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Abstract: The recovery of iron contained in mill scale rather than iron ore can be considered a
promising valorization pathway for this waste, especially if carried out through reduction using
biogenic carbon sources. Nevertheless, the physicochemical properties of the latter may hinder the
industrial transferability of such a pathway. In this work, the mechanical and metallurgical behavior
of self-reduced briquettes composed of mill scale and four biogenic carbons (with increasing ratios of
fixed carbon to volatile matter and ash) was studied. Each sample achieved mechanical performance
above the benchmarks established for their application in metallurgical furnaces, although the
presence of alkali compounds in the ash negatively affected the water resistance of the briquettes. In
terms of metallurgical performance, although agglomeration successfully exploited the reduction
by volatiles from 750 ◦C, full iron recovery and slag separation required an amount of fixed carbon
higher than 6.93% and a heat treatment temperature of 1400 ◦C. Finally, the presence of Ca-, Al-,
and Si- compounds in the ash was essential for the creation of a slag compatible with steelmaking
processes and capable of retaining both phosphorus and sulfur, hence protecting the recovered iron.

Keywords: agglomeration; biogenic carbon; carbothermic reduction; iron recovery; mill scale;
physicochemical properties; waste valorization

1. Introduction

Among the main industrial sectors, steelmaking is considered a pillar of societal
development on a global scale, with its proliferation intimately linked to a growing and
successful economy [1]. At present, steel is the most produced and consumed material for
engineering applications, with a crude steel production of more than 1850 Mton in 2023 [2].
Nonetheless, the amount of CO2 emissions from the steel production processes (5% and
7% of European and global human emissions, respectively) makes it a hard-to-abate sector
with an urgent need to develop new low-carbon technologies and find new sources of
materials that can make it independent from both mineral extraction from natural reserves
and fossil carbon exploitation [3]. As a consequence, all major steel producers are currently
following what could be called the transition from the primary steelmaking era, based on
the use of sintering plant (SP), blast furnace (BF), and basic oxygen furnace (BOF) plants, to
the electric steelmaking era, which consists of recycling scrap in electric arc furnaces (EAF)
or electric melting furnaces (ESF), possibly coupled with direct reduction plants (DRP) [3].
Although this transition appears to be a possible solution to align with the EU climate
goals, it will also result in increased demand for high-quality scrap and iron ore, the latter
of which is needed for the production of direct reduced iron (DRI) or hot briquetted iron
(HBI) to dilute the amount of harmful elements brought into the bath if low-grade scrap
(i.e., scrap subject to two or three remelts over time) are used [4].

In this regard, the utilization of steel mill wastes and by-products rather than ores to
produce clean iron could be a viable and cost-effective strategy to avoid mining. In fact, at
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a closer look, the steel industry has a wide range of iron oxide-bearing residues that have
not yet been fully exploited, leaving several small material loops waiting to be closed [5].
Among various wastes and residues, mill scale (MS) is one of the most significant examples,
as it consists of more than 90 wt.% iron oxides and is closely linked to the steel production,
being generated during the hot working of steel and iron products and accounting for
2 wt.% of the steel produced. Depending on grain size and oil content, MS is used as feed
in SP [6], sold cheaply to other sectors (e.g., construction [7], refractory [8], pigment [9])
or, in the worst case, disposed of in landfills, resulting in the loss of a source of clean
iron and the need for economic expenditures for steel production. However, according to
Iluţiu-Varvara et al. [10], it is estimated that approximately more than 30% of MS is still not
fully valorized worldwide.

The first attempts of MS valorization date back to the mid-1960s, when Khodakovskii
et al. [11] and Manukyan et al. [12] investigated the feasibility of its exploitation as a
starting material to produce pure iron powder and sponge. Although this line of research
has continued and expanded to the present day with studies based on carbothermal [13–15],
aluminothermic [16–18], and gas-based (e.g., CO and H2) reduction processes [19–21], the
findings were not easily transferable to an industrial scale. The main reasons were due
to the use of fossil carbon sources, unsuitable process parameters (e.g., temperature or
time), economically expensive reducing elements (e.g., Al), or non-acceptable chemical and
granulometric properties of the reduced iron particle for the introduction to the furnaces.

According to the BREF Best Available Techniques (BAT) Reference Document for Iron
and Steel production [6], although most MS finds its main route of use/valorization in SP
(along with dusts and sludges), the relative percentage in feed commonly stops at about
5–6% and only in rare cases reaches 10–20%. The main limitations are due to the negative
impact that some elements (e.g., Zn, Pb, and chlorides) would have on the subsequent
reintroduction of the sintered product into the BF. It is worth noting that the use of oily MS
as feedstock in SP has also been studied, but even in these studies, the main difficulties
were found to be the volatilization of hydrocarbon impurities (0.3–10 wt.%), which clogged
the filter bags resulting in a fire hazard, increased dust production, and an overall decrease
in productivity [22,23].

