformed Pl in ferrate(v) synthesi
Accepted 22nd September 2025 wi . Experiments also confirme a significantly outperforme in ferrate(vi) synthesis,

achieving a synthesis efficiency of up to 63% in 14 M NaOH solution. The synthesized ferrate(vi) was

DOI: 10.1039/d5ra0525%h subsequently applied to the treatment of the dye reactive red 24 (RR24), yielding a high removal
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1. Introduction

The direct discharge of untreated domestic wastewater and
industrial wastewater, particularly from textile dyeing and
pharmaceutical processes, into the environment is considered
one of the major causes of global surface water pollution. These
types of wastewaters typically contain a complex mixture of
organic dyes, toxic chemicals, heavy metals, and reactive
nitrogen, which severely degrades the water quality and
disrupts the aquatic ecosystems.'” The presence of these
contaminants also poses significant health risks.®”

Among various organic dyes, azo dyes, such as reactive red 24
(RR24), are highly toxic and resistant to biodegradation, making
their removal from wastewater particularly challenging. Tradi-
tional methods like coagulation-flocculation, adsorption, and
biological treatment often have limited efficiency for such
persistent dyes and may generate secondary pollution or require
long processing times. Ferrate(vi) (FeO,*>”), a powerful and
environmentally friendly oxidant, has recently gained attention
as a promising alternative.®® It can effectively oxidize a wide
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efficiency of up to 98% at a ferrate/RR24 mass ratio of 2 g g™~

range of organic pollutants and decompose into Fe(ui), which
aids in the coagulation and removal of suspended solids, while
also facilitating disinfection and heavy metal removal.>*
Previous studies have demonstrated ferrate's effectiveness in
treating various dyes, with removal efficiencies over 90%
depending on the dye type and dosage.'*™ However, only
limited studies have yet evaluated the application of ferrate(vi)
for the treatment of the azo dye reactive red 24.

Ferrate can be synthesized by three main methods: dry
synthesis, wet chemical synthesis, and electrochemical
synthesis.'**> Among these, the electrochemical approach offers
several advantages due to its simple, environmentally friendly
process. Notably, it enables in situ ferrate generation for direct
application in water and wastewater treatment, addressing
ferrate's inherent instability.'® In electrochemical synthesis, the
choice of the anode material and electrolyte composition plays
a critical role in determining the efficiency of ferrate produc-
tion. Commonly used anode materials in the electrochemical
synthesis of ferrate are iron and its alloys, such as white cast
iron, grey cast iron, and steel. Numerous studies have demon-
strated that the chemical composition of the anode material
significantly influences the formation of a passive layer—a non-
conductive oxide film that is formed on the anode surface. This
passive layer prevents the oxidation of Fe(ur) to Fe(vi), thereby
reducing the overall ferrate yield.””* In particular, the presence
of elements such as silicon or carbon in the anode material
reduced the stability of the passive layer.*** According to M.
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Cekerevac et al.,”* silicon reacted with oxidation products to
form soluble silicate compounds in alkaline media, limiting the
accumulation of the passive layer on the electrode surface. In
addition to chemical composition, the porosity of the anode
material is a key factor affecting the efficiency of electro-
chemical ferrate synthesis. Previous research demonstrated
that increasing the porosity of the electrode reduces iron
passivation and increases iron dissolution. Xuhui Sun et al.'’
utilized sponge iron and grey cast iron as anodes for ferrate
electrochemical synthesis. The results indicated that the ferrate
yield using sponge iron anodes was higher than that using grey
cast iron anodes due to a larger surface area and porosity,
resulting in less passive layer formation. In ref. 23, the authors
used a porous magnetite electrode to electrogenerate ferrate.
The ferrate yield achieved a relatively high 52.3% at 30 °C after 5
hours of electrolysis; however, the passive layer formation was
not completely prevented. Similarly, our previous research
demonstrated that the porous graphite structure in ductile cast
iron anodes contributed to increased ferrate formation by
enabling deeper penetration of the electrolyte into the anode
structure." These findings indicate that material porosity is an
important criterion for selecting anode materials in electro-
chemical ferrate synthesis. When comparing the porosity of
materials such as PIF, sponge iron, and gray cast iron with
different microstructures, sponge iron exhibits non-uniform
porosity, which is attributed to its low-temperature, solid-state
reduction process.>® Porosity is considered a detrimental
defect in gray cast iron. Meanwhile, the porosity value of PIF is
dramatically higher than those of sponge iron, typically ranging
from 95% to 98%. Besides its excellent porosity, as a metal
foam, PIF possesses high electrical conductivity, mass transfer
efficiency, and permeability, making it suitable for use as an
electrode material.*® Furthermore, due to its large surface area,
PIF is highly predisposed to corrosion; this disadvantage is
offset by its susceptibility to oxidation to create ferrate. Thus,
among the potential anode materials, porous iron foam-
a material that has not yet been used in ferrate synthesis—
possesses a high specific surface area, which is favorable for
enhancing ferrate generation via electrochemical processes.

