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Ferrihydrite Supported on Steel Slags as Catalyst for the
Hydrogenation of Nitroarenes: A Virtuous Cycle of Wastes

Francesca Derobertis, Maria M. Dell’Anna,* Nicoletta Ditaranto, Luca Nodari,
Stefania Liuzzi, Ernesto Mesto, Emanuela Schingaro, Cristina Leonelli, Cecilia Mortalò,
Antonino Rizzuti, Carlo Porfido, and Piero Mastrorilli*

This study deals with the reduction reaction of nitroarenes using hydrazine
monohydrate as the reducing agent and iron-supported steel slag as a novel
green heterogeneous catalyst. Steel slag is a byproduct of the steel industry,
which, due to its alkalinity, can act as a reactive support that can trigger the
formation of catalytically active iron oxides/hydroxides. A systematic study
is conducted to evaluate the catalytic activity of steel slags modified with the
following salts (or mixtures): FeSO4·7H2O, FeCl3·6H2O, and FeCl2·4H2O. The
modified steel slags are characterized by X-ray powder diffraction, Mössbauer
spectroscopy, scanning electron microscopy, scanning transmission
electron microscopy, energy dispersive X-ray spectroscopy, nitrogen sorption
analysis, and X-ray photoelectron spectroscopy. All iron-supporting steel slags
demonstrate active behavior in the hydrogenation of nitrobenzene at 80 °Cwith
the best results, in terms of activity, selectivity, and recyclability achieved with
the catalyst prepared from FeCl3·6H2O (Fe3). The scalability of the reaction is
confirmed by carrying out a test on 12.5 mmol of substrate. The superiority of
Fe3 compared with the other studied materials is ascribed to its morphology
and the remarkably high surficial area. The iron species active in the
Fe3 catalyst are noncrystalline oxo–hydroxo species of Fe(III) (2L-ferrihydrite).
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1. Introduction

Nitroarenes are a class of toxic, carcino-
genic, and mutagenic compounds pro-
duced by human and industrial activities,
primarily in the pharmaceutical and agri-
cultural industries.[1] The toxicity of these
molecules is attributed to their high elec-
tron affinity, electronegativity, and reduc-
tion potential,[1] which collectively drive
the reduction to nitroarenes within the
living organisms. This processmay occur
via the intermediacy of molecules such
as nitrosobenzenes, hydroxylanilines, di-
azo, and azoxy compounds, contingent
on themechanism involved.[2,3] All afore-
mentioned intermediates are toxic to
humans.[4] In particular, the initial stage
of the reduction process involves the for-
mation of a nitro radical anion via a
reversible single-electron transfer. This
process is reversible due to the reac-
tion with oxygen, which leads to the
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creation of reactive oxygen species.[4] The resistance of ni-
troarenes to the oxidative degradation (the common degradation
pathway) is increased by the high stability of the aromatic ring,
and the total effect is the bioaccumulation of these compounds
in the environment, especially in water and soil.[1] For these
reasons, the discharge of these compounds should be avoided,
whereas a revaluation of these wastes is highly desirable.
Catalytic hydrogenation to substituted aniline represents

the most common method for the valorization of waste
nitroarenes.[1,2,5–11] This process is of particular interest due to
the utility of substituted anilines as starting molecules for the
pharmaceutical and dye industries. The active metals employed
in nitroarenes hydrogenations are Au,[12] Pd,[13] and Pt.[14] How-
ever, the high cost of these elements has prompted research into
the use of less noble metals such as Fe, Ni, and Cu.[3] Iron, in par-
ticular, is one of the most abundant elements on Earth, is highly
biocompatible and has a long history of use as a reducing agent
for nitrogen compounds (Béchamp reaction and Haber–Bosch
process are just two examples). Typical reducing agents employed
in the hydrogenation of nitroarenes are: molecular hydrogen,[15]

formic acid (which can also be readily obtained from biomass or
CO2),

[16] sodium borohydride,[17–20] and hydrazine.[3] The com-
bined use of hydrate hydrazine and iron-based catalysts has re-
ceived great attention for the hydrogenation of nitroarenes,[21–25]

as it results in the generation of only N2 and H2O as by-products.
In regard to iron-based catalysts, they are typically composed of
an iron species supported on an inorganic or organicmatrix.[26–28]

Steel slags (SS) are by-products of steel factories composed
mostly of hydroxides, oxides, carbonates, and silicates of met-
als, such as sodium, calcium, aluminum, magnesium, and iron,
among others. The disposal of SS in soils or caves is of high con-
cern due to their alkalinity which can promote the unnatural mo-
bility of elements that would otherwise be immobilized under
neutral environmental conditions. Recently, the employment of
SS in catalysis has been developed for organic reactions occur-
ring under basic pH values.[29]

In this study, the catalytic activity of several iron-supporting
SS, prepared starting from iron(II) and iron(III) sources for the
conversion of nitroarenes into the corresponding anilines, was
evaluated. The screening demonstrated that the catalyst prepared
using FeCl3·6H2O was composed of 2L-ferrihydrite supported
onto SS and was outstanding in terms of efficiency and recycla-
bility. The novelty of this work lies in the experimental evidence
of a new high-catalytically activematerial obtained by simplymix-
ing an aqueous iron salt with highly basic SS, thus avoiding the
addition of any external base[3] and/or further treatment (calci-
nation, hydrothermal process, etc.). This approach makes the en-
tire system highly appealing from both sustainability and circular
economy perspectives.

2. Experimental Section

2.1. Materials and Methods

All chemicals were purchased from commercial suppliers and
used as received. The SS investigated in this study (referred as
SS) were produced between 1972 and 1980 by the steel factory
“ILVA” (Taranto, Italy) and subsequently disposed of in an open-
air landfill for a period exceeding 40 years. The SS were sieved

(80 mesh) before use. Elemental analyses were carried out us-
ing a portable energy dispersive X-ray fluorescence spectrom-
eter (P-XRF, NITON XL3t, Thermo Scientific, Waltham, USA)
equipped with an Ag collimator source (50 KeV and 40 μA), and a
large SSD detector (energy resolution <160 eV @Mn–K𝛼). X-ray
powder diffraction data were collected in air using a PANalytical
Empyrean X-ray diffractometer with Bragg–Brentano geometry,
large beta filter-Nickel, detector (PIXcel3D), and CuK𝛼 radiation,
operating at 40 kV/40 mA. The powder X-ray data were collected
in the 2𝜃 range of 10° to 90° (step size of 0.026, scan step time
of 996.54 s). The diffraction patterns were processed using the
PANalytical B.V. software HighScore Plus version 3.0e. Scan-
ning electronmicroscopy (SEM) analyses were carried out by em-
ploying an FESEM Zeiss sigma 300 VP (Zeiss Oberkochen, Ger-
many) operating at 15 kV. The samples were obtained spread-
ing little amount of sample powder on a conductive carbon pad
on the specimen holder. Scanning transmission electron mi-
croscopy (STEM) analyses were carried out using a field emission
scanning electron microscope (Nova NanoSEM 450, FEI Com-
pany) equipped with an STEM II detector and operating at 30 kV.
The sample preparation for the STEM analyses was as follows:
the sample powder was suspended in distilled water and soni-
cated for 20 min at room temperature. Subsequently, the sam-
ples were prepared by dipping a 200-mesh carbon-coated goldmi-
croscope grid into the ultrasonicated suspensions and dried. The
chemical composition and elemental mapping were determined
by energy dispersive X-ray analysis (EDX) under SEM observa-
tion. FT-IR spectra (in attenuated total reflectance, ATR mode)
were recorded on a Jasco FT-IR 4200 spectrophotometer. 1H and
13C{1H} NMR spectra were recorded on an Agilent 500 spec-
trometer (125 MHz for 13C). X-ray photoelectron spectroscopy
(XPS) analyses were performed with a Versa Probe II Scanning
XPS Microprobe spectrometer (Physical Electronics GmbH) us-
ing a monochromatized AlK𝛼 source with an X-ray spot size of
200 mm and a power of 47.6 W. Wide scans and detailed spec-
tra were acquired in fixed analyzer transmission mode with a
pass energy of 117.40 and 46.95 eV, respectively. An electron gun
was used for charge compensation (1.0 V, 20.0 mA). All binding
energies were referenced to C1s at 284.8 ± 0.1 eV for adventi-
tious hydrocarbon. Data processing was performed using Mul-
tiPak software v. 9.9.0.8, 2018. Each analysis was performed in
three different sample points. UV–vis spectra were recorded on a
dual beam Jasco V-670 spectrophotometer. Absorbance was mea-
sured in the 280 ÷ 750 nm range, using a quartz cuvette (opti-
cal path 10 mm). GC-MS data (EI, 70 eV) were acquired on an
HP 6890 instrument using an HP-5MS cross-linked 5% phenyl-
methylsiloxane (30.0 m × 0.25 mm × 0.25 mm) capillary column
coupled with a mass spectrometer HP 5973. FT-IR spectra (in at-
tenuated total reflectance, ATR mode) were recorded on a Jasco
FT-IR 4200 spectrophotometer. GLC analyses were performed
using an HP 6890 instrument equipped with FID detector and
an HP-1 (Crosslinked Methyl Siloxane) capillary column (60.0 m
× 0.25mm × 1.0mm). Conversions and yields were calculated by
GLC analysis using biphenyl as the internal standard. All prod-
ucts were identified by comparison of their GLC retention times
and MS spectrograms with those of authentic samples (Sigma-
Aldrich). Room Temperature Mössbauer experiments were per-
formed using a constant acceleration spectrometer operating in
transmission geometry, mounting a 57Co source in Rh matrix,
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nominal strength 1850MBq. The sample was prepared bymixing
100 mg of crushed powder in petroleum jelly. The spectra were
fitted to Lorentzian line shapewith the statistical best fit evaluated
by the reduced 𝜒2 method. The hyperfine parameters, isomer
shift (𝛿), quadrupole splitting (Δ) or quadrupole shift (𝜖), when
magnetic coupling is present, half linewidth at half maximum
(Γ+), are expressed in mm s−1, while the internal magnetic field
(B) in Tesla and the relative areas (A) in %. The velocity was cali-
brated against a 𝛼-Fe foil and 𝛿 is quoted relative to metallic iron
at room temperature. Physisorption analysis was performed us-
ing Quantachrome Autosorb iQ apparatus. All analyzed samples
were previously oven-dried at 80± 0.5 °C for 24 h and then placed
in a dryer. The weight of empty and full cell was measured three
times before and after outgassing. The outgassing procedure was
performed at a maximum target temperature of 60 °C for 3 h at a
pressure of 5 Torr. Then, the adsorption/desorption measure-
ments were carried out using N2 gas adsorbate with 2 min equi-
libration times at each point and a bath temperature of −196
°C. Surface area was determined by the multipoint Brunauer–
Emmett–Teller (BET) method.

2.2. Characterization of Steel Slags

The characterization of the SS used as support for the iron has
been reported in a previouswork.[30] Briefly, XRF analysis showed
that Ca is the most abundant element (31.2%w), followed by
Fe (18.8%w), Mn (4.7%w), and Si (3.8%w). EDX mapping exhib-
ited a homogeneous elemental distribution of Ca, Al, and Na
together with O. On the contrary, Fe, Mg, and Mn showed an
uneven distribution, suggesting a potential correlation between
these elements. FT-IR analysis showed the vibrations for hydrox-
ides, carbonates, and silicates. XRD analysis of SS revealed the
presence of portlandite (Ca(OH)2), calcite (CaCO3), quartz (SiO2),
brownmillerite (Ca2(Al,Fe)2O5), dolomite (CaMg(CO3)2), larnite
(Ca2SiO4), hematite (a-Fe2O3), and wüstite (FeO), along with a
significant proportion of amorphous compounds.[30]

2.3. Synthesis of the Catalysts

Five different iron-supporting steel slags were prepared, em-
ploying FeCl3·6H2O, FeSO4·7H2O or FeCl2·4H2O as iron(III) or
iron(II) precursors. A defined quantity of the iron salt(s) was dis-
solved in 130 mL of deionized water and 2.08 g of sieved steel
slags was added to the resulting solution. The mixture was kept
under stirring at 35 °C for 6 h, causing a progressive fading of the
color. Subsequently, the resulting suspension was centrifuged at
4000 rpm for 15 min and the recovered solid was washed three
times with distilled water and oven-dried at 80 °C overnight. The
amount and the type of iron salts employed for the synthesis of
the catalysts are detailed in Table 1, with the synthesis of the cat-
alyst prepared from FeCl3·6H2O being depicted in Scheme 1.

2.4. Catalytic Runs

In a 25 mL two-necked round-bottom flask, the nitroarene
(0.50 mmol), the catalyst (40.0 mg), hydrazine monohydrate

Table 1. Amount of iron salts used for the synthesis of the iron-supporting
steel slags. In all cases the specified salts were mixed in water with 2.08 g
of sieved steel slags. The weight percentage of iron in the materials was
measured by XRF analysis.

Entry Catalyst Iron salt Fe %wt

FeSO4·7H2O FeCl3·6H2O FeCl2·4H2O

1 FeAa) 6.00 mmol 3.00 mmol – 38.1 ± 0.3

2 Fe2 7.66 mmol – – 25.8 ± 0.9

3 Fe3 – 7.66 mmol – 39.2 ± 0.7

4 Fe2_Cl – – 7.66 mmol 37.4 ± 1.4

5 Fe3_low – 2.45 mmol – 25.9 ± 0.1
a)
From ref. [2].

(5.0 mmol), and the internal standard (0.325 mmol) in 5.0 mL
of ethanol were stirred under reflux. The internal standard
was biphenyl except for the reaction of 4-iodonitrobenzene for
which n-decane was used. The reactions were monitored tak-
ing 0.050 mL at fixed time intervals with a syringe through a
silicone septum. Subsequently, each sample was centrifuged at
15 000 rpm for 2 min and then the supernatant phase was ana-
lyzed via GLC-FID. The course of the reactions of 4-nitrophenol
(carried out without internal standard) was monitored by UV–
vis. 50 mL of the supernatant phase was dissolved in 1.5 mL of
ethanol and 15 mL of this solution was transferred into a quartz
cuvette containing 3.0 mL of ethanol and one drop of sodium
hydroxide 1.0 m. The absorbances at 314.0 and 402.5 nm were
selected for quantification of 4-aminophenol and 4-nitrophenol,
respectively.

2.5. Hot Filtration Test on Fe3

The hydrogenation of nitrobenzene using Fe3 as catalyst was
stopped after 5 min and the solution was subsequently analyzed.
The degree of conversion was 23.2%. Then, the solid catalyst was
hot filtered off (at 80 °C) using a Gooch filter filled with celite.
The filtrate was then subjected to stirring at reflux, and the reac-
tion progress wasmonitored by GLC-FID. After 0, 30, and 45min
the conversion into aniline was 23.1%, 23.1%, and 23.3%, respec-
tively.

2.6. Recycling of the Catalyst

The feasibility of recycling of Fe3 for the reduction of nitroben-
zene was investigated. After the first cycle the reaction mixture

Scheme 1. Preparation of Fe3 catalyst.
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was transferred into a vial using acetone to wash the flask walls.
Then, the mixture was centrifuged at 4000 rpm for 10 min and
the recovered solid was washed with acetone (2 × 5 mL), oven-
dried at 85 °C for 4 h and subsequently employed in a new reac-
tion with fresh reagents. The procedure was repeated for a total
of 5 cycles.

2.7. Scale-Up

The Fe3 catalyzed reduction of nitrobenzene was also tested on a
12.5 mmol scale. Nitrobenzene (1.54 g, 12.5 mmol), Fe3 (1.00 g),
and hydrazine monohydrate (125.0 mmol) in 125 mL of ethanol
were stirred in a 250 mL round bottomed flask under refluxing
conditions for 1 h. Then, the reaction mixture was filtered us-
ing a Gooch filter filled with celite and the ethanol was removed
from the filtrate under reduced pressure. Three extractions of
the crude with 10 mL of a 1:1 (v/v) solution of ethyl acetate/n-
hexane and 10 mL of water permitted to separate aniline from
hydrazine. The organic phase was then dried with sodium sul-
phate, filtrated and the solvent was removed under reduced pres-
sure. Yield: 1.15 g (99%).

3. Results

3.1. Catalytic Activity of Iron Supporting Steel Slags

Preliminary tests were carried out on the reduction of ni-
trobenzene to aniline with hydrazine monohydrate (model reac-
tion) without any catalyst (blank reaction, 7% yield, entry 1 of
Table 2), with the SS as received (8% yield, entry 2 of Table 2)
and with the steel slags (SS) calcined in air at 400 °C for 3 h
(SS_calc) (8% yield, entry 3 of Table 2). Therefore, no catalytic
activity can be attributed to the iron (or other metals) present in
the steel slags, fresh or calcined.
With the aim of synthesizing magnetite (Fe3O4)-supported

SS, which could potentially represent a very active and easily
recoverable (by magnetic removal) catalyst for the reduction of

Table 2. Hydrogenation of nitrobenzene (0.50 mmol) to aniline with hy-
drazine monohydrate (5.0 mmol) in ethanol (5.0 mL) at reflux.

Entry Catalyst Mass of
catalyst [mg]

Time [h] Yield [%]

1 – 3.0 7

2 SS 81 3.0 8

3 SS_calc 81 3.0 8

4 FeA 40 1.25 >99

5 Fe3 40 0.5 >99

6 Fe2 40 3.0 >99

7 Fe2_Cl 40 1.0 14

8 Fe3_low 40 6.0 >99

9a) Fe3 1000 1.0 99

10b) Fe3 40 1.5 >99
a)
12.5 mmol of nitrobenzene and 125 mmol of hydrazine monohydrate in 125 mL

ethanol were used;
b)
0.50 mmol of nitrobenzene and 1.0 mmol of hydrazine mono-

hydrate were used.

Figure 1. Reaction course for the hydrogenation of nitrobenzene with hy-
drazine in the presence of Fe3, Fe2, and Fe3_low catalysts. Conditions:
nitrobenzene (0.50 mmol); hydrazine monohydrate (5.0 mmol) in ethanol
(5.0 mL) at reflux.

nitroarenes,[31–33] a material (FeA) was prepared starting from a
solution of FeCl3·6H2O and FeSO4·7H2O in a 1:2 molar ratio (en-
try 1 in Table 1) mixed with SS, which caused the easy precipita-
tion of the iron(II)/(III) hydroxides onto it without adding any
external base, thanks to its alkaline features.[2] The XRD anal-
ysis of this material did not show any peak ascribable to mag-
netite. However, FeA was found to be active and recyclable, and
quantitative conversion of nitrobenzene to aniline was achieved
in the reaction with hydrated hydrazine after 75 min at re-
flux in ethanol (entry 4 in Table 2). In order to study the ef-
fect of the precursor iron species in catalysis, we decided to in-
vestigate the catalytic activity of three new materials, prepared
by treating steel slags with different Fe(II) and Fe(III) sources
(Table 1).
The first and the second new materials were synthesized, one

starting only from FeSO4·7H2O (Fe2, entry 2 in Table 1) and one
starting only from FeCl3·6H2O (Fe3, entry 3 in Table 1), keep-
ing the moles of employed iron constant (7.66 mmol). Fe3 al-
lowed the quantitative conversion of nitrobenzene to aniline in
only 30 min (Figure 1 and entry 5 in Table 2), while Fe2 re-
quired 180 min to reach reaction completion (Figure 1 and en-
try 6 in Table 2). This screening reveals that Fe3 acted as the
most active catalyst, among those investigated. Nevertheless, Fe2
was also catalytically active, indicating that Fe(II) precursor can
also be used to form efficient catalysts. In order to verify whether
the lower activity of the catalyst prepared using the Fe(II) salt,
in place of Fe(III), was due to the different anions of the iron
source (chloride for Fe(III) and sulphate for Fe(II)), the third iron-
supporting steel slag material was prepared using FeCl2·4H2O
as iron source (instead of FeSO4·7H2O). This material, labeled
Fe2_Cl (entry 4 in Table 1), was even less active than Fe2, giving
only 14% yield in aniline after 1 h reaction (entry 7 in Table 2).
For comparison, the yield obtained after 1 h of reaction with Fe2
was 49% (Figure 1). Further tests were carried out with amaterial
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Table 3. Hydrogenation reactions of nitroarenes to the corresponding
anilines.

Entrya) Substrate Time [min] Yield [%]

1 4-Fluoronitrobenzene 30 90

2 4-Fluoronitrobenzene 60 96

3 4-Chloronitrobenzene 30 99

4 4-Bromonitrobenzene 30 99

5 4-Iodonitrobenzene 30 93

6 4-Iodonitrobenzene 60 >99

7 2-Nitrotoluene 30 60

8 2-Nitrotoluene 60 97

9 3-Nitrotoluene 30 30

10 3-Nitrotoluene 60 63

11 4-Nitrotoluene 30 50

12 4-Nitrotoluene 60 76

13 2-Nitroanisole 30 99

14 3-Nitroanisole 30 82

15 3-Nitroanisole 60 96

16 4-Nitrophenol 30 46

17 4-Nitrophenol 60 69
a)
Conditions: 0.50 mmol of nitroarene, 5.0 mmol hydrazine monohydrate, 40 mg of

Fe3 in ethanol (5.0 mL) at reflux.

prepared by loading the SS with a lower amount of FeCl3·6H2O
(Fe3_low, entry 5 in Table 1). In this case 6 h were required to
achieve a quantitative yield of aniline (Figure 1 and entry 8 in
Table 2).
To test the scalability of the model reaction, the hydrogena-

tion of nitrobenzene was carried out with 25 times larger
amounts of reagents. Thus, employing Fe3 as a catalyst a
99% isolated yield of aniline was recorded after 1 h reaction
(entry 9 in Table 2). This demonstrates the scalability of the
process.
A further test was carried out by reducing the amount of hy-

drazinemonohydrate to 1.0mmol (entry 10 in Table 2) and, using
Fe3 as catalyst, a quantitative conversion of nitrobenzene to ani-
line was observed after 1.5 h. Thus, even when the amount of
reducing agent used was reduced to a slightly superstoichiomet-
ric level, the process was still efficient.

3.2. Scope of the Reaction

The scope of the reaction was explored using Fe3 as a catalyst and
the results are collected inTable 3. Halonitrobenzenes were easily
hydrogenated to the corresponding anilines. Quantitative yields
were obtained after 30min for 4-chloronitrobenzene (entry 3) and
4-bromonitrobenzene (entry 4) without hydrodehalogenation. In
the cases of 4-fluoronitrobenzene and 4-iodonitrobenzene quan-
titative conversions were registered after 60 min. Interestingly, 4-

Figure 2. Recyclability of Fe3 catalyst over five consecutive reaction cycles.
Reaction conditions: 0.50 mmol nitrobenzene, 40.0 mg of Fe3, 5.0 mmol
hydrazine monohydrate, 5.0 mL of ethanol, time = 30 min.

iodonitrobenzene gave a quantitative yield in 4-iodoaniline (with-
out hydrodehalogenation,[9] entry 6), while 4-fluoronitrobenzene
(entry 2) gave a small amount of nitrobenzene as a by-product.
Among the nitrotoluenes, only the ortho-substituted compound
(entry 8) gave a quantitative yield in the corresponding aniline
after 60 min; 4-nitrotoluene gave 76% yield in 4-toluidine, while
3-nitrotoluene was more sluggish, giving 63% yield after 60 min.
As expected, the reaction of 2-nitroanisole was faster than that
of 3-nitroanisole. In fact, 2-nitroanisole gave quantitative yield af-
ter 30 min (entry 13) while 3-nitroanisole gave 96% yield after
60 min. Finally, 4-nitrophenol was reduced to 4-nitroaniline with
69% yield after 60 min (entry 17). 2-Toluidine is used in forensic
chemistry while 4-aminophenol is a precursor for the synthesis
of paracetamol.
These results show that nitrobenzenes substituted with

electron-withdrawing groups (halogens in our case) react faster
than substrates endowed with electron-donor groups.[34] In
the studied ortho-substituted substrates (2-nitrotoluene and 2-
nitroanisole) the electronic effect prevails on the steric hindrance.

3.3. Recycling Test

The recyclability of the Fe3 was investigated by reusing the same
batch of catalyst for five subsequent consecutive cycles. The re-
sults, shown in Figure 2, demonstrate that quantitative yields
were achieved for all cycles, with no loss of catalytic activity. XRF
analysis indicated that there was no leaching of iron during duty.
In fact, the concentration of iron in the catalyst after 1 cycle (40.5
± 0.3%w, Table S2, Supporting Information) was substantially the
same as that of pristine Fe3 (39.2± 0.7%w, entry 3 of Table 1). The
absence of iron leaching in solution during catalysis was also con-
firmed by XPS. The atomic percentages of the elements detected
by XPS on the surface of Fe3 catalyst before duty, after 1 cycle and
after 5 cycles (Table 4) revealed that the amount of iron present
on the surface remained constant over the cycles. Fe2p and Fe3p
XP spectra of the Fe3 catalyst before duty, after 1 cycle and after

Global Challenges. 2025, 9, e00201 e00201 (5 of 18) © 2025 The Author(s). Global Challenges published by Wiley-VCH GmbH
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Table 4. Atomic elemental percentages detected by XPS analyses on pris-
tine and recycled Fe3 catalyst.

Fe3 %Fe %C %O %Si %Ca

Pristine 18.7 ± 1.2 8 ± 1 63 ± 1 8.6 ± 0.5 2.6 ± 0.5

After 1 cycle 15.7 ± 1.3 19 ± 7 54 ± 4 7.9 ± 0.8 2.3 ± 0.5

After 5 cycles 16.0 ± 2.0 19 ± 6 55 ± 4 7.1 ± 0.5 2.2 ± 0.5

5 cycles, showed that in all cases iron is present in the oxidation
state +3 and in a form ((oxy)hydroxide species, vide infra) which
is the same before and after catalysis (resting state). In fact, the
line shape and the binding energy (BE) of the Fe2p and of Fe3p
signals (Figure 3) are identical for all the samples considered, as
well as FT-IR (in ATR mode) of the Fe3 catalyst recorded before
and after duty (Figure S33, Supporting Information).

3.4. Heterogeneity of the Catalysis

In order to study the heterogeneity of the catalysis, a hot filtration
test was carried out on themodel reaction catalyzed by Fe3, as de-
scribed in the Experimental Section.[35,36] After hot filtration, and
in the absence of Fe3, the conversion stopped at the value reg-
istered before filtration, indicating that the hot filtrated solution

Figure 3. Fe2p (top) and Fe3p (bottom) XP spectra of Fe3 (pristine, after
1 cycle and after 5 cycles).

was catalytically inactive. This result, together with the absence
of iron leaching in solution discussed above, indicates that the
catalysis is truly heterogeneous.

3.5. Characterization of the Catalysts

3.5.1. SEM/EDX and XRF Analysis

The SEM images of the powders of the different samples, Fe2
and Fe3 along with the unloaded SS, are shown in Figure 4.
The image of SS (Figure 4a) showed a polydisperse mate-
rial composed of aggregated particles and grains of different
dimensions, as commonly found in metallurgical slags. At a
morphological level, Fe2 (Figure 4b) revealed the copresence
of two components: small and aggregated particles, and long
and narrow aggregated rods with a defined crystalline habi-
tus. Fe3 particles (Figure 4c) are constituted by well separated
grains.
The elemental composition of the prepared materials as deter-

mined by XRF analysis is given in Table 5. It is evident that the
Fe weight percentage increases in the order SS < Fe2 < Fe2_Cl ≈

Fe3 (18.8 < 25.8 < 37.4 ≈ 39.2), while the Ca weight percentage
decreases in the order SS > Fe2 > Fe2_Cl > Fe3 (31.2 > 16.6 >

11.1 > 9.0). It is interesting to note that S percentage was negligi-
ble in all the catalysts (as well as in the pristine SS), except for Fe2
where S = 14.8% wt. The remaining elements (Si, Mn, and Cr) re-
mained almost unchanged, with a slight decrease registered only
for Fe2.
EDX mapping of the prepared materials (Figure 5) shows that

iron is unevenly dispersed in SS and in Fe2. In the latter ma-
terial, iron appears to be absent in the long and narrow aggre-
gated rods, whereas Fe3 shows a homogeneous distribution of
iron. Moreover, calcium, which is homogeneously dispersed on
SS became more concentrated onto the rod-shaped particles in
Fe2 and unevenly dispersed on Fe3. Sulphur, which was not de-
tected in SS and in Fe3, was present in large amounts in Fe2
(consistently with by XRF analysis). Interestingly, the sulfur dis-
tribution in Fe2 is superimposable with the areas of highest cal-
cium concentration, corresponding to the rod-shaped crystalline
particles. In addition, Fe is absent in such S-bearing crystals
(Figure 5).

3.5.2. XRD Analysis

XRD patterns of the iron-supporting steel slags Fe3 (Figure 6),
Fe2 (Figure 7), and Fe2_Cl (Figure S34, Supporting Informa-
tion) were recorded. In all cases, no new iron-containing crys-
talline phase was visible in the catalysts with respect to pristine
SS. This suggests that the iron species formed on the steel slags
catalyzing the hydrogenation of nitroarenes are noncrystalline
(amorphous). In the case of Fe2, the diffractogram is dominated
by the peaks of gypsum (CaSO4·2H2O, Figure 7), suggesting that
the treatment of the alkaline steel slagswith FeSO4·7H2O triggers
its reaction with calcium hydroxide, producing insoluble amor-
phous iron(II) hydroxides (enlarged insert in Figure 7) and crys-
talline calcium sulphate, which are deposited on the steel slag.
Conversely, in the case of FeCl3·6H2O, its reaction with Ca(OH)2

Global Challenges. 2025, 9, e00201 e00201 (6 of 18) © 2025 The Author(s). Global Challenges published by Wiley-VCH GmbH
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Figure 4. SEM images of a) SS, b) Fe2, and c) Fe3.

present in the SS results in soluble CaCl2 and insoluble amor-
phous iron(III) hydroxides.
This explains why the percentage of Fe in Fe2 (25.8%, Table 5)

is significantly lower than that in the other catalysts (Table 5).
In this respect, it can be expected that the acidic FeCl3·6H2O re-
acts with all the alkaline compounds in the SS, such as CaCO3,
MgCO3, NaOH, Na2CO3, etc., forming iron(III) hydroxides (or
carbonates) and releasing Na+, Ca2+, and Mg2+ (as chlorides) in
solution. This behavior could explain: i) the absence of Cl in the
iron-supporting SS; ii) the reduction in the calcium content pass-

Table 5. Elemental analysis (wt%) of the investigated iron-supporting steel
slags carried out by XRF analysis.

Element SS Fe2 Fe3 Fe2_Cl

wt% SD wt% SD wt% SD wt% SD

Fe 18.8a) 1.4 25.8 0.9 39.2 0.7 37.4 1.4

Ca 31.2a) 1.8 16.6 0.4 9.0 0.10 11.1 0.3

S 0.17 0.03 14.8 0.17 <LOQ <LOQ

Si 3.8a) 0.2 2.5 0.2 3.8 0.2 2.7 0.1

Cr 0.11 0.01 0.08 0.01 0.10 0.01 0.09 0.01

Mn 4.7a) 0.4 3.5 0.3 4.4 0.3 4.2 1.2

Balance 40.4 2.3 36.7 1.6 42.8 1.1 44.5 1.94
a)
From ref. [30].

ing from SS (31.2% wt, Table 5) to Fe3 (9.0% wt, Table 5); iii) the
absence of portlandite (see XRD in Figure 6) in Fe3. The less pro-
nounced reduction in calcium content passing from SS to Fe2
(16.6% wt, Table 5) is obviously due to the deposition of calcium
sulphate mentioned above.

3.5.3. XPS Study

XPS analyses were conducted on the iron-supporting SS to gain
insight into the species present on the surface of the obtained
materials, which may be responsible for the catalytic activity. The
surface elemental composition (for each sample analyzed) was
substantially homogeneous, as ascertained by XPS atomic per-
centages collected in Table 6. It is apparent that the amount
of surface iron is very low in the as-received SS, which are
rich in Ca, C, O, and Na. A small amount of Si and traces
of Cl were also detected. No Mn was observed on the surface
of the samples. The low amount of iron on the surface might
explain the absence of catalytic activity in the model reaction
by the steel slags as received (SS) (or calcined, SS_calc). More-
over, the other data (Section 2.2), together with the information
provided by XPS, support the presence of surface carbonates,
oxides, and hydroxides of calcium and sodium.[30] In Fe3 and
Fe2_Cl, the amount of surface calcium is drastically reduced
with respect to SS, while in Fe2 significant amounts of Ca and
S are present. For all iron-bearing steel slags, negligible amounts
of Cl and a strong decrease of carbon with respect to SS were
observed.
The Ca2p XP spectrum of SS showed only the signals of cal-

cium carbonate (BE = 346.8 ± 0.1 eV) and calcium oxide could
not be excluded (BE = 347.5 ± 0.1 eV), while for Fe3 and Fe2_Cl
calcium oxide was the only species detected (Figure 8a). In the
case of Fe2, the characteristic peak of calcium as sulphate (BE =
348.2 ± 0.1 eV, Figure 8a) was recorded, which finds its counter-
part in the corresponding S2p XP signal at BE = 169.4 ± 0.1 eV,
ascribable to sulphate ion[37] (Figure 8b).
Focusing on the differences between SS and the prepared ma-

terials, the C1s XP spectrum of SS (Figure S37, Supporting Infor-
mation) shows, in addition to organic C coming from unavoid-
able contamination (BE = 284.8 ± 0.1 eV), an intense signal at
BE = 289.4 ± 0.1 eV due to surface carbonates that disappears in
the Fe2, Fe3, and Fe2_Cl iron-supporting steel slags (Figure S37,
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Figure 5. Elemental dispersion of calcium, iron and sulfur on iron-supporting steel slags as revealed by EDX mapping.

Supporting Information). Moreover, the Fe2p and Fe3p XP spec-
tra (Figures S38 and S39, Supporting Information) of the studied
materials show similar shapes and binding energies for all the
iron-supporting steel slags, indicating the same chemical envi-
ronment for all the materials.

In particular, the curve fitting of the Fe3p XP spectrum of sam-
ple Fe3 (Figure 9a) resulted in two peak components with the
most intense one at BE = 56.2 ± 0.1 eV, indicative of iron(III)
species.[38] The curve fitting of the Fe2p XP spectrum of Fe3
(Figure 9b) showed the typical multiplet splitting of Fe3+ (BEs =

Figure 6. XRD pattern of Fe3.

Global Challenges. 2025, 9, e00201 e00201 (8 of 18) © 2025 The Author(s). Global Challenges published by Wiley-VCH GmbH
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Figure 7. XRD pattern of Fe2.

Table 6. XPS atomic percentages. Data are reported as mean values ± 1S (n = 3).

Sample %C %O %Na %Si %Cl %S %Ca %Fe

SS 28 ± 3 50 ± 2 8 ± 2 2.8 ± 0.6 Traces 10 ± 2 1.0 ± 0.4

Fe2 10 ± 2 63 ± 2 6.0 ± 1.3 – 4.5 ± 0.5 6.2 ± 0.5 11 ± 3

Fe3 8 ± 1 63 ± 1 8.6 ± 0.5 Traces 2.6 ± 0.5 18.7 ± 1.2

Fe2_Cl 16 ± 3 58 ± 2 6.0 ± 0.9 0.9 ± 0.5 3.2 ± 0.5 16.5 ± 1.4

710.5 ± 0.1 eV, 711.7 ± 0.1 eV, 712.9 ± 0.1 eV, and 714.4 ± 0.1 eV)
together with the prepeak and the surface peak at≈719 eV. In par-
ticular, the line shape and the BE values of the multiplet splitting
together with the shake-up-CG separation (≈8 eV) of this signal
indicate that iron is present as Fe(O)OH ((oxy)hydroxy iron(III)
species) on the surface.[39]

The O1s signal of all spectra was curve fitted with three peak
components: one at BE = 530.2 ± 0.1 eV, which is characteristic
for oxygen of iron(III) oxide; one at BE = 531–532 eV which is
characteristic for oxygen of metal hydroxides but also for oxygen

of calcium oxide or silicates and sulphates; one at BE = 533.0 ±
0.1 eV which is ascribed to oxygen associated to organic species.
Figure 10 shows the O1s curve fitting for Fe3 (a) and Fe2

(b). In the O1s XP spectrum of Fe2 the peak at BE = 532 ±
0.1 eV can be ascribed to both metal hydroxides and sulphate.
The atomic ratio between the sum of oxide and hydroxide O
and Fe is slightly higher than 2 for all iron-supporting steel
slags (Table 7), thus substantiating the hypothesis that the cata-
lysts contain prevalently (oxy)hydroxide species of iron(III) on the
surface.

Figure 8. a) Ca2p XP spectra of SS, Fe2, Fe3, and Fe2_Cl, and b) curve fitted S2p XP spectrum of Fe2.

Global Challenges. 2025, 9, e00201 e00201 (9 of 18) © 2025 The Author(s). Global Challenges published by Wiley-VCH GmbH
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Figure 9. a) Curve fitted Fe3p XP spectrum of Fe3, and b) curve fitted Fe2p XP spectrum of Fe3.

3.5.4. Mössbauer Spectroscopy

Pristine SS: The Mössbauer spectrum (Figure 11a) collected
on SS showed an intense and asymmetric two-line absorption,
centered at ≈1.07 mm s−1, together with a broad and not well
resolved sextet between ≈−7.9 and ≈8.2 mm s−1. The spectral
features suggest that Fe is distributed in different sites, differ-
ing for oxidation state, coordination and magnetic coupling. The
best fitting (𝜒2: 1.357) was obtained using an eight-components
model: four doublets and four sextets. The doublets are represen-
tative of both Fe(III) and Fe(II) sites: one doublet for Fe(III) and
three for Fe(II). The hyperfine parameters of the ferric site, Db
1, are closely related to those of tetracoordinated Fe(III). Despite
its low intensity (5% of the total population), it seems to be an
effective signal of the spectrum: as a matter of fact, its exclusion
drastically increases 𝜒2 to 3.664. Concerning the ferrous sites,
Fe is distributed on three different sites, differing for Δ values
(Table 8). All doublets exhibit half-linewidths at half maximum
(Γ+) consistent with crystalline sites, but with a slight broaden-
ing. This minor line-broadening can be attributed to local disor-
der around ferrous nuclei, rather than to the presence of an amor-
phous/glassy phase. In the latter case, Fe(II) typically shows Γ+
values exceeding 0.4 mm s−1.[40] A local disorder, arising from

different cations among the next nearest neighbors, results in
the presence of slightly different ferrous sites, favoring a broad-
ening of the linewidth, suggesting the existence of quadrupole
splitting and isomer shift distributions. As mentioned above, the
difference in Δ of these ferrous sites reflects a different distor-
tion of the site geometry. Db 2 and Db 3 show a Δ higher than
1.00 mm s−1 and can be tentatively attributed to ferrous species
hosted in the distorted octahedral sites. Db 2, with a Δ value typi-
cal of ferrous ions in silicate network, can be tentatively attributed
to Fe(II) hosted in larnite structure.[41] Db 3 and Db 4 show pa-
rameters close to those observed for Fe(II) in defective wüstite
(Fe1−xO) lattice.

[41–43] The presence of defective wüstite supports
the weak doublet ascribed to tetrahedral Fe(III). Acknowledging
the presence of wüstite in the pristine steel slag and considering
the non-negligible presence of Mn, the Db 4 doublet could arise
from the presence of Mn(II) in the wüstite lattice. As suggested
byGohy et al.,[44] the substitution of Fe(II) byMn(II) results in the
existence of two ferrous sites, in addition to the tetrahedral ferric
one, with different environments, due to Mn(II), vacancies and
Fe(III) ions as nearest neighbors. In this scenario, Db 1, Db 3, and
Db 4 could be ascribed to manganowüstite. The magnetic com-
ponent, i.e., the broad sextet, was interpreted as a superposition
of different sextets. According to thismodel, 39% of the total Fe is

Figure 10. a) Curve fitted O1s XP spectrum of Fe3, and b) curve fitted O1s XP spectrum for Fe2.
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Table 7. XPS atomic percentages of oxygen as oxide (Ooxide) or hydroxide
(Ohydroxide) andOoxide+hydroxide/Fe atomic ratio. Data are reported asmean
values ± SD.

Sample Ooxide Ohydroxide Ooxide+hydroxide/Fe

Fe2 22 ± 1 33 ± 2 2.3 ± 0.6

Fe3 23 ± 1 33 ± 1 2.4 ± 0.2

Fe2_Cl 23 ± 5 28 ± 2 2.6 ± 0.3

distributed over four Zeeman sextets (Sx 1, 2, 3, and 4 in Table 8),
which can be tentatively attributed as follows: the sextets with
the largest absolute values of 𝜖 have been attributed to Fe(III) in
the tetrahedral and octahedral sites of brownmillerite, Ca2Fe2O5.
The data obtained deviate from those related to the pure phase.[44]

This evidence can be ascribed to the substitution of Fe with other
metals, such as Al, Mn, etc.[45] It is worth noting that the ratio be-
tween the population of tetrahedral and octahedral sites differs
substantially from those reported in the literature. This discrep-
ancy can be reasonably ascribed to the superimposition of differ-
ent signals, due to substitutional effect and/or the presence of
other species, which cannot be resolved as consequence of the
low intensity of the signals. Moving on to Sx 3, it shows parame-
ters consistent with those of hematite, while Sx 4, with a B close
to 29 Tesla, can be attributed to a generic Fe carbide. Due to its
low intensity (≈2% of the total Fe population), a more accurate
attribution is not possible. The presence of a small percentage of
Fe carbide is compatible with the nature of the used material.
Fe2_Cl and Fe3: The Mössbauer spectra of Fe2_Cl and

Fe3 differ from that of SS mainly in the central absorption
(Figure 11b,c). These spectra are dominated by an intense
and asymmetric doublet centered ≈0.30 mm s−1 indicating the
presence of paramagnetic/superparamagnetic Fe(III) moieties.
Given the absence of other phases containing Fe(III) in para-
magnetic regime, as deduced from XRD experiments, the pres-
ence of superparamagnetic species is highly probable. The pres-
ence of superparamagnetic Fe(III) species suggests the existence
of nanosized iron oxide/oxyhydroxide particles. The best fitting
was obtained by the model proposed for SS with the addition
of two doublets (Db 5 and Db 6 in Fe2_Cl, Db 4 and Db 5 in

Fe3). These doublets have hyperfine parameters typical of fer-
ric ions in distorted octahedral geometry. According to literature
data[46,47] these two doublets can be ascribed to 2L-ferrihydrite.
This hypothesis buttresses the XPSmeasurements that highlight
the presence of Fe(O)OH. According to literature[48] these dou-
blets can be ascribed to the ordered particle core (Db 5 in Fe2_Cl
and Db 4 in Fe3) and the other to the more disordered surface
layer (Db 6 in Fe2_Cl and Db 5 in Fe3). The doublet attributed
to the surface layer shows higher Δ values compared to those
attributed to the core, indicating a higher degree of distortion of
the FeO6 octahedra at the surface. However, the presence of other
iron (oxy)hydroxides cannot be ruled out a priori from the room
temperature Mössbauer spectra.
It is noteworthy that the signal of tetrahedral Fe(III) in wüstite

(Db 1 in SS) is not detectable in sample Fe3. Every attempt to
fit the spectra with this component gave unsatisfactory results; it
is assumable that the overlap between the tiny tetrahedral ferric
doublet and the intense one due to ferrihydrite cannot be resolved
by a room temperature measurement.
Notably, for both Fe2_Cl and Fe3, the ratio of Fe(II) to Fe(III)

populations in the oxidic phases, excluding the Fe(III) present in
ferrihydrite, is similar to that calculated for the pristine SS (i.e.,
0.7). This observation indicates that the treatment of SS with fer-
ric or ferrous chloride does not significantly alter the pristine iron
population of SS.

3.5.5. STEM Analysis

The morphology of the pristine steel slags and of the most
representative iron-supporting SS was investigated by STEM
analysis. Figure 12 shows STEM images of SS, Fe3 (before
and after catalysis), and Fe2_Cl. Micrometric particles sur-
rounded by sub-micrometric structures are clearly visible in
SS and Fe3 (before and after catalysis) samples. In partic-
ular, the scanning transmission electron microscope image
(Figure 12a) of the SS grain deposited on the gold grid af-
ter suspension in water (Figure S40, Supporting Informa-
tion). The surface of the larger grains is rough and irreg-
ular, a morphology common to other types of slag, electric
arc furnace slag[49] or desulphurization steel slag.[50] Although

Figure 11. RT Mössbauer spectra of SS, Fe3, and Fe2_Cl. Black dots: experimental data, black line: calculated spectrum. Subspectra: dark green lines
for Fe(II) sites, yellow lines for Fe(III)-4CN, dark red lines for ferrihydrite, dark cyan lines for brownmillerite, dark yellow line for hematite, and violet line
for iron carbide.
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Table 8. Room temperature hyperfine parameters of SS, Fe2_Cl, and Fe3. Asterisked values were fixed under constraint.

Sample 𝛿 [mm s−1] Δ/ɛ [mm s−1] Γ+ [mm s−1] B [T] A [%] Attributions

SS Db 1 0.25 ± 0.07 0.6 ± 0.1 0.19 ± 0.06 5 ± 1 Fe(III)-4CN in wüstite

Db 2 1.12 ± 0.02 2.02 ± 0.08 0.23 ± 0.04 13 ± 1 Fe(II)-6CN in silicate

Db 3 1.08 ± 0.02 1.4 ± 0.1 0.25 ± 0.03 27 ± 1 Fe(II)-6CN in wüstite

Db 4 1.07 ± 0.02 0.83 ± 0.09 0.20 ± 0.03 16 ± 1 Fe(II) in wüstite

Sx 1 0.14 ± 0.05 0.28 ± 0.04 0.56 ± 0.06 41.2 ± 0.2 21 ± 1 Fe(III)-4CN in
brownmillerite

Sx 2 0.44* −0.41 ± 0.03 0.24 ± 0.09 45.9 ± 0.5 4 ± 1 Fe(III)-6CN in
brownmillerite

Sx 3 0.27 ± 0.04 −0.16 ± 0.04 0.32 ± 0.05 49.4 ± 0.3 12 ± 1 Fe(III)-6CN in hematite

Sx 4 0.3 ± 0.1 0.2 ± 0.1 0.11 ± 0.04 29.8 ± 0.5 2 ± 1 Fe carbide

Fe2_Cl Db 4 0.21 ± 0.03 0.53 ± 0.05 0.12* 4 ± 1 Fe(III)-4CN in wüstite

Db 1 1.14 ± 0.06 2.02 ± 0.09 0.16 ± 0.06 2 ± 1 Fe(II)-6CN in silicate

Db 2 1.05 ± 0.02 1.5 ± 0.1 0.31 ± 0.04 16 ± 1 Fe(II)-6CN in wüstite

Db 3 1.15 ± 0.04 0.78 ± 0.1 0.27 ± 0.05 12 ± 1 Fe(II) in wüstite

Db 5 0.34 ± 0.02 0.57 ± 0.05 0.19 ± 0.01 27 ± 1 Fe(III)-6CN in ferrihydrite

Db 6 0.32 ± 0.02 0.96 ± 0.05 0.23 ± 0.01 18 ± 1 Fe(III)-6CN in ferrihydrite

Sx 1 0.19 ± 0.05 0.37 ± 0.04 0.50 ± 0.05 41.9 ± 0.3 11 ± 1 Fe(III)-4CN in
brownmillerite

Sx 2 0.46* −0.78 ± 0.06 0.3 ± 1 43.3 ± 0.6 3 ± 1 Fe(III)-6CN in
brownmillerite

Sx 3 0.26 ± 0.06 −0.16* 0.36 ± 0.09 48.7 ± 0.4 5 ± 1 Fe(III)-6CN in hematite

Sx 4 0.01 ± 0.04 0.49 ± 0.04 0.16 ± 0.09 26.1 ± 0.1 2 ± 1 Fe carbide

Fe3 Db 1 1.13 ± 0.06 2.1 ± 0.1 0.17 ± 0.06 4 ± 1 Fe(II)-6CN in silicate

Db 2 1.07 ± 0.03 1.61 ± 0.09 0.22 ± 0.04 10 ± 1 Fe(II)-6CN in wüstite

Db 3 1.20 ± 0.04 0.74 ± 0.08 0.27 ± 0.03 19 ± 1 Fe(II) in wüstite

Db 4 0.31 ± 0.01 0.56 ± 0.06 0.21 ± 0.03 29 ± 1 Fe(III)-6CN in ferrihydrite

Db 5 0.29 ± 0.03 0.95 ± 0.07 0.21 ± 0.05 15 ± 1 Fe(III)-6CN in ferrihydrite

Sx 1 0.19 ± 0.04 0.36 ± 0.04 0.42 ± 0.07 41.8 ± 0.2 9 ± 1 Fe(III)-4CN in
brownmillerite

Sx 2 0.44* −0.48* 0.3 ± 0.1 43.7 ± 0.9 5 ± 1 Fe(III)-6CN in
brownmillerite

Sx 3 0.31 ± 0.05 −0.17 ± 0.05 0.31 ± 0.07 49.0 ± 0.3 7 ± 1 Fe(III)-6CN in hematite

Sx 4 0.01 ± 0.09 0.5 ± 0.1 0.13 ± 0.05 29.9 ± 0.5 2 ± 1 Fe carbide

the smaller grains show some small surface features, these
appear to be more electron transparent than the hydration prod-
ucts already found in ground granulated blast furnace slag.[51] In
the specific case of the SS studied, it can be hypothesized that the
hydration products are due to weathering. The surfaces of such
hydration products, which cover the edges of the smaller parti-
cles, are very frayed and do not have a well-defined morphology
and are not so repetitive as to suggest the presence of deposited
crystalline forms. However, a more defined morphology is evi-
dent in Fe3 (both pristine and after catalysis, Figure 12b,c) com-
pared to that observed in SS (Figure 12a).
Iron oxides and hydroxides have a wide variability of mor-

phology and particle size. As reported in many articles, syn-
thetic hematite typically exhibits hexagonal plate, pseudocubic,
spindle, and needle morphologies, whereas “kite and tail” and
tiny spherical morphologies are typical of goethite and ferrihy-
drite, respectively.[52–55] In Fe3 pristine and after one catalytic run
(Figure 12b,c), a sub-micrometric, well-defined granular mor-
phology is observed as a shell surrounding the larger parti-

cles. These granular particles could be attributed to the pres-
ence of ferrihydrite particles, similar to those reported in the
literature.[54,56–58] Since this structure is observed for both sam-
ples (Fe3 before and after duty) it can be inferred that the granu-
lar morphology remained unchanged after catalysis. In contrast,
a sheet-like morphology typical of a gel-like structure, is observed
for Fe2_Cl (Figure 12d), as reported for other aluminosilicate
matrices.[59,60]

3.5.6. Physisorption Analysis

Nitrogen sorption analyses were performed on the as-received
SS, Fe2, Fe2_Cl, and Fe3. Data recorded for SS indicated a very
low porosity (≈2 m2 g−1, Table 9). For the iron-based catalysts, all
the physisorption isotherm obtained (Figure 13) show a hystere-
sis meaning that capillary condensation occurs inside the pores.
The shape of the isotherm obtained when analyzing Fe3 resem-
bles a composite of Types I and II isotherms, according to the
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Figure 12. STEM images at magnification 100 000× of a) SS, b) Fe3 pristine, and c) Fe3 after one catalytic run d) Fe2_Cl.

IUPAC classification,[61] with an hysteresis loop of type H4. It is
classified as type H4 loop not only for the shape of the loop, but
also because of the characteristic sharp step-down in the desorp-
tion branch located at p/p0 ≈ 0.4. These results indicate a micro–
mesoporous material for Fe3. Indeed, the more pronounced up-
take at low p/p0 is associated with the filling of micropores. Re-
garding Fe2 and Fe2_Cl, the isotherm obtained was similar be-
tween the two samples analyzed. In this case, the hysteresis loop
is classified as type H3, according to the IUPAC classification.[61]

The H3 loop is characterized by two distinctive features: an ad-
sorption branch similar to a Type II isotherm (indicating a mul-
tilayer adsorption); and a lower limit of the desorption branch lo-
cated at the expected cavitation-induced p/p0 (p/p0 ≈0.4–0.5 for
nitrogen at temperatures of 77 K). Loops of this type are given by
nonrigid aggregates of plate-like particles, but also when the pore
network consists of macropores, which are not completely filled
with pore condensate. The surface areas obtained by the BET
method are collected in Table 9. Unfortunately, Barrett–Joiner–
Halenda (BJH) cumulative desorption method was not applica-

Table 9. Corrected surface areas of the catalysts.

Sample BET area
[m2 g−1]

Corrected surface area
[m2 g−1]

Production ratea) [h−1]

SS 2.18 – –

Fe3 179 517 6.7

Fe2 63.6 268 1.1

Fe2_Cl 57.3 181 0.5
a)
Production rate was calculated as moles of product moles of catalyst−1·reaction

time−1.

ble, because in the presence of narrowmesopores, increased sur-
face forces are present and could not be neglected. Similarly, the
validity of the Kelvin equation, and therefore of the BJHmethod,
is questionable as the mesopore width decreases because macro-
scopic considerations can no longer be applied.[61] Therefore,
the BJH results were not reliable and neither “pore volume” nor
“pore radius” were calculated.
The surface areas have been corrected considering the struc-

ture of the catalysts. In fact, in our cases, the catalysts are com-
posed of an inert portion (the SS support, which is not porous)

Figure 13. Nitrogen physisorption isotherms for SS, Fe2, Fe2_Cl, and Fe3.
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and an active phase (surface (oxy)hydroxide iron(III) species).
Assuming that the deposition of (oxy)hydroxide iron(III) species
on the SS does not affect the SS porosity, we estimated the poros-
ity of the active Fe(O)OH phase, calculated by subtracting the
porosity obtained by BET (and related to the wholematerial) from
that of the as-received SS (2.18 m2 g−1), taking into account the
masses involved (see Table S1, Supporting Information). The val-
ues of the surface areas thus calculated are referred to as “cor-
rected surface areas” and collected in Table 9. The catalytic activity
parallels the corrected surface area of each catalyst, which follows
the order: Fe3 > Fe2 > Fe2_Cl.

4. Discussion

Two-line ferrihydrite[62] is a poorly crystalline Fe(III)
(oxy)hydroxide that occurs naturally in near-surface soils and
sediments and, due to its mesoporosity, high surface area, and
reactivity, has applications in water and air remediation,[63–66]

electrochemistry,[67,68] and catalysis (mainly nitroarene
hydrogenations)[34,69–75] or Fenton-like oxidations.[76–78]

The synthesis of ferrihydrite is commonly achieved by treat-
ment of aqueous Fe(II)[76] or Fe(III) salts with NaOH,[79,80]

KOH[81] or ammonia.[82] The present study demonstrates that the
treatment of iron(III) or iron(II) aqueous solution with SS invari-
ably resulted in the easy synthesis of amorphous (oxy)hydroxide
iron(III) species supported on SS. The choice of steel slags as a
support for the active iron species stems from the known alkalin-
ity of this material,[30] which allows the deposition of ferrihydrite
by precipitation from aqueous solution, without the addition of
an external strong base.[28,34]

The formation of (oxy)hydroxide iron(III) species follows dif-
ferent pathways, depending on the iron source used: FeCl3·6H2O
reacted with the hydroxides leached out in solution when SS are
immersed in water[30] (or formed by reaction of SS basic sites
with water) precipitating Fe(III) hydroxides, which dehydrated
on the surface of SS on oven heating at 80 °C, forming high sur-
face area 2L-ferrihydrite; FeCl2·4H2O and FeSO4·7H2O reacted
with the hydroxides forming Fe(II) hydroxides, which are air ox-
idized to Fe(III) species, which, in turn, form gel-like structures
of (oxy)hydroxide iron(III) species on oven heating at 80 °C; in
the case of FeSO4·7H2O, the formation of Fe(II) hydroxide was
accompanied by the formation of CaSO4, which also deposited
on SS.
The different pathways followed for the formation of the

(oxy)hydroxide iron(III) species on SS have a profound influence
on the performance of the obtained catalysts in the hydrogena-
tion of nitrobenzene with hydrated hydrazine. It is known that
the activities of iron (oxy)hydroxide species in the hydrogenation
of nitroarenes are proportional to their surface areas, suggest-
ing that only the number of available iron sites, and not their
structure, determines the catalytic activity.[34,72] Therefore, the dif-
ference in catalytic activity between Fe2, Fe2_Cl, and Fe3, all of
which contain ferrihydrite, can be imputed to a difference in sur-
face area resulting from the specific mechanism followed during
their synthesis. This hypothesis was confirmed by BETmeasure-
ments, which showed that Fe3 has a micro–mesoporous struc-
ture and has the highest surface area (among the catalysts stud-
ied). In the case of Fe2, themassive presence of crystalline CaSO4
with a flat and impermeable surface and with no Fe-bearing com-

pounds on the surface occludes the pores of the catalyst and re-
sults in a lower surface area, which is responsible for the lower
catalytic performance compared to Fe3. Even worse performance
was observed for Fe2_Cl, but in this case this may be due to the
gel-like structure of the (oxy)hydroxide iron(III) species revealed
by STEM analysis and by the lower surface area obtained by
BET.
It is well recognized that the morphology and the consequent

catalytic activity of the (oxy)hydroxide iron(III) species formed
under aerobic conditions by mixing iron(II) or iron(III) salts
with alkaline base solution depends on several parameters, in-
cluding the oxidation state of the iron source, the anion of the
iron salt, the pH, and the temperature.[83,84] Indeed, it is known
that the use of FeSO4·7H2O as an iron source leads preferen-
tially to the synthesis of Fe(O)OH in the form of goethite.[85]

On the other hand, it has been reported that Fe(O)OH in the
form of lepidocrocite is the preferred product obtained starting
from FeCl2·4H2O.

[86] Interestingly, the two crystalline forms of
Fe(O)OH showed different catalytic activity in the nitroarene re-
duction in the presence of hydrazine hydrate, with goethite being
more active than lepidocrocite. Therefore, it is predictable that in
the complicated systems composed by alkaline SS and different
iron salts, the kind of the starting metal salt strongly affects the
morphology, the surface area and the catalytic activity of the re-
sulting ferrihydrite, with Fe3 being the material endowed with
the highest surface area and, consequently, the best catalytic per-
formance. The absence of Fe on the surface of CaSO4 crystals
(Figure 5) may indicate that the precipitation of the latter is sub-
sequent to the precipitation of Fe-bearing compounds on pristine
steel slag particles. Such a result highlights the need for a special
precipitation route when preparing particle coated catalysts in al-
kaline media.
The catalyst Fe3 also showed excellent recyclability: in fact, five

subsequent runs could be carried out without loss of activity. No
significantmodification of the catalyst was detected by XPS, XRF,
and FT-IR. The amount of ferrihydrite onto the surface of the
steel slags could be reduced by a factor of three, yielding a mate-
rial (Fe3_low) that was still active in catalysis. Finally, the scala-
bility of the nitrobenzene reduction was proven by carrying out a
reaction at the 12.5 mmol scale.
According to the Haber mechanism, the pathways followed in

the hydrogenation of nitrocompounds to anilines are: a direct
route, in which nitrosobenzene is formed, followed by the for-
mation of hydroxylaniline and finally aniline; or the condensa-
tion route, in which the intermediates of the first route can re-
act together giving life to azoxy compounds that are converted
to aniline (Scheme 2).[7] Like other reported iron-based catalytic
systems[21,25,87,88] using hydrazine hydrate as the reductant,[3] the
iron-supported steel slags used in the present work also followed
the direct route. In fact, GC-MS monitoring of the hydrogena-
tion reactions showed that azoxy compounds were never formed
in the mixture. Moreover, toxic hydroxylamine was never ob-
served in the catalytic runs, while a very small amount of ni-
trosobenzene was detected only once during catalytic cycle, rul-
ing out a very recently proposed pathway that skips the for-
mation of nitroso species[23] in the direct route and indicates
that the rate-determining step in the Fe3 system should be
the generation of active hydrogen species from the hydrazine
reductant[89] (Scheme 3). The possible mechanism follows an
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Scheme 2. Haber mechanism for nitrobenzene hydrogenation.

iron(III)/iron(II) pathway induced by hydrazine and subsequent
oxidation of iron(II) to iron(III) with reduction of nitroarene to
aniline. In fact, massive formation of magnetite has been ob-
served in the absence of nitroarene. Ferrihydrite has been re-
ported to be the most active iron species among several iron(III)
oxides/hydroxides investigated due to its high surface area re-
sulting from its amorphous state.[34,72,90] According to litera-
ture studies,[34] also in the Fe3 system electron-withdrawing
substituents on the nitroarene ring increased the reaction rate,

Scheme 3. The proposed mechanism of hydrogen active species forma-
tion on the surface of Fe3.

whereas electron-donating substituents decreased the reaction
rate.
Table 10 summarizes the performance of different ferrihydrite

catalysts and 𝛾-Fe2O3 nanopowder in the benchmark reaction. It
is evident that Fe3 shows very good performance, compared to
other literature methods. This is quite pleasing considering that
this catalyst is based on an industrial by-product and is prepared
simply by mixing two low-cost reagents in water, without any
careful control of pH or temperature, and without the need for
an additional base, as in the other cases reported in Table 10, thus
rendering the catalyst preparation procedure appealing from the
environmental sustainability point of view.
Another aspect to be considered in assessing the “greenness”

of a catalytic system is the possible production of toxic by-
products. Differently from what happens when using NaBH4 as
the reductant,[91–95] which causes the production of metaborate
salt to be disposed, the use of hydrazine monohydrate leads to
the formation of only innocuous by-products, i.e., dinitrogen and
water. Since the use of excess N2H4·H2O might be problematic
for managing unreacted hydrazine which easily decomposes into
ammonia, our efforts were directed also in reducing as much as
possible the amount of N2H4. To our delight, our catalytic sys-
tem was able to selectively reduce 0.50 mmol of nitrobenzene to
aniline in 90 min in the presence of only 1.0 mmol of hydrazine
hydrate, thusminimizing the use of reductant (Table 2, entry 10).

5. Conclusions

Weathered steel slags coming from industrial sites in Apu-
lia (Italy) are highly alkaline and contain iron species such
as wüstite, brownmillerite, and hematite, which have no cat-
alytic activity in the hydrogenation of nitroarenes to anilines.
They do, however, have the property of transforming iron(II)
or iron(III) salts into amorphous nanocrystalline ferrihydrite,
which coats the surface of the steel slag (SS) particles and con-
fers to them a remarkable catalytic activity in the abovementioned

Global Challenges. 2025, 9, e00201 e00201 (15 of 18) © 2025 The Author(s). Global Challenges published by Wiley-VCH GmbH

 20566646, 2025, 9, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/gch2.202500201 by C

ristina L
eonelli - U

niversity M
odena , W

iley O
nline L

ibrary on [21/04/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.global-challenges.com


www.advancedsciencenews.com www.global-challenges.com

Table 10. Hydrogenation of nitrobenzene to aniline by hydrazine hydrate in ethanol or methanol solvent.

Catalyst mmol
PhNO2

mmol Fe T [K] Time [min] Production ratea) [h−1] Refs.

Fe3 0.50 0.15b) 353 30 6.7 This work

MgO/Fe(O)OH 8.1 0.76 333 300 2.1 [71]

Fe(O)OH 10 2.26 338 200 1.3 [72]

Fe(O)OH/hydrazine 1.0 2.25 355 44 0.6 [74]

𝛾-Fe2O3 nanopowder 1.0 0.125 353 80 5.5 [96]
a)
Production rate was calculated as moles of product·moles of catalyst−1·reaction time−1;

b)
mmoles of supported Fe(O)OH, not considering the Fe content present originally

in SS.

reaction. Thus, steel slag plays two roles: i) providing the neces-
sary alkalinity to precipitate iron oxides and ii) acting as a robust
support for the formed ferrihydrite.
The most active catalyst was Fe3, the material obtained using

FeCl3·6H2O as the external iron source, which gave a quantitative
yield of aniline (from nitrobenzene) after 30 min of reaction at 78
°C. During catalysis, the catalytically active ferrihydrite did not
deactivate and no iron was leached into solution: the catalyst was
therefore fully recyclable, retaining its excellent selectivity.
The scope of the hydrogenation was explored using var-

ious substituted R–Ph–NO2 molecules. The tested halo-
nitrobenzenes (R = F, Cl, Br, I) could be successfully hy-
drogenated without dehalogenation and reacted faster than
substrates endowed with electron–donor groups (R = OH, CH3,
OCH3). Moreover, the ortho-substituted substrates (R = CH3,
OCH3) investigated reacted faster than the meta-substituted
ones.
FeSO4·7H2O and FeCl2·4H2O also reacted with the hydroxides

present in the steel slags to form a shell of ferrihydrite on the SS
particles. However, the two catalysts obtained (Fe2 and Fe2_Cl)
were less active than Fe3. The causes of this decrease in activity
are ascribed to a poor Fe coverage due to the formation of CaSO4
(in the case of Fe2) and to the appearance of gel-like structures on
the steel slags surface (in the case of Fe2_Cl) that result, in both
cases, in a surface area significantly lower than Fe3.
This multianalytical investigation has also shown that a com-

plex catalyst such as the one chosen for this study requires in-
depth knowledge of the surface microstructure, which is directly
related to catalytic efficiency.
The catalytic system uses a wastematerial as a catalyst support,

does not require any noble metal and retains its efficiency even
when using slightly superstoichiometric amounts of hydrazine,
thus being consistent with green chemistry principles.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements
This work was supported under the National Recovery and Resilience Plan
(NRRP),Mission 4 Component 2 Investment 1.4 – Call for tender No. 3138
of December 16, 2021 of the Italian Ministry of University and Research,
funded by the European Union – NextGenerationEU (Award No. CNMS

named MOST, Concession Decree No. 1033 of June 17, 2022, adopted by
the Italian Minister of University and Research, CUP: D93C22000410001,
Spoke 14 “Hydrogen and New Fuels”).

Open access publishing facilitated by Politecnico di Bari, as part of the
Wiley - CRUI-CARE agreement.

Conflict of Interest
The authors declare no conflict of interest.

Data Availability Statement
The data that support the findings of this study are available in the
Supporting Information of this article.

Keywords
ferrihydrite, nitroarenes, steel slags, transfer hydrogenation, waste
valorization

Received: April 17, 2025
Revised: July 3, 2025

Published online: July 30, 2025

[1] M. Bilal, A. R. Bagheri, P. Bhatt, S. Chen, J. Environ. Manage. 2021,
291, 112685.

[2] M. S. Leone, P. Mastrorilli, M. Mali, C. Porfido, R. Terzano, M. M.
Dell’Anna, in 2023 IEEE Int. Workshop on Metrology for the Sea Learn-
ing to Measure Sea Health Parameters, MetroSea 2023 – Proc., IEEE,
La Valletta, Maltak 2023, p. 474.

[3] D. Formenti, F. Ferretti, F. K. Scharnagl, M. Beller, Chem. Rev. 2019,
119, 2611.

[4] P. Kovacic, R. Somanathan, J. Appl. Toxicol. 2014, 34, 810.
[5] V. Petrelli, G. Romanazzi, C. Mortalò, C. Leonelli, M. Zapparoli, E.

De Giglio, C. D. Calvano, M. M. Dell’Anna, P. Mastrorilli,Mol. Catal.
2023, 544, 113050.

[6] A. M. Fiore, D. Nefedova, G. Romanazzi, V. Petrelli, M. Mali, C.
Leonelli, C. Mortalò, M. Catauro, P. Mastrorilli, M. M. Dell’Anna,
Macromol. Symp. 2021, 395, 2000195.

[7] G. Romanazzi, V. Petrelli, A. M. Fiore, P. Mastrorilli, M. M. Dell’Anna,
Molecules 2021, 26, 1120.

[8] G. Romanazzi, A. M. Fiore, M. Mali, A. Rizzuti, C. Leonelli, A. Nacci,
P. Mastrorilli, M. M. Dell’Anna,Mol. Catal. 2018, 446, 31.

[9] M. M. Dell’Anna, S. Intini, G. Romanazzi, A. Rizzuti, C. Leonelli, F.
Piccinni, P. Mastrorilli, J. Mol. Catal. A: Chem. 2014, 395, 307.

Global Challenges. 2025, 9, e00201 e00201 (16 of 18) © 2025 The Author(s). Global Challenges published by Wiley-VCH GmbH

 20566646, 2025, 9, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/gch2.202500201 by C

ristina L
eonelli - U

niversity M
odena , W

iley O
nline L

ibrary on [21/04/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.global-challenges.com


www.advancedsciencenews.com www.global-challenges.com

[10] A. M. Fiore, G. Romanazzi, M. M. Dell’Anna, M. Latronico, C.
Leonelli, M. Mali, A. Rizzuti, P. Mastrorilli, Mol. Catal. 2019, 476,
110507.

[11] P. Deng, J. Duan, F. Liu, N. Yang, H. Ge, J. Gao, H. Qi, D. Feng, M.
Yang, Y. Qin, Y. Ren, Angew. Chem., Int. Ed. 2023, 62, 202307853.

[12] K. Chaiseeda, S. Nishimura, K. Ebitani, ACS Omega 2017, 2, 7066.
[13] S. I. El-Hout, S. M. El-Sheikh, H. M. Hassan, F. A. Harraz, I. A.

Ibrahim, E. A. El-Sharkawy, Appl. Catal., A 2015, 503, 176.
[14] T. Sheng, Y. J. Qi, X. Lin, P. Hu, S. G. Sun, W. F. Lin, Chem. Eng. J.

2016, 293, 337.
[15] X. Wang, M. Liang, J. Zhang, Y. Wang, Curr. Org. Chem. 2007, 11, 299.
[16] X. Chen, Y. Liu, J. Wu,Mol. Catal. 2020, 483, 110716.
[17] P. Esmaeilzadeh, M. Mohammadikish, J. Phys. Chem. Solids 2024,

193, 112123.
[18] H. C. Tu, Y. L. Hsiao, Y. D. Lin, Y. G. Lin, D. L. Liao, K. S. Ho, Chem.

Eng. J. 2024, 487, 150623.
[19] R. Shokry, H. M. Abd El Salam, D. Aman, S. Mikhail, T. Zaki, W. M.

A. El Rouby, A. A. Farghali, W. Al Zoubi, Y. G. Ko, Eng. J. 2023, 459,
141554.

[20] W. V. F. do Carmo Batista, W. L. de Oliveira, E. F. de Oliveira, T. S. Cruz,
J. L. Ferrari, B. S. Archanjo, S. Grigoletto, D. E. da Costa Ferreira, F. V.
Pereira, G. A. A. Diab, V. R. Mastelaro, I. F. Teixeira, J. P. de Mesquita,
ChemCatChem 2024, 16, 202400400.

[21] Z. Zong, M. Zhao, H. Yan, J. Wu, T. Wang, Z. Xia, X. Liu, S. Wu, Catal.
Lett. 2023, 153, 1495.

[22] A. M. Fiore, G. Varvaro, E. Agostinelli, A. Mangone, E. De Giglio, R.
Terzano, I. Allegretta, M. M. Dell’Anna, S. Fiore, P. Mastrorilli, Eur. J.
Inorg. Chem. 2022, 2022, 202100943.

[23] J. Zhao, G. Wang, Y. Gao, T. Wan, J. Qin, X. Zhang, F. Sun, J. Fang, J.
Ma, Y. Long, ACS Sustainable Chem. Eng. 2023, 11, 5195.

[24] T. Wan, G. Wang, Y. Guo, Fan X., J. Zhao, X. Zhang, J. Qin, J. Fang, J.
Ma, Y. Long, J. Catal. 2022, 414, 245.

[25] G. Lu, K. Sun, Y. Lin, Du Q., J. Zhang, K. Wang, P. Wang, Nano Res.
2022, 15, 603.

[26] Y. Gao, D. Ma, C. Wang, J. Guan, X. Bao, Chem. Commun. 2011, 47,
2432.

[27] J. W. Larsen, M. Freund, K. Y. Kim, M. Sidovar, J. L. Stuart, Carbon
2000, 38, 655.

[28] W.Wu,W. Zhang, Y. Long, J. Qin, J. Ma,Mol. Catal. 2020, 497, 111226.
[29] M. Casiello, O. Losito, A. Aloia, D. Caputo, C. Fusco, R. Attrotto, A.

Monopoli, A. Nacci, L. D’Accolti, Catalysts 2021, 11, 619.
[30] F. Derobertis, M. S. Leone, E. Mesto, E. Schingaro, C. Porfido, N.

Ditaranto,M.Mali,M.M.Dell’Anna, P.Mastrorilli, Eur. J. Inorg. Chem.
2024, 27, 202400375.

[31] T. J. Daou, G. Pourroy, S. Bégin-Colin, J. M. Grenèche, C. Ulhaq-
Bouillet, P. Legaré, P. Bernhardt, C. Leuvrey, G. Rogez, Chem. Mater.
2006, 18, 4399.

[32] Y. B. Khollam, S. R. Dhage, H. S. Potdar, S. B. Deshpande, P. P. Bakare,
S. D. Kulkarni, S. K. Date,Mater. Lett. 2002, 56, 571.

[33] C. Y. Haw, F. Mohamed, C. H. Chia, S. Radiman, S. Zakaria, N. M.
Huang, H. N. Lim, Ceram. Int. 2010, 36, 1417.

[34] M. Lauwiner, P. Rys, J. Wissmann, Appl. Catal., A 1998, 172, 141.
[35] R. A. Sheldon, M. Wallau, I. W. C. E. Arends, U. Schuchardt, Acc.

Chem. Res. 1998, 31, 485.
[36] J. M. Richardson, C. W. Jones, J. Catal. 2007, 251, 80.
[37] D. Briggs, Handbook of Adhesion, 2nd ed., 2005, John Wiley & Sons,

Ltd,The Atrium, Southern Gate, Chichester,West Sussex PO19 8SQ,
England, Ch. 22, pp. 621–622.

[38] T. Yamashita, P. Hayes, Appl. Surf. Sci. 2008, 254, 2441.
[39] A. P. Grosvenor, B. A. Kobe, M. C. Biesinger, N. S. McIntyre, Surf.

Interface Anal. 2004, 36, 1564.
[40] L. Nodari, S. Conte, L. Casini, M. Sisti, R. Fantini, A. F. Gualtieri, C.

Molinari, C. Zanelli, D. Giordano, M. Dondi, R. Arletti, J. Eur. Ceram.
Soc. 2025, 45, 116947.

[41] A. G. B. Dominguez, M. I. Valerio-Cuadros, L. E. Borja-Castro, R. A.
Valencia-Bedregal, J. Florece Santibañez, S. M. Espinoza Suarez, H.
Cabrera-Tinoco, N. O. Moreno, C. H. W. Barnes, L. De Los Santos
Valladares, Hyperfine Interact. 2022, 243, 12.

[42] H. U. Hrynkiewicz, D. S. Kulgawczuk, E. S. Mazanek, A. M. Pustowka,
K. Tomala, M. E. Wyderko, Phys. Status Solid 1972, 9, 611.

[43] L. E. Borja-Castro, A. Bustamante Dominguez, M. I. Valerio-Cuadros,
R. A. Valencia-Bedregal, H. A. Cabrera-Tinoco, S.M. Espinoza Suarez,
J. Kargin, N. O.Moreno, C. H.W. Barnes, L. De Los Santos Valladares,
Hyperfine Interact. 2021, 242, 53.

[44] C. Gohy, A. Gérard, F. Grandjean, Phys. Status Solidi 1982, 74, 583.
[45] A. L. Shaula, A. A. Markov, E. N. Naumovich, J. C. Waerenborgh, Y. V.

Pivak, V. V. Kharton, Solid State Ionics 2012, 225, 206.
[46] L. Nodari, P. Centomo, G. Salviulo, U. Russo, Mater. Chem. Phys.

2008, 108, 237.
[47] E. Munao, U. Scnwbntuaxn, Am. Mineral. 1980, 65, 1044.
[48] X. Wang, M. Zhu, L. K. Koopal, W. Li, W. Xu, F. Liu, J. Zhang, Q. Liu,

X. Feng, D. L. Sparks, Environ. Sci.: Nano 2016, 3, 190.
[49] A. M. El-Khatib, A. S. Doma, M. I. Abbas, A. E. H. B. Kashyout, M. M.

Zaki, M. Saleh, M. T. Alabsy, Sci. Rep. 2023, 13, 13694.
[50] E. Kholkina, N. Kumar, T. Ohra-aho, J. Lehtonen, C. Lindfors, M.

Perula, J. Peltonen, Salonen J., D. Y. Murzin, Catal. Today 2020, 355,
768.

[51] M. C. G. Juenger, P. J. M. Monteiro, E. M. Gartner, J. Mater. Sci. 2006,
41, 7074.

[52] X. Wang, F. Liu, W. Tan, W. Li, X. Feng, D. L. Sparks, Soil Sci. 2013,
178, 1.

[53] J. L. Voelz, W. A. Arnold, R. L. Penn, Am. Mineral. 2018, 103, 1021.
[54] C. Claudio, E. Di Iorio, Q. Liu, Z. Jiang, V. Barrón, J. Nanosci. Nan-

otechnol. 2017, 17, 4449.
[55] T. Echigo, N. Monsegue, D. M. Aruguete, M. Murayama, M. F.

Hochella, Am. Mineral. 2013, 98, 154.
[56] N. Pariona, K. I. Camacho-Aguilar, R. Ramos-González, A. I.

Martinez, M. Herrera-Trejo, E. Baggio-Saitovitch, J. Magn. Magn.
Mater. 2016, 406, 221.

[57] N. Gálvez, V. Barrón, J. Torrent, Clays Clay Miner. 1999, 47, 375.
[58] H. Liu, P. Li, B. Lu, Y. Wei, Y. Sun, J. Solid State Chem. 2009, 182,

1767.
[59] Y. Yan, G. Geng, J. Build. Eng. 2023, 73, 106764.
[60] J. Siramanont, B. J. Walder, L. Emsley, P. Bowen, Cem. Concr. Res.

2021, 142, 106365.
[61] M. Thommes, K. Kaneko, A. V. Neimark, J. P. Olivier, F. Rodriguez-

Reinoso, J. Rouquerol, K. S. W. Sing, Pure Appl. Chem. 2015, 87,
1051.

[62] F. M. Michel, L. Ehm, S. M. Antao, P. L. Lee, P. J. Chupas, G. Liu, D. R.
Strongin, M. A. A. Schoonen, B. L. Phillips, J. B. Parise, Science 2007,
316, 1726.

[63] J. L. Jambor, J. E. Dutrizac, Chem. Rev. 1998, 98, 2549.
[64] T. Mathew, K. Suzuki, Y. Nagai, T. Nonaka, Y. Ikuta, N. Takahashi, N.

Suzuki, H. Shinjoh, Chem. - Eur. J. 2011, 4, 1092.
[65] H. Li, W. Li, Y. Zhang, T. Wang, B. Wang, W. Xu, L. Jiang, W. Song, C.

Shu, C. Wang, J. Mater. Chem. 2011, 21, 7878.
[66] Y. Wang, J. Wang, Z. Ding, W. Wang, J. Song, P. Li, J. Liang, Q. Fan,

Molecules 2022, 27, 1859.
[67] H. Hashimoto, M. Ukita, R. Sakuma, M. Nakanishi, T. Fujii, N.

Imanishi, J. Takada, J. Power Sources 2016, 328, 503.
[68] W. Huang, K. Chen, S. Komarneni, D. Xue, H. Katsuki, W.

S. Cho, X. Xue, H. Yang, J. Ma, Colloids Surf., A 2021, 615,
126232.

[69] T. Miyata, Y. Ishino, T. Hirashima, Synthesis 1978, 1978, 834.
[70] N. R. Ayyangar, A. G. Lugade, P. V. Nikrad, V. K. Sharma, Synthesis

1981, 1981, 640.
[71] P. S. Kumbhar, J. Sanchez-Valente, F. Figueras, Tetrahedron Lett. 1998,

39, 2573.

Global Challenges. 2025, 9, e00201 e00201 (17 of 18) © 2025 The Author(s). Global Challenges published by Wiley-VCH GmbH

 20566646, 2025, 9, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/gch2.202500201 by C

ristina L
eonelli - U

niversity M
odena , W

iley O
nline L

ibrary on [21/04/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.global-challenges.com


www.advancedsciencenews.com www.global-challenges.com

[72] M. Benz, A. M. Van Der Kraan, R. Prins, Appl. Catal., A 1998, 172, 149.
[73] M. Lauwiner, R. Roth, P. Rys, Appl. Catal., A 1999, 177, 9.
[74] Q. Shi, R. Lu, K. Jin, Z. Zhang, D. Zhao, Green Chem. 2006, 8, 868.
[75] D. Li, H. Lu, T. Yang, C. Xing, T. Sun, L. Fu, R. Qiu, Catal. Commun.

2022, 162, 106398.
[76] X. Zhang, Y. Chen, N. Zhao, H. Liu, Y. Wei, RSC Adv. 2014, 4, 21575.
[77] R. Zhu, Zhu Y., H. Xian, L. Yan, Fu H., G. Zhu, Y. Xi, J. Zhu, H. He,

Appl. Catal., B 2020, 270, 118891.
[78] T. D. Waite, Y. Chen, C. J. Miller, Environ. Sci. Technol. 2021, 55, 14414.
[79] Z. Li, T. Zhang, K. Li, Dalton Trans. 2011, 40, 2062.
[80] B. S. Zhu, Jia Y., Z. Jin, B. Sun, T. Luo, L. T. Kong, J. H. Liu, RSC Adv.

2015, 5, 84389.
[81] D. Carta, M. F. Casula, A. Corrias, A. Falqui, G. Navarra, G. Pinna,

Mater. Chem. Phys. 2009, 113, 349.
[82] K. Rout, M. Mohapatra, S. Anand, Dalton Trans. 2012, 41, 3302.
[83] K. A. Baltpurvins, R. C. Burns, G. A. Lawrance, Environ. Sci. Technol.

1996, 30, 939.
[84] F. Gilbert, P. Refait, F. Lévêque, C. Remazeilles, E. Conforto, J. Phys.

Chem. Solids 2008, 69, 2124.
[85] E. R. Encina, M. Distaso, R. N. Klupp Taylor, W. Peukert, Cryst. Growth

Des. 2015, 15, 194.

[86] P. Refait, J. M. R. Génin, Corros. Sci. 1993, 34, 797.
[87] D. Cantillo, M. M. Moghaddam, C. O. Kappe, J. Org. Chem. 2013,78,

4530.
[88] K. J. Datta, A. K. Rathi, P. Kumar, J. Kaslik, I. Medrik, V. Ranc,

R. S. Varma, R. Zboril, M. B. Gawande, Sci. Rep. 2017, 7,
11585.

[89] C. Zhang, J. Lu, M. Li, Y. Wang, Z. Zhang, H. Chen, F. Wang, Green
Chem. 2016, 18, 2435.

[90] M. Benz, R. Prins, Appl. Catal., A 1999, 183, 325.
[91] H. A. Alruwaili, M. S. Alhumaimess, S. K. M. Alsirhani, I. H.

Alsohaimi, S. J. F. Alanazi, M. R. El-Aassar, H. M. Hassan, Environ.
Res. 2024, 249, 118473.

[92] S. N. Lelouche, I. Lemir, C. Biglione, T. Craig, S. Bals, P. Horcajada,
Chem. - Eur. J. 2024, 30, 202400442.

[93] B. Gholami, M. Mohammadikish, M. Niakan, ACS Appl. Nano Mater.
2023, 6, 2864.

[94] S. Aghajani, M. Mohammadikish, M. Khalaji-Verjani, Langmuir 2023,
39, 8484.

[95] A. Lucchesi Schio, M. R. Farias Soares, G. Machado, T. Barcellos, ACS
Sustainable Chem. Eng. 2021, 9, 9661.

[96] J. Lv, Z. Liu, Z. Dong,Mol. Catal. 2020, 498, 111249.

Global Challenges. 2025, 9, e00201 e00201 (18 of 18) © 2025 The Author(s). Global Challenges published by Wiley-VCH GmbH

 20566646, 2025, 9, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/gch2.202500201 by C

ristina L
eonelli - U

niversity M
odena , W

iley O
nline L

ibrary on [21/04/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.global-challenges.com

	Ferrihydrite Supported on Steel Slags as Catalyst for the Hydrogenation of Nitroarenes: A Virtuous Cycle of Wastes
	1. Introduction
	2. Experimental Section
	2.1. Materials and Methods
	2.2. Characterization of Steel Slags
	2.3. Synthesis of the Catalysts
	2.4. Catalytic Runs
	2.5. Hot Filtration Test on Fe3
	2.6. Recycling of the Catalyst
	2.7. Scale-Up

	3. Results
	3.1. Catalytic Activity of Iron Supporting Steel Slags
	3.2. Scope of the Reaction
	3.3. Recycling Test
	3.4. Heterogeneity of the Catalysis
	3.5. Characterization of the Catalysts
	3.5.1. SEM/EDX and XRF Analysis
	3.5.2. XRD Analysis
	3.5.3. XPS Study
	3.5.4. M80össbauer Spectroscopy
	3.5.5. STEM Analysis
	3.5.6. Physisorption Analysis


	4. Discussion
	5. Conclusions
	Supporting Information
	Acknowledgements
	Conflict of Interest
	Data Availability Statement

	Keywords