This was due to the significant amounts of particles smaller than 200 µm in MS,
which nevertheless make it very attractive and suitable for the creation of agglomerates
(e.g., briquettes or pellets) rather than its direct injection into furnaces [10].

As a parallel decarbonization route, the research on the total or partial replacement of
fossil carbon sources with biogenic sources (e.g., biochar, biocoke, or hydrochar, generally
labeled from now on as BC) has been highly active in recent years, due to the carbon
neutrality associated with such kinds of materials. Several trials have been performed both
in the primary and electric steelmaking routes on the actual feasibility of their exploitation
as a coal substitute [24–27], carburizing agent [27,28], and foaming agent [29,30]. However,
the inherent heterogeneity of the biochar physicochemical properties and general chemistry,
resulting from both the starting biomass (e.g., woody matrix, food waste, sludge) and the
production process (e.g., pyrolysis, torrefaction, hydrothermal carbonization), provided
erratic results. On the one hand, satisfactory results were achieved when the properties
were comparable to those of coke and coal; on the other hand, the early and strong gasifi-
cation of low fixed carbon biochars inhibited their effectiveness and in some cases led to
overheating and the subsequent shutdown of the dedusting system [31,32]. Nevertheless,
the gasification of the low-grade BC could be beneficial because volatile evolution can
contribute, to some extent, to the reduction of higher iron oxidation states (hematite and
magnetite) at temperatures below 800 ◦C [33–35]. Despite the significant potential and
environmental benefits of applying BC sources as reducing agents for iron recovery through
the carbothermal reaction, there is currently a significant disproportion of studies exploiting
iron ores as oxide-bearing materials [36–42] rather than MS [43–45].

Following the paradigms of waste utilization for mineral resource conservation and
fossil carbon independence, this work focuses on the mechanical and metallurgical charac-
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terization of MS/BC self-reducing briquettes, with specific attention being paid to the effect
of the physicochemical properties of the biogenic carbon source on the reduction behavior.
The main challenges addressed are the achievement of the required characteristics for the
introduction of such briquettes into the main steelmaking furnaces (e.g., BF, EAF, ESF,
cupola furnaces, fluidized bed reactors, and rotary hearth furnaces), as well as the effective
recovery of iron even when using low-grade BC. For this purpose, MS was mixed with four
BC matrices, and, maintaining the low environmental impact of the process, an organic
binder (corn starch) was exploited as a binding agent. Finally, although this study focuses
on understanding the behavior of low- to high-grade MS/BS agglomerates, the results are
also relevant to the establishment and the strengthening of the industrial symbiosis of the
steel sector with major biomass-producing sectors (e.g., wooden/furniture, agricultural,
and wastewater treatment plants).

2. Materials and Methods
2.1. Materials and Characterization

The briquettes were produced through agglomeration of the iron oxide-bearing matrix,
rolling mill scale (MS), and four biogenic carbon matrices with increasing volatile matter
content used as reducing agents and related to the wood, agriculture, and wastewater
treatment sectors, namely, commercial wood pellets pyrolyzed at 750 ◦C for 25 min (WC),
agricultural-derived olive pomace pyrolyzed at 750 ◦C and 350 ◦C for 25 min (OP750 and
OP350), and sewage sludge hydrothermally carbonized at 210 ◦C at 20 bar (HC).

Prior to agglomeration, the MS was characterized by wavelength-dispersive X-ray
fluorescence (WD-XRF) and X-ray diffraction (XRD) analysis to evaluate the chemical
composition and mineralogical composition, the latter quantified by Rietveld method.
The summary of the results is given in Table 1, and the XRD pattern is shown in the
supplementary material (Figure S1).

Table 1. Chemical and mineralogical composition of mill scale (wt.%).

Wavelength-Dispersive X-ray Fluorescence Rietveld Analysis

Al2O3 CaO Cr2O3 CuO Fe2O3 MgO MnO NiO SiO2 Wustite Magnetite Hematite

0.30 0.32 0.45 0.10 96.95 0.07 1.13 0.08 0.60 60 30 10

The four reducing agents were characterized before agglomeration in terms of (i) per-
centage of fixed carbon, volatile, and ash by proximate analysis [46,47]; (ii) amount of
total carbon and sulfur content by LECO analysis; (iii) activation energy by Kissinger–
Akahira-Sunose (KAS) method [48]; (iv) water contact angle by sessile drop method [49];
and (v) mineralogical composition by XRD analysis. The summary of the physicochemical
properties is given in Table 2; the XRD patterns of the reducing agents are given in the
supplementary material (Figure S2).