In addition, the type of electrolyte is a critical factor influ-
encing the efficiency of ferrate synthesis. Sodium hydroxide
(NaOH), potassium hydroxide (KOH), or a mixture of NaOH and
KOH solutions have been employed in previous studies,
depending on the type of anode material used. Several studies
have shown that white cast iron performs better in KOH media,
whereas gray cast iron, steel, and pure iron tend to yield higher
efficiency in NaOH solutions.*"?*® Other researchers have chosen
to use a mixture of these two strong bases to optimize the ferrate
synthesis efficiency.>”*®

This study focuses on the electrochemical synthesis of fer-
rate using porous iron foam (PIF) as the anode material and
comparing it to pure iron (PI). The primary objectives are (i) to
evaluate whether using PIF anodes can enhance ferrate(vi) yield
by mitigating passive layer formation and (ii) to evaluate the
effectiveness of the synthesized ferrate for degrading the azo
dye RR24. To achieve these, the anodes were tested in three
types of electrolytes: 14 M NaOH, 14 M KOH, and a NaOH/KOH
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mixture with a total OH™ concentration of 14 M. The analytical
methods used include cyclic voltammetry (CV) and electro-
chemical impedance spectroscopy (EIS) to analyze the electro-
chemical properties. SEM, EDS, XRD, and potential-time (E-t)
curves were used to examine the formation of the passive layer
in detail. UV-vis spectroscopy was used to measure the
concentration of the RR24 dye before and after treatment,
quantifying the efficiency of the ferrate for dye removal.

2. Experimental
2.1 Chemicals and materials

All chemicals including sodium hydroxide (NaOH), potassium
hydroxide (KOH), and reactive red 24 were purchased from
Sigma-Aldrich (USA). The porous iron foam-PIF with 99.99% Fe
(from Tan Qian Lang, China) and pure iron-PI with 99.7% Fe
(from Hanoi Mechanical Limited Company, Vietnam) were used
for the fabrication of the working electrodes.

2.2 Research and synthesis methods

All experiments related to ferrate synthesis and electrochemical
measurements were carried out on an IM6 electrochemical
workstation (Zahner Elektrik, Germany) in a conventional three-
electrode setup comprising a titanium counter electrode, an Ag/
AgCl reference electrode, and a working electrode (PI or PIF).
Ferrate(vi) was synthesized by galvanostatic method in concen-
trated alkaline media. During the synthesis process, the
cathode and anode chambers were separated using an Ultrex
CMI-7000 cation exchange membrane (USA). The electro-
chemical properties of the working electrodes were character-
ized using electrochemical impedance spectroscopy, with
a 5 mV amplitude over a frequency range from 100 kHz to 10
mHz, and cyclic voltammetry at a scan rate of 150 mV s~ in the
potential range of —1.6 to +0.6 V vs. Ag/AgCl.

The influence of the current density on the ferrate concen-
tration and synthesis efficiency was investigated over a 1 hour
electrolysis period at ambient temperature (20 °C) in different
electrolytes, including 14 M NaOH, 14 M KOH, and a NaOH/
KOH mixture (total [OH ] = 14 M and mole ratio Na/K = 1/1).
To examine the effect of temperature, experiments were per-
formed in 14 M NaOH for 1 hour, using optimized current
densities for the PI and PIF anodes. The impact of the elec-
trolysis duration on the ferrate concentration and synthesis
efficiency was further studied under the conditions of 14 M
NaOH, 40 °C, with the optimized current densities for the PI
and PIF anodes.

The obtained ferrate concentration was determined by UV-vis
method using the DR 6000 spectrophotometer (Hach, USA). The
anode surface's morphology, composition, and phase structure
before and after ferrate electro-generation were determined by
SEM images and EDS on the equipment FE-SEM Hitachi S-4800
(Japan), XRD on a D8-ADVANCE (Germany) system.

2.3 Reactive red 24 treatment

A 50 mg L' RR24 dye solution was treated with the synthesized
ferrate. First, the synthesized ferrate was mixed with the dye

© 2025 The Author(s). Published by the Royal Society of Chemistry
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solution. After mixing, the solution was stirred at 400 rpm for 5
minutes and then left to settle. To determine the optimal pH for
RR24 degradation, the pH of the mixed solution was adjusted to
1, 3, 6, and 9. The dye treatment process was investigated by two
dosing methods: a single-dose (SD) and multiple-dose (MD)
addition. In the SD addition, the entire amount of ferrate was
added at once to the dye solution. In the MD addition, the total
added ferrate was divided into smaller portions, with each dose
corresponding to a ferrate/RR24 mass ratio of 0.5 g g . To
determine the required amount of ferrate for treating RR24 dye,
the ferrate-to-RR24 mass ratio was investigated from 0.5 to 2.5 g
g~ ! using the MD procedure. The concentration of the produced
ferrate and dye before and after treatment was measured by
optical absorption on the DR 6000 spectrophotometer (Hach,
USA).

2.4 Calculations

Ferrate electro-generation efficiency (n) can be calculated by eqn
1)
nﬂC ual
n=—<"_ % 100% 1)
Ptheoretical

where n,ceua1 i the actual molarity of the produced ferrate and
calculated by eqn (2), and npeoretical iS the theoretical molarity of
ferrate and calculated by Faraday's laws:

Hactual = Cferrate x V (2)

where Cgerrate iS the concentration of ferrate (in mol L") and Vis
the electrolyte volume (in L):
I-t
Ntheoretical = ﬁ (3)
where I is the current (in A), ¢ is the electrolysis time (in s), n is
the number of electrons transferred (for ferrate(vi), n = 6), and F
is Faraday's constant (96 485 C mol ).
The RR24 removal efficiency (R(%)) was calculated following
eqn (4)
G -G
— X

0

R= 100 (4)
where C, is the initial RR24 concentration (mg L") and C, is the
residual RR24 concentration (mg L") after a time () of RR24
removal.

3. Results and discussion

3.1 Cyclic voltammetry and electrochemical impedance
spectroscopy study

To clarify the electrochemical reactions occurring during the
oxidation of Fe(0) to ferrate (Fe(vi)) in highly concentrated
alkaline media, CV curves of the PIF and PI anodes were
recorded in different electrolytes (KOH, NaOH, and a mixed
NaOH/KOH solution with a molar ratio of Na/K = 1) with a OH™~
concentration of 14 M and in the potential window of —1.6 to
0.6 V (vs. Ag/AgCl). The results given in Fig. 1 and 2 indicate that
there are four oxidation peaks and shoulder (01, 02, 03, and
04) on the anode branch and four reduction peaks (R1, R2, R3,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and R4) on the cathode branch. All oxidation peaks and
shoulder correspond to successive changes of the oxidation
state of iron on the anode surface, as described by the Pourbaix
diagram, in a highly alkaline environment. The oxidation
sequence occurs with increasing potential as follows: Fe —
Fe(u) — Fe(u/m) — Fe(ur) — Fe(vi)."®* Specifically, the O1 peak
is characteristic of the oxidation of Fe to FeO, while the O2 peak
indicates the oxidation of FeO to Fe;O,4. The O3 peak represents
the oxidation of Fe;O, to Fe,O3, and the O4 peak shoulder
corresponds to the oxidation of Fe,O; to FeO,> .?** The
reduction peaks correspond to the reverse processes: Fe(vi) —
Fe(m) (R4), Fe(ur) — Fe30, (R3), Fe;0, — Fe(u) (R2), and Fe(u)
— Fe (R1).°*° If the intermediate products (FeO, Fe;0,4, Fe,03)
do not fully convert into ferrate, they may form a passivation
layer on the anode surface, hindering further electrochemical
reactions.'”***' The O4 peak shoulder appears in the potential
region where oxygen evolution occurs, indicating a competition
between ferrate formation and water electrolysis on the anode
surface.

Fig. 1a-c show that the intensities of the redox peak pairs
corresponding to intermediate formation, (O1, R1), (02, R2),
and (03, R3), gradually increase over successive scan cycles in
all electrolyte solutions for the PI anode. For example, in the
NaOH/KOH electrolyte, the maximum current density at peak
03 is 3.8 mA cm ™ 2 in the second cycle. After 50 cycles, the height
of this peak is 8.5 mA cm ™2, which is more than double that of
the second cycle. However, the (O4, R4) peak pair, representing
ferrate formation, remains nearly unchanged. This evidence
indicates a progressive accumulation of a passivation layer on
the surface of the PI anode with increasing scan cycles. In
contrast, for the PIF anode (Fig. 2a-c), the intensities of all four
redox peak pairs remain relatively stable across multiple cycles,
demonstrating its electrochemical stability over time. For
instance, in the NaOH solution, the current density of the O,
and O; peaks was about 31.0 and 38.3 mA cm ™~ at the second
cycle, respectively, and remained unchanged after 50 cycles.

Fig. 1d and 2d show the CV spectra of PI and PIF at the 50th
cycle in NaOH, KOH, and mixed NaOH/KOH electrolytes. The
results consistently demonstrate a higher current density
response in the oxygen evolution reaction (OER) region for both
KOH and NaOH/KOH solutions compared to NaOH alone. This
suggests superior ionic conductivity in the KOH-containing
electrolytes. This phenomenon is attributed to the distinct
atomic radii and hydration properties of sodium (Na') and
potassium (K') ions.**?*? The larger ionic radius of the K ion
compared to the Na" ion results in a lower charge density for the
K" ion. Consequently, K* ions interact less strongly with water
molecules and form a less stable hydration shell than Na*
ions.*® The weaker hydration of the K' ion allows it to be less
encumbered by its hydration shell; it can move more freely
through the solution. This higher mobility of the K" ion leads to
a higher overall conductivity for KOH solutions compared to
NaOH solutions of the same concentration.** Therefore, oxygen
release is more pronounced in electrolytes containing KOH
than NaOH. This increased oxygen evolution may hinder the
generation of ferrate, as this process occurs in the OER

RSC Adv, 2025, 15, 36969-36980 | 36971
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Fig. 1 CV curves of the Pl anode in (a) 14 M NaOH, (b) 14 M NaOH/KOH, and (c) 14 M KOH during different cycles. (d) Comparison of the CV

curves of the Pl anode in the 50th cycle.

overpotential region. This is evidenced by the cathodic charge of
the reduction peak O4 (Table 1).

To evaluate and compare ferrate formation, instead of
analyzing the anodic charge Qo, associated with ferrate
formation at peak O4 (which is difficult to accurately determine
due to its location in the oxygen evolution region), the cathodic
charge Qg4 corresponding to ferrate reduction at peak R4 can be
used as an indicator.>® A greater amount of formed ferrate will
lead to an increased subsequent reduction, resulting in a higher
charge associated with peak R4. The charge Qg4 was determined
by integrating peak R4 using the Thales software on the Zahner
IM6 electrochemical workstation. The results, summarized in
Table 1, show that Qg, is consistently higher when using the PIF
electrode compared to the PI electrode. Furthermore, when
comparing Qg4 across different electrolytes, the highest values
were observed in NaOH solution. These findings suggest that
the PIF electrode in NaOH provides the most favorable condi-
tions for ferrate synthesis.

Electrochemical impedance spectroscopy (EIS) was con-
ducted to elucidate the electrochemical behavior of PI and PIF
electrode surfaces in concentrated alkaline media. Fig. 3a-
d present the Bode plots of the PI and PIF electrodes in different
electrolytes (14 M NaOH, 14 M NaOH/KOH, and 14 M KOH).
From the data given in Fig. 3a and ¢, the impedance values Z at
low-frequency of 10 mHz were determined, with the

36972 | RSC Adv, 2025, 15, 36969-36980

corresponding results summarized in Fig. 3e. This impedance
value encompasses the solution resistance, charge transfer
resistance, and diffusion processes. The KOH solution has
higher conductivity than the NaOH solution, meaning that the
resistance of the KOH solution is lower. However, iron oxides
and hydroxides are less soluble in KOH solution,* so the 14 M
NaOH solution consistently exhibited the lowest Z values for
both PI and PIF electrodes. This showed more favorable charge
transfer in NaOH, suggesting it as a more suitable medium for
electrochemical ferrate synthesis. Furthermore, the PIF elec-
trode exhibited significantly lower Z values (<250 Q) compared
to the PI electrode (700-955 Q) across all electrolytes. This
indicated that PIF possesses enhanced conductivity and facili-
tates more efficient electrochemical reactions, making it a more
favorable material for ferrate electrochemical synthesis.

Fig. 3b shows that only a single peak (60-70°) appears in the
mid-frequency range (1-100 Hz) on all phase angle plots for the
PI electrode under different electrolyte conditions. This indi-
cates that a single double-layer capacitive behavior occurs on
the PI electrode within this mid-frequency range, which is
characteristic of electron exchange between the electrode and
the electrolyte. In contrast, the PIF electrode exhibits two
distinct phase peaks: one in the mid-frequency range (100-150
Hz) and another in the low-frequency range (30-75 mHz). This
suggests that, in addition to the double-layer capacitive process

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 CV curves of the PIF anode in (a) 14 M NaOH, (b) 14 M NaOH/KOH, and (c) 14 M KOH during different cycles. (d) Comparison of the CV

curves of the PIF anode in the 50th cycle.

Table 1 Qg4 values (MC) of the Pl and PIF anodes in different elec-
trolytes in the 50th cycle

Anode NaOH NaOH/KOH KOH
PI 5.007 3.348 2.133
PIF 5.563 3.615 2.503

observed at the mid-frequency range, a diffusion process into
the porous structure of the PIF material occurs at lower
frequencies. This result can be explained by the SEM images of
the PI and PIF materials prior to electrolysis (Fig. 8a and b). The
PI electrode surface appears relatively smooth and homoge-
neous (Fig. 8a), indicating that only one electrochemical
process occurs at the double-layer region. Conversely, the PIF
electrode exhibits an uneven surface with small pores (Fig. 8b),
suggesting that in addition to the electrochemical process
occurring at the outer double-layer region (mid-frequency), ion
diffusion into the pores and subsequent reactions at internal
active sites take place at lower frequencies.

3.2 Electrochemical synthesis of ferrate

The electrochemical synthesis of ferrate(vi) was conducted
under constant current conditions, making current density

© 2025 The Author(s). Published by the Royal Society of Chemistry

a critical factor in the efficiency of ferrate formation. Current
densities ranging from 16 to 40 mA cm > were investigated
using both PI (pure iron) and PIF (porous iron foam) anodes in
different electrolytes, including 14 M NaOH, a NaOH/KOH
mixture with a total [OH ] of 14 M, and 14 M KOH. All experi-
ments were carried out at room temperature (20 °C) for 1 hour
(Fig. 4).

As Fig. 4 shows, for the PI electrode, the ferrate concentra-
tion initially increased with the current density from 16 to 22
mA cm 2, and then declined upon further increase up to 40 mA
cm 2 in all electrolytes. In particular, NaOH yielded the highest
ferrate concentration, approaching 80 mg L™ '. The initial
increase in the ferrate concentration can be attributed to the
greater charge delivery to the electrode surface within a given
time, enhancing ferrate production. However, because ferrate
formation occurs in the gas evolution region, as suggested by
the CV analysis, there is a competitive relationship between
ferrate generation and oxygen evolution. Previous studies indi-
cated that increasing current density can lead to greater energy
consumption by the water-splitting reaction,**** producing
a significant volume of oxygen gas at the anode surface. This gas
evolution can hinder contact between the electrode and the
electrolyte, thereby limiting the anodic dissolution of iron and
reducing the ferrate yield.*>*® Therefore, the optimal current

RSC Adv, 2025, 15, 36969-36980 | 36973
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Fig. 3 Bode plots of the (a) impedance magnitude of PI, (b) phase angle of PI, (c) impedance magnitude of PIF, (d) phase angle of PIF. (e)
Impedance values of Pl and PIF at 10 mHz in different electrolytes.

density for electrochemical ferrate synthesis using the PI elec-
trode was 22 mA cm ™ in all examined electrolytes. A similar
trend was observed for the PIF electrode; however, the optimal
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current density for ferrate production was found to be higher at
32 mA cm 2, and the achieved ferrate concentration was
172.8 mg L.
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Fig. 4 Effect of current density on the ferrate concentration in different electrolytes using the (a) Pl and (b) PIF anodes.
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When comparing the performance in different electrolytes,
the highest ferrate concentrations for both PI and PIF electrodes
were consistently achieved in 14 M NaOH. In contrast, ferrate
production in NaOH/KOH and KOH was significantly lower at
all tested current densities. The bare potassium ion (K') is larger
than the bare sodium ion (Na*), leading to a weaker hydration
shell of K' ions. Thus, the conductivity of the KOH solution is
higher than that of NaOH solutions of the same
concentration.*** Both NaOH and KOH solutions can cause
passivation on anode surfaces. However, iron oxide/hydroxides
are more soluble in NaOH; therefore, higher amounts of ferrate
can be obtained in NaOH compared to the KOH electrolyte.**
The above impedance and CV analyses also demonstrated the
less favorable ferrate formation on the anode surfaces in KOH
and NaOH/KOH media. Moreover, ferrate is known to decom-
pose more rapidly in KOH compared to NaOH, which further
reduces the final ferrate concentration in KOH-based electro-
lytes.’” In brief, 14 M NaOH was shown to be the most effective
electrolyte for ferrate(vi) synthesis. The optimal current densi-
ties were determined to be 22 mA cm ™ for the PI electrode and
32 mA cm~? for the PIF electrode. As a result, 14 M NaOH was
selected for use in subsequent experiments.

Temperature and electrolysis duration play vital roles in the
electrochemical synthesis of ferrate(vi), as they directly affect
both the formation of passivation layers on the anode surface
and the stability of the synthesized ferrate.'**® Elevated
temperatures tend to accelerate the reduction of ferrate(vi) to
Fe(m), thereby diminishing its yield. Likewise, prolonged elec-
trolysis increases the extent of ferrate decomposition, as some
of the freshly formed ferrate may degrade before it can be
effectively recovered. These factors collectively contribute to
areduction in the synthesis efficiency. In addition, the duration
of electrolysis strongly influences the growth of passivation
layers on the anode, which impacts both the electrochemical
activity and the long-term performance of the electrode. Fig. 5
demonstrates the effects of temperature (Fig. 5a and b) and
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electrolysis time (Fig. 5¢ and d) on the concentration and yield
of ferrate(vi) synthesized using PI and PIF anodes in 14 M
NaOH.

The PI and PIF anodes exhibit a similar tendency with
increasing temperature (Fig. 5a and b). When the temperature
increases from 20 °C to 40 °C, both the concentration and yield
of ferrate(vi) increase. However, a decline in both parameters is
observed when the temperature is further increased to 50 °C.
This decrease in performance at 50 °C is primarily attributed to
the accelerated thermal decomposition of ferrate(vi) at elevated
temperatures. According to Sibel Barisci et al., up to 35.5% of
ferrate(vi) decomposed within one hour at 50 °C.* The rate of
ferrate degradation at this temperature surpassed the rate of its
formation, resulting in a decrease in both concentration and
yield. Therefore, the optimal temperature for ferrate(vi)
synthesis was identified as 40 °C. Notably, the PIF anode
consistently outperforms the PI anode in terms of both ferra-
te(vi) concentration and synthesis efficiency. At 40 °C, the fer-
rate yield using the PIF anode reached nearly 63%, which was
approximately double that achieved with the PI anode. This
enhanced performance can be attributed to the improved
electron transfer kinetics at the PIF surface, as confirmed by the
EIS result. As seen in the SEM image in Fig. 6c, the PIF mate-
rial's porous structure and numerous surface defects are prob-
ably what caused this improvement.

The data of the PIF anode presented in Fig. 5¢ and d show
that, as the electrolysis time increases, the concentration of
ferrate(vi) gradually rises. However, the rate of increase slows
over time. Moreover, the synthesis efficiency continuously
decreases with increasing electrolysis duration. For example,
when the electrolysis time is extended from 1 to 20 hours, the
ferrate concentration increases from 376 mg L' to
3580 mg L™, while the efficiency drops significantly from 63%
to 20%. As confirmed by the E-t curve of the PIF anode in
Fig. 7d, no passivation layer forms on its surface. Consequently,
the observed decrease in efficiency is due to the decomposition

(®)

0 4 8 12 16 20
Time (h)

Fig. 5 Effect of (a and b) temperature and (c and d) electrolysis time on ferrate concentration and ferrate generation efficiency.
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Fig. 6 SEM images of the Pl and PIF anodes before (a and b) and after 20 h electrolysis (c and d).

of ferrate(vi) during prolonged electrolysis. In contrast, for the
PI anode, the ferrate concentration increases rapidly within the
first 1 to 3 hours, while the efficiency simultaneously declines.

However, as the electrolysis time is further extended to 5 hours,
the increase in the ferrate concentration becomes marginal,
accompanied by a more pronounced decrease in the synthesis
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Fig. 7 XRD patterns before and after 20 h electrolysis of (a) Pl and (b) PIF. (c) EDS of Pl and PIF after 20 h electrolysis. (d) E-t curves of Pl and PIF

during 20 h electrolysis.
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efficiency. Especially, after 5 hours of electrolysis, not only does
the efficiency significantly drop, but the ferrate concentration
also begins to decrease. This phenomenon is attributed to the
progressive formation of a passivation layer on the PI anode
over time. The formation of this passive film is supported by the
gradual increase in the response potential observed in the E-t
curve of PI after 3 hours of electrolysis, followed by a sharp rise
after 5 hours (Fig. 7d). This thick passivation layer hinders
electrochemical reactions at the anode surface, thereby signif-
icantly suppressing ferrate formation on the PI electrode. Thus,
the ferrate synthesis process using the PIF anode was superior
to that using the PI anode.

3.3 Characteristics of the anode surface before and after
ferrate synthesis

The morphological and structural characteristics of the anode
materials affect the electrochemical behavior and ferrate
electrochemical synthesis efficiency. The SEM images, XRD,
and EDS of the PI and PIF anodes were investigated. The surface
of the PI anode given in Fig. 6a appears smooth and uniform.
There are no significant signs of porosity, cracks, or surface
roughness at this magnification (x5000). The absence of
prominent surface defects suggests a compact microstructure,
which may correlate with limited surface reactivity or restricted
electrolyte diffusion in electrochemical applications. Fig. 6c
shows the PIF anode surface, which has a highly porous struc-
ture with interconnected pores of various sizes, allowing the
electrolyte to penetrate deeply into the electrode matrix. This
significantly enhances the interfacial contact area between the
anode and the electrolyte, thereby facilitating the ferrate
formation process. The irregular pore edges and sharp features
suggest regions of structural imperfection that may serve as
active sites for electrochemical reactions under applied current.
The SEM image analysis demonstrated the superiority of the PIF
anode over PI in the electrochemical synthesis of ferrate, which
is consistent with the above research results. A similar result
was proven in a previous study,"”” where the sponge iron with
a loosely packed structure and high porosity was more benefi-
cial for the ferrate synthesis than grey cast iron with a dense,
compact morphology.

After electrolysis, the anode surface undergoes morpholog-
ical changes due to electrochemical corrosion, ferrate forma-
tion, and the accumulation of intermediate species that may
lead to the development of a passive layer. SEM images after 20
hours of electrolysis (Fig. 6b and d) show that the PIF electrode
develops increased porosity as a result of iron dissolution, while
the PI electrode surface becomes increasingly covered by
a passive film, which may inhibit further electrochemical
reactions. To study the formation of a passivation layer on the
surface of PI and PIF electrodes during the synthesis of ferrate,
some measurements (including XRD, EDS and E-t curves) were
performed.

Fig. 7a and b present the XRD patterns of the PI and PIF
electrodes before and after 20 hours of ferrate synthesis. The
XRD patterns of both materials prior to electrolysis show three
characteristic peaks at 26 angles of 44.82°, 65.16°, and 82.60°,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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corresponding to the (110), (200), and (211) diffraction planes of
metallic iron, respectively, according to JCPDS card no. 00-006-
0696. However, the peak intensities for PI are significantly
higher than those of PIF, likely due to the presence of numerous
pores on the PIF surface, which disrupt the crystallinity and
reduce the material's ability to diffract X-rays effectively. After 20
hours of electrolysis, the characteristic peaks of metallic iron in
the PI electrode decrease markedly in intensity. For the PIF
material, the intensity of the iron diffraction peaks shows
a slight decrease after 20 hours of electrolysis, which is attrib-
uted to the formation of intermediate products on the electrode
surface during ferrate synthesis. The EDS spectrum of PIF after
20 hours of electrolysis (Fig. 7c) revealed the presence of oxygen
and iron on the PIF surface, with oxygen accounting for nearly
25 wt%, demonstrating the existence of iron oxide species.
Comparing the surface compositions of PI and PIF after 20
hours of synthesis, iron remained the dominant element on PIF
(75.65 wt%), whereas on PI, the iron content dropped to

100 1
(a)
80 4
g 60 A
40 -
20 A
0 4
1 3 6 9
pH
100 -
(b)
80 A &____A__ﬁ__.—-ﬁ———ﬁ———ﬁ
~60 -
S —————————
M40 A
—A—MD
20 - ——SD
0 T T T T T ]
0 5 10 15 20 25 30
Time (min)
100 1 W
%0 W
604
9 B_E_B,a——e——"e’/a
~ Mass ratio of Fe(VI)RR24 (g/g
& 40 (VD) )
=05
(©) ——1,0
20 —-—15
-.-20
=25
0 T T T T T !
0 10 20 30 40 50 60
Time (tmin)

Fig. 8 Effect of (a) pH, (b) treatment method, and (c) ferrate/RR24
mass ratio on the RR24 removal efficiency.
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Table 2 Comparison of dye treatments using ferrate
Treatment time  Removal efficiency

Dyes Conditions (minutes) (%) References
Reactive brilliant red X-3B  [Fe(1)] = 75 mg L™, [dye] = 50-200 mg L ™", pH 4-9 30 77.6-98.0 12
Methylene blue [Fe(v)] = 59.9 mg L™, [dye] = 50 mg L™", pH 13.6 35 96.8 44
Remazol black B Molar ratio of Fe(vi)/dye = 5/1, pH 8 120 >95.0 45

Metanil yellow Molar ratio of Fe(vi)/dye = 2/1, pH 8 25 92.4 46

Congo red Molar ratio of Fe(vi)/dye = 5/1, pH 9.2 20 98.2 47
Reactive red 195 Molar ratio of Fe(vi)/dye = 30/1, pH 3 3 96.3 13
Methylene blue Molar ratio of Fe(vi)/dye = 10/1, pH 3 5 93.0 19

Textile wastewater [Fe(vi)] = 40 mg L™, COD 6980 mg L™ ", pH 9 30 83.0% COD 48

Textile wastewater [Fe(v)] = 150 mg L', COD 550-1000 mg L', pH 6.5-8.5 20 90.0% COD 43
Reactive red 24 Mass ratio of Fe(vi)/dye = 2/1, pH 3 5 >90.0 This study

30 98.0

62.54 wt%. These data indicated that the accumulation of
intermediate products on the PI surface was more significant
than that on the PIF surface. This accumulation led to the
formation of a poorly conductive passivation layer on the PI
anode, which blocked active sites and impeded electrochemical
reactions. The sharp increase in the response potential on the
polarization curve of PI in Fig. 7d after just 4 hours of elec-
trolysis was evident of a passivation layer on the PI anode."*® In
contrast, the response potential of the PIF electrode remained
stable throughout the electrolysis process, indicating that the
passive layer formed on this anode surface was negligible and
did not affect the electrochemical synthesis of ferrate. A similar
study on the ferrate electrochemical synthesis using a sponge
iron anode showed a stable E-t polarization curve throughout
the 30 hour electrolysis period under the synthesis conditions of
50 °C and a current density of 30 mA cm 2" As a result, the PIF
electrode maintained efficient and sustained ferrate synthesis,
whereas the PI electrode experienced decreased activity and
increased energy consumption due to passivation.

The results of SEM, XRD, and EDS prove that PIF is a suitable
anode material for the electrochemical synthesis of ferrate. For
continuous electrochemical ferrate(vi) generation, the PIF
anode's lack of a passive layer is very beneficial since it avoids
interruptions from electrode surface treatment and lowers the
operating expenses related to electrode maintenance. The fer-
rate prepared in 14 M NaOH using the PIF anode was then used
to treat azo dye, reactive red 24, in the following section.

3.4 Removal of azo dye RR24 by generated ferrate

pH plays a crucial role in the dye treatment process using fer-
rate, as it directly influences ferrate's oxidative capacity.*>*°
Fig. 8a illustrates the effect of pH on the removal efficiency of
RR24. The results show that ferrate exhibits a higher removal
efficiency for RR24 under acidic conditions compared to alka-
line conditions. In an acidic medium, the removal efficiency
exceeds 70%, whereas under alkaline conditions, it only reaches
around 50%. This is attributed to the significantly stronger
oxidative potential of ferrate in acidic medium, where the redox
potential reaches 2.2 V, in contrast to only 0.72 V in alkaline
medium.*"*

36978 | RSC Adv, 2025, 15, 36969-36980

The MD procedure demonstrated the significantly higher
efficiency in the treatment of RR24 compared to the SD proce-
dure (Fig. 8b). After 30 minutes of treatment, the MD approach
achieved nearly 80% removal efficiency, while the SD method
reached only 53%. This indicated that dividing the ferrate into
smaller portions enhanced the oxidation of the dye, likely by
minimizing the self-decomposition of ferrate during the reac-
tion process. The MD method was applied to study the effect of
the ferrate/RR24 mass ratio on RR24 treatment. Fig. 8c suggests
that the dye degradation reaction occurs very rapidly, with the
majority of decomposition taking place within the first few
minutes. At the ferrate-to-dye mass ratio of 1 g g~ *, the removal
efficiency reached 65% within the first five minutes, but only
increased to approximately 74% after 60 minutes. Comparing
the removal efficiencies of RR24 at different ferrate/RR24 mass
ratios, it was observed that increasing the ferrate dose from 0.5
to 2 g g ' led to a significant improvement in the removal effi-
ciency. However, further increasing the ratio to 2.5 g g~ ' resulted
in only a marginal change over time. At the mass ratio of 2 g g™,
more than 90% of the dye was removed within 5 minutes, and
nearly 98% was achieved after 30 minutes. These results suggest
that the ferrate/RR24 mass ratio of 2 g g " is the optimal dosage
required for the nearly complete removal of RR24.

The data presented in Table 2 demonstrate that ferrate is
capable of effectively treating a wide range of dyes from various
classes, including reactive dyes (reactive red 195, reactive bril-
liant red X-3B, etc.), direct dyes (Congo Red), and acid dyes
(Metanil Yellow). These studies reported that dye removal using
ferrate was a simple and highly efficient process, with rapid
treatment times typically ranging from 20 to 30 minutes. Some
studies have shown that ferrate can remove more than 90% of
dye content within as little as 3-5 minutes.”*" In published
work,*® the application of ferrate in textile wastewater treatment
achieved up to 90% removal of chemical oxygen demand (COD).
These findings highlight the significant potential of ferrate for
practical applications in textile wastewater treatment.

4. Conclusions

This study demonstrated that the PIF with a highly porous
structure was a suitable anode material for the electrochemical

© 2025 The Author(s). Published by the Royal Society of Chemistry
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synthesis of ferrate. The optimal conditions for ferrate genera-
tion using PIF were identified as 14 M NaOH at 40 °C with
a current density of 32 mA cm > Under this condition, the
ferrate(vi) production efficiency reached up to 63%. The CV and
EIS analysis also indicated that the electrochemical properties
of the PIF anode in 14 M NaOH were favorable for ferrate
synthesis. The results of SEM, XRD, EDS, and E-t curves showed
that the passive layer formed on the PIF anode surface was
insignificant and had no impact on the electrochemical
synthesis of ferrate. The synthesized ferrate using the PIF anode
almost completely removed RR24, with a removal efficiency of
over 98% at pH 3 and a ferrate/RR24 mass ratio of 2 g g~ ..
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