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1. INTRODUCTION

Iron-based perovskite-type catalysts are an important class of
materials with multifunctional properties for applications in catalysis,
solid oxide fuel cells and magnetic devices [1, 2]. The presence of
iron at B-site - the “catalytic” site of the perovskite structure - ensures
very good reactivity toward oxygen and oxygenated compounds [1,

2.

On the other hand, the same reactivity of iron is responsible of the
rusting of iron-containing objects. In facts, iron exposed to moist air
or oxygenated water is corroded, leaving a red encrustation of iron
oxide on the surface, which is called rust and is mainly composed by
hydrated Fe>Os [3]. Progressive rusting is a major source of failure of
unprotected structural materials. It is aggravated by bad design,
which leaves moisture traps in the structure. Rust may pit small holes
in a surface, or uniformly progress over its area. It may attack joints

and crevices. (Fig. 1).

Fig. 1 Corroding iron machinery at the
abandoned White Island Sulphur mine [4].

Despite their universal vulnerability to
penetration, iron and steel materials are
insufficiently protected, both in manufacture

and in maintenance. A corrosive environment of iron or steel only
requires the presence of water together with either a dissolved acid
gas or oxygen, or in some cases just dissolved salts (eg brine). The
importance of rust is particularly evident in the automobile industry In
the UK it has been estimated that automotive rust costs some £260
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million per year, decreasing the value of each automobile by £1 every week. In countries exposed to
ice and snow on the roads, the use of salt to clear it accelerates rusting. In the UK, where the use of
salt in this way is estimated to cause 50% of rusting, it therefore costs £130 million per year. In the
USA, repairs and replacements due to corrosion and rust damage may be worth nearly 5% of the
gross national product. High humidity countries or locations experience the worst rusting: Suriname,
Abu Dhabi and Indonesia top one list of rust-prone climates. In 1990 it was reported that the 1,300
kilometre trans-Alaska pipeline (designed to be rustproof for 30 to 40 years) was seriously corroding
because of failure to corrode it adequately. Repairs were expected to cost from $600 to $1,500
million [5]. The serious consequences of the rusting of iron have become a problem of worldwide
significance. In addition to our everyday encounters with this form of degradation, rusting causes
plant shutdowns, waste of valuable resources, loss or contamination of product, reduction in
efficiency, costly maintenance, and expensive overdesign.

In industries, before galvanizing of the iron material its surface is scrapped to remove rust from its
surface. This rust must be eliminated and is usually sold as scrap at very negligible rate. In this
context, a more convenient way to use the industrial iron wastes would be desirable and some
possible solution have been already proposed in the recent literature. Some of the proposed
solutions dealt specifically with scrap-derived iron and rust wastes [6-10]. Other valuable solutions -
which in principle might also be extended and applied to rust wastes — concerned the reutilization of
different industrial iron-rich wastes like waste ferrous sulfate [11], iron-removal sludge [12] and oily
cold rolling mill sludge [13] and dried steel wiredrawing sludge [14].

Iron-perovskites are usually prepared from commercial iron nitrates or iron chlorides precursors [15].
Among the others, solution combustion synthesis [16, 17] is an easy and convenient method for the
preparation of iron-perovskites [18]. In this attractive technique, based on the principles of the
propellant chemistry [19], a thermally induced redox reaction takes place between an oxidant and a
fuel. Several variants of solution combustion synthesis exist, which have been widely described in
the literature, demonstrating the large versatility of this powerful technique [16, 17, 20-24]. By
combustion-based methods, it is possible to produce monophasic nanopowders with homogeneous
microstructure, at lower temperatures or shorter reaction times, if compared with other conventional
methods like solid-state synthesis [25, 26] or nitrate method [27, 28]. Moreover, the possibility to use
waste-derived precursors adds a further advantage to this powerful methodology [29].

2. OBJECTIVE AND STRATEGY

Objective of this work is to replace the commercial iron nitrate with rust as a source of iron for the
synthesis of a LaFeO3; powder by solution combustion synthesis (SCS).

The main advantage of using SCS is that solid precursors can also be used, without compromising
to much the chemical and microstructural homogeneity of the obtained powder [30, 31].

A detailed comparison with a standard powder obtained by SCS starting from a conventional iron
precursor (commercial iron nitrate) is also performed.

An accurate characterization of the rust wastes as well as of the perovskite powders is mandatory in
order to understand drawbacks and peculiarities of this new approach. The characterization
techniques used in this work are:

- Powder X-ray diffraction (XRD) coupled with Rietveld Refinement analysis




- Temperature programmed reduction (TPR)
- X-ray photoelectron spectroscopy (XPS)
- Fourier Transform analysis (FT-IR)

The choice of LaFeOs as iron-based compound is twofold. First, the
simplicity of this chemical composition, with only one metal beside
Fe, limits any possible multiphase segregation and avoids useless
complexity to the results interpretation. Second, by “testing” the
possibility of using rust wastes as iron precursors directly on a
perovskite compound - instead of on a simple iron-based oxide -
enlarges the applicability of the synthesis to a wider class of iron-
based compounds and to a variety of technological uses.

The performance of this ecofriendly material is evaluated by testing
the activity and selectivity in the propylene oxidation, in order to use it
for the benefit of the environment. Although the most active
perovskite-type formulations of oxidation catalysts are
multielemental, LaFeOs is often taken as a model of iron-based
perovskite [29, 32, 33]. Moreover, it shows itself a discrete activity as
sensor [34], photocatalyst [29, 35] and oxidation catalyst [36-40].

3. SAMPLING OF RUST

Rust wastes were collected in powdered form from the transmission
line tower manufacturing unit of an Electricity transmission tower
manufacturing industry near Nagpur, INDIA (Fig.2).
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’ e — Fig 2. : Pictures
: —_— showing
Collection of
rust wastes from
Electricity
transmission
tower
manufacturing
industry near
Nagpur (INDIA)

THREE
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IRON
WASTES
HAVE BEEN
EXTRACTED
FROM RUST

The scrap treatment
caused a large amount
of metallic iron to be
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wastes. We separated
three iron-wastes,
differing for the metallic

iron/iron oxides content.

R1 is simply the washed
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were extracted from the
powdered suspension
and from the sediment
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respectively




4. WASHING OF RUST AND EXTRACTION OF IRON
PRECURSORS

The as-received rust was washed in a stainless steel beaker with distilled water at about 90°C for
1h. Sometimes it was stirred manually by using a big stainless steel spatula. Then the water was
taken out of the beaker and replaced with clean cold water. The washed rust was dried overnight in
the oven at 80°C. It was magnetic and brown and it was called R1. In Fig.3, the magnetic nature of
R1 is shown.

Fig 3 : Magnetic nature of rust-derived iron precursors

The washing water was not transparent, but gray-black with some
brownish powdered suspension as in Fig 4. Therefore, the suspension was
separated and the sediment allowed to deposit. Then most of the water
was taken out and the powder was dried overnight in the oven at 80 °C.
The powder was reddish and magnetic and it was called R2.

' Fig 4. Washing waters after the washing treatment (side and top view).

We also washed a small portion of the rust many times until the washing
water was clear. This rust was brownish, it was magnetic and it was called
R3.

5. CHARACTERIZATION OF IRON PRECURSORS
XRD

XRD pattern were taken using X-ray diffraction (XRD) measurements on a Bruker-Siemens D5000
X-ray powder diffractometer equipped with a Kristalloflex 760 X-ray generator and a curved graphite
monochromator using Cu Ka radiation (40 kV/30 mA). The 26 step size was 0.03*, the integration
time was 3 s per step, and the 20 scan ranged from 10* to 90*. Diffraction patterns were compared
with ICSD Database (FINDIT [41]) and analyzed by Rietveld refinement [42] using the GSAS
package [43, 44].

The XRD patterns of the as-received rust and of the three iron precursors extracted after the
washing treatment are shown in Fig. 5. In the as-received rust wastes, iron is present as the main
phase, whereas Fe;O.and iron oxyhydroxide [FeO(OH)], which is the main component of rust, were
detected as secondary phases. This is not surprising since the scrapping treatment is known to take
out the rusted layer together with the metallic iron underlying layers.

In the R1 washed rust both iron and FesO4 were detected more or less in the same amount, whereas
iron oxyhydroxide seems to have been washed away. R2 is mainly composed by iron oxides and
traces of metallic iron. The very well washed rust, R3, contains more Fe° than FezO4. From these
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results, it is deduced that the suspension produced during the washing treatment is mainly
composed by FezOa.
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FTIR

FT-IR results in Fig. 6 showed that hydrated Fe,O3; compounds are the main constituents of the rust
wastes in agreement with the literature [3].The absence of any signal relative to metallic iron
indicates that height of the rust layer cannot be higher than the detection limit of this technique. In
facts that this technique allows to characterize only few micrometers of the surface, whereas XRD is
a bulk characterization technique.

100

Fig 6. : FT-IR spectra of
the as-received rust
wastes
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XPS

The experimental conditions used for the XPS measurements and analysis are analogous to those
described in other papers [30].
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The as-received rust and the extracted iron precursors were analyzed by XPS. The rust starting
material showed a neat survey spectrum without any contaminant. After the washing treatment, no
visible changes in the Fe 2p peak occurred as showed in Fig 7. The position (711 eV) and the shape
showed the prevalence of FeOOH. The oxygen mainly showed two components; a low energy
component at ca. 530-531eV due to lattice O% and one at 532eV attributed to surface OH". As
evidenced by the picture, the OH" component decreased upon washing treatment, indicating that
decrease of Fe2O3 occurred at the surface.

O1s Fe2p
Fig 7. XPS O1ls and Fe2p spectra of the as-

received rust wastes and of the derived iron
b precursors (R1, R2, R3).
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6. SYNTHESIS OF IRON-BASED COMPOUNDS

Materials used

The chemicals used were: La(NO3)s.6H>O (Aldrich (99.999%),Citric acid anhydrous (Alfa-Aesar
99.5+%), NH4NO3 (Sigma-Aldrich 99.5%) and Fe(NOs3)s:.9H,0 (Alfa Aesar Puratronic 99.999%, used
for the reference sample).

Synthesis procedure

Lanthanum Nitrate, citric acid, ammonium nitrate and selected amounts of rust-derived iron
precursors (R1 or R2) were weighted in the required proportions and dissolved in 300 ml of distilled
water. The pH was regulated at 6 with 7 ml ammonia solution. Finally, the beaker was kept on the
hot plate with the vertex at 80°C and the solution was allowed to evaporate with mechanical stirring
until gel formation. It was not possible to use the magnetic stirrer, since the rust-derived precursors
were magnetic (see § 4) and it would attach to the magnetic needle.

After gel formation, vertex and stirrer were removed and the combustion was initiated by increasing
the temperature of the hot plate to its maximum value. After combustion the as-burned powder was
obtained and it was called RX (X=4-9) NC. The as-burned powder was then kept in the furnace in
an alumina crucible for calcination at 700 °C for 5 hours to get the final LaFeOs.

Three samples have been prepared using R1 as a source of iron (R4_700, R5_700 and R9_700),
two samples were prepared by using R2 as a source of iron (R6_700 and R8_700), and one
reference sample was prepared by using Fe(NOs3);.9H20. Each batch produced corresponded to
about 2g of LaFeOs. In Fig. 8 a scheme of the synthesis procedure used is illustrated.




Fuel-to-oxidant Fig 8: Flowchart with the solution combustion-
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The combustion process was not very intense and it was necessary to move the combustion mass
by mechanical stirring in order to extend the combustion process to the entire combustion mass.
This is probably ascribed to the presence of insoluble components like iron and iron oxides, whose
interaction with other components is somewhat retarded. In Fig. 9, the Temperature/Time profile of a
selected sample (R5) is reported in comparison with the one registered for the reference sample.

Fig 9. Temperature/ time
350 R7 - reference sample S P ——— R5 profiles of reference
sample (R7) and one
selected sample (R5),
registered during the
combustion process.
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temperature is still about 300°C, the combustion process of the rust derived sample is not a massive
process and it is often interrupted by manual mixing (Fig. 9).

7. CHARACTERIZATION OF IRON-BASED COMPOUNDS
XRD

The perovskite-type structure was already formed in all the as-burned powders and no metallic iron
was left unreacted (Fig. 10), although some segregated Fe.O3; was found in all the samples except in
R4 _NC and in the reference sample (R7_NC).
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After calcination at 700°C, the perovskite structure is fully formed (Fig 11).
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Nevertheless, even after calcination, there is still some Fe>O3 segregated in the XRD patterns of all
the samples (Fig. 12), except in R4_700 and in the reference R7_700.

Fig 12.
——R4.700 P Prepared from ——R8.700 P| Prepared from Enlargement of
—~ |——R5.700 R1 iron precursor —~ [—— R6.700 R2 iron precursor the X-ray
= |——R9.700 = . :
< © diffraction
> ; patterns of
D 5 calcined RX_700
§ o b ‘.GC_'J powders.prepared
I= S = R 1 from R1iron
precursor (left)
21 24 27 30 o3'3 3% 39 42 21 24 27 30 33 36 39 42 and from R2 iron
(o) .
260(°) 20(°) precursor (right).

In Table 1, phase composition and structural parameters of all the calcined samples are reported. In
the same table, the type/amount of iron precursor used is specified.




Tablel.

Type of gr of Phase Cell Crystal size | Microstrain
iron precursor | iron precursor | Composition (wt.%) | Volume of LaFeO, La/Fe
(A%) (nm) ration, O1s,
R7_700 Fe(NO,);-9H,0 3,328 LaFeO; (100 wt%) 243,2 49 0,079 Fe2p and
La3d
R4_700 R1 0,460 LaFeO, (100 wt%) 243,7 33 0,230 binding
energies of
R9_700 R1 0,802 LaFeO, (92 wt%) 242,9 45 0,188 the
Fe,0; (8 wt%) reference
R5_700 R1 1,184 LaFeO, (77 wt%) 243,1 31 0,135 and three
Fe,0; (23 wt%) other
R8_700 R2 1,101 LaFeO, (85 wt%) 2432 33 0,270 selected
Fe,0; (15 wt%) samples
R6_700 R2 1,338 LaFeO, (87 wt%) 243,1 28 0,222

Fe,0; (13 wt%)

The percentage of segregated Fe,Os increases with amount of iron precursor for rust derived
sample. All the cell parameters are comparable to the reference sample, except for R4_700, which
has a slightly larger cell volume. Crystal size of the perovskite phase is about 30 nm for all the
samples, except R9_700 and the reference. Microstrain is slightly higher for the rust derived
samples.

TPR

The TPR results are displayed in the following figures. The TPR profile for R9 (red curve) shows two
different regions between 380-400 °C and 670-700 °C.

The TPR profile for R7 (Reference, blue curve) indicates negligible reduction as can be seen in the
following curve whereas the TPR profile for R4 showed two peaks at 300 -320 °C and 530-550 °C .
According to literature, the peak at lower temperatures represents the reduction of the absorbed
oxygen on the catalyst surface and the second one at higher temperature is correlated to the
reduction of the lattice oxygen in the bulk [1]. The TPR profile of R4, R7 (Reference) and R9
indicates that there are some evident differences in the reducibility of these powders at the catalyst
surface.

Fig 13. TPR curves of the R7_700
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R4.700 Fig 14. XRD patterns of R4_700 before
R4.700 TPR and after TPR experiments

LaFeO3

Fig 14 shows XRD patterns of R4_700
before and after TPR: the perovskite is
more than half destroyed, but not
completely, in agreement with the
calculations. Reduction products are Fe
and LaxOs.
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Fig 15. Comparison between XPS Ol1s and Fe2p spectra of the R6_700 sample and of the R3 iron
precursor.
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Fig 17. XPS Ols spectra of the

o reference and of three selected
O1sr4

samples (R4, R5, R6)

The variation of these two
components may be indicative of
the formation of segregated Fe>O3
(O1ls at ca. 530 eV), or of different
oxygen vacancies (in agreement
with TPR results).
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8. APPLICATION OF IRON-BASED COMPOUNDS
Propylene Oxidation test

Activity tests were carried out in a continuous flow using a U-shaped quartz reactor operated at
atmospheric pressure. The reactor temperature was measured by a thermocouple placed co-axially
inside the reactor. The feeding was a gas mixture having 2500 ppm of propylene and 15% O
(balance He). An amount of 50 mg of sample was used for each run corresponding to a WHSV
(weight hourly space velocity) of 60000 ml-grth™. The catalyst bed was supported by glass wool.
The activity tests were performed between 100-500°C with steps of 25 *C and waiting 30 minutes for
each step in order to get steady state conditions.
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The feed and the effluent gases were analyzed using UV-IR ABB
Analyzers to detect CO and CO; and a paramagnetic analyzer for
O2. The propylene conversion was evaluated based on the detected
CO and CO:..

In general, conversion increased with increase in the temperature for
all the three samples i.e. R4-700, R7-700 and R9-700. Three
samples have been tested and the reactivity pattern for LaFeOs
catalysts was found to be in the following order: R7-700 ~ R9-700 >
R4-700. An almost comparable activity to the reference was
obtained for the rust-derived sample R9_700, indicating that the
proposed synthetic approach has succeeded.

9. CONCLUDING REMARKS

For the first time an iron perovskite has been successfully prepared
by solution combustion based methodologies from rust wastes-
derived iron precursors, demonstrating that the replacement of
commercial iron precursors is possible.

The obtained powders contained some segregated Fe»Os phase,
depending on the type/amount of the iron precursor used for the
synthesis. This secondary phase affects the surface and the redox
properties of the powders, although it does not seem to hinder the
propylene oxidation activity to a great extent.

The detailed characterization of the iron precursors and the obtained
powders evidenced an important role of the iron precursor in the
properties of the final powders.

FUTURE
DEVELOP
MENTS

The proposed
approach can be
easily extended to
the preparation of
doped LaFeOs; and
other iron-containing
compounds,
enabling the
sustainable
production of a
variety of functional

materials.
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