Table 2. Proximate analysis, total carbon and sulfur content, activation energy, and water contact
angle of reducing agents (WC: wood pellets pyrolyzed at 750 ◦C, OP750: olive pomace pyrolyzed at
750 ◦C, OP350 olive pomace pyrolyzed at 350 ◦C, HC: sewage sludge hydrothermally carbonized at
210 ◦C, Cfix: fixed carbon, VM: volatile matter, Ctot: total carbon, S: sulfur, Ea: activation energy, db:
dry basis).

Proximate Analysis (wt.%db) Ctot
(wt.%)

S
(wt.%)

Activation Energy
(kJ mol−1)

Contact Angle
(deg.)Cfix VM Ash

WC 83.81 12.58 3.61 93.51 0.001 110.45 71.75
OP750 31.14 51.9 16.96 69.87 0.109 86.76 52.02
OP350 21.22 62.55 16.22 65.23 0.059 74.52 146.98

HC 0.73 69.95 29.32 42.67 0.589 61.61 157.84
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2.2. Powder Briquetting

The materials were ground separately in a planetary ball mill with zirconium balls; sub-
sequently, the mill scale was sieved to very fine sand (63–125 µm) and the reducing agents
to coarse silt (less than 63 µm) to maximize the packing factor and reaction kinetics [50,51].

Four different recipes were obtained by adjusting the amount of reducing agent
introduced to the stoichiometric carbon required for the reduction of all iron oxide contained
in the mill scale (Ctot/FeOeq equal to 0.2). The amount of MS in the recipe and that of fixed
carbon, volatile matter, and ash (contributed by the reducing agent) are given in Table 3.

Table 3. Recipe composition (MS: mill scale, WC: wood pellets pyrolyzed at 750 ◦C, OP750: olive
pomace pyrolyzed at 750 ◦C, OP350 olive pomace pyrolyzed at 350 ◦C, HC: sewage sludge hydrother-
mally carbonized at 210 ◦C, Cfix: fixed carbon, VM: volatile matter, db: dry basis).

Mill Scale Cfix VM Ash

(wt.%db)

MS/WC 82.38 14.77 2.22 0.64
MS/OP750 77.75 6.93 11.55 3.77
MS/OP350 76.53 4.98 14.68 3.81

MS/HC 68.08 0.23 22.32 9.36

Corn starch was used as organic binder and dosed to correspond to 5 wt.% of the dry
MS/BC pre-mix. To obtain a binder with a retrogradation rate of 30%, considered as the
percentage able to provide the best mechanical performance to the agglomerates, distilled
water (starch/water ratio of 1:6 by weight) was added to the starch and heated at 80 ◦C
for 50 min [51]. The binder was immediately added to the recipe and then pressed with a
constant speed of 20 mm min−1 until 40 MPa and maintained for 2 min, using a modified
MTS Exceed Series 40 (MTS Systems, Eden Prairie, MN, USA) uniaxial tensile test machine
(specific details of the machine are given in an earlier study by the authors [52]).

Cylindric briquettes of 20 mm in diameter, 20 mm in height, and about 15 g in
mass were produced and dried for 14 days, during which the mass and volume of each
briquette was monitored to evaluate the green and cured apparent density. To obtain a
clear estimation of the volume, the samples were digitally processed into 3D spatial data by
means of Agisoft Metashape photogrammetric processing software (version 1.8.5, Agisoft
LLC, St. Petersburg, Russia).

2.3. Mechanical Characterization

The briquettes were mechanically characterized through impact resistance, cold com-
pression, and water immersion resistance tests. Three replications were performed for each
test to verify the reproducibility of the results.

Impact resistance was used to simulate falling briquettes inside a furnace; the ASTM
D440-07 (2019) [53] was used as a guideline. Samples were dropped from a height of 1.63 m
inside a tube with a vessel and stopped in case the briquettes withstood up to 10 falls or
in case of premature failure. The impact resistance index (IRI) was calculated according
to (1) whereas the detached material after each fall was collected, sieved, and weighed to
estimate the size stability factor (s) according to (2).

IRI =
n
N

× 100 (1)

s(%) = ∑
i

wti ·
Sieve Openingi

Biggest Sieve Opening
× 100 (2)

where n is the number of drops prior to failure, N is the number of pieces detached weighing
5% or more of the starting mass, and wti is the mass fraction of powder with respect to the
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starting mass retained in the ith sieve; specifically, the apertures used were 6.7 mm, 5.6 mm,
4 mm, 2 mm, 1 mm, 0.5 mm, and 0.125 mm.

Cold compression test was used to simulate the stresses at which the briquettes are
subjected during the transportation or inside the furnace, the BS ISO 4700:2015 standard
was used as a guideline [54]. The sample was pre-loaded between 2 flat plates at 30 N and
pressed at a constant speed of 15 mm min−1 until the load falls by 50% of the ultimate
compressive strength (UCS), or when the gap between the plates was reduced by more
than 50% of the briquette diameter (10 mm).

The water resistance test was used to simulate the behavior of briquettes when exposed
to rain or high humidity conditions that may adversely affect the quality of the densified
product; the procedure described by Richards [55] was used as a guideline. The sample was
fully immersed in distilled water at room temperature, removed after 600, 1200, and 1800 s,
cleaned of surface moisture, and weighed each time. In addition, the visual appearance of
the samples was constantly monitored by camera. The water resistance index (WRI) was
calculated at 1800 s according to (3).

WRI(%) =

(
1 − w1800s − w0

w0

)
× 100 (3)

where w1800s and w0 are the mass of the sample after 1800 s and the initial one, respectively.

2.4. Metallurgical Performances Characterization
2.4.1. Reduction Behavior

The samples were thermally treated at four temperatures (750, 900, 1050 and 1200 ◦C)
under inert atmosphere to evaluate the swelling, mineralogical evolution mass loss and
degree of reduction subsequent to the heating.

The thermal cycles were carried in a Nabertherm LHT 02/17 LB lift-bottom furnace
(Nabertherm, Lilienthal, Germany) in which a crucible containing the sample was inserted.
The crucible was made in alumina and, to prevent any interaction with the briquette, a
second graphite crucible was used as sample container. Since no variation of mass was
observed in the graphite crucible in the experimental trials, it was concluded that it did not
affect the results. To ensure an inert atmosphere, an argon flow (10·Nl h−1) was directly
blown inside the alumina crucible during the whole treatment duration. Specifically, after
a fist maintenance at room temperature of 30 min, required to saturate the crucible volume
with argon, the target temperature was reached using a heating rate of 100 ◦C min−1 and
maintained for 15 min; finally, the crucible was naturally cooled down in the oven and
extracted below 300 ◦C. The crucible configuration is given in Figure 1.
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The swelling index was evaluated considering the apparent volume of the briquettes
assuming the absence of internal porosities and according to (4).

Swelling (%) =
Vi − V0

V0
× 100 (4)

where Vi and V0 are the sample volume after the thermal cycle and the initial one, respec-
tively. To obtain a clear estimation of the volume, the samples were digitally processed
into 3D spatial data by means of Agisoft Metashape photogrammetric processing software
(version 1.8.5, Agisoft LLC, St. Petersburg, Russia).

To focus on the role of the physicochemical properties of the reducing agents alone, the
mass loss of the briquettes was evaluated by excluding the mass of the binder, assuming
that it does not contribute largely to the reduction of iron oxides and calculated according
to (5).

∆m (%) =
wi − w0

w0
× 100 (5)

where wi and w0 are the sample mass after the thermal cycle and the initial one, respectively
(both masses were evaluated considering only the iron-bearing matrix and the reducing
agent).

As pointed out by Vitikka et al. [43], carbon gasification during heating is responsible
for the degree of reduction (DoR) bias in the case of self-reducing agglomerates with
biogenic carbon sources. Consequently, to overcome this shortcoming, a modified version
of BS ISO 11258:2015 [56], reported in (6), was used in this study to also take it into account.

DoR (%) =
wi − w0

wth − w0
× 100 (6)

where wth is the theoretical mass loss, calculated as the sum of the total expected losses from
CO evolution (related to the reduction of oxides) and that of the removal of non-carbon
volatile matter (related to the gasification during heating). Specifically, the former was
evaluated by considering the complete conversion of Ctot present in the sample into CO,
while the latter from the proximate analysis results as the difference between volatile matter
and that of Ctot and Cfix (VM − (Ctot − Cfix)).

Mineralogical evolution was determined by XRD analysis using a Rigaku Smartlab
SE diffractometer (Rigaku Corporation, Tokyo, Japan) with CuKα radiation (λ = 1.54 Å)
equipped with XRF suppression 1D detector (D/Tex 250). The samples were scanned from
20 to 120◦ 2θ at 1◦ min−1 with a step size of 0.02 ◦ and rotated at 120 rpm to decrease
texture contribution.

2.4.2. Smelting Behavior and Iron Recovery

A fifth thermal treatment at 1400 ◦C, still under inert atmosphere, was conducted to
investigate the feasibility of achieving the smelting of the reduced iron and its microstruc-
ture. In cases in which the briquette maintained its agglomerate morphology, the samples
were cut in half to expose the cross section, mounted using a phenolic resin, and polished
up to 1 µm. Otherwise, the reduced iron droplets were directly mounted and polished.

Metallographic analysis was carried out through optical microscopy whereas a Zeiss
Sigma 300 Field Emission Gun Electronic Scanning Microscope (FEG-SEM) equipped
with an Oxford Xmax Ultim 65 Energy-Dispersive X-ray Spectroscopy (EDS) probe (Carl
Zeiss AG, Jena, Germany) was exploited to map the phase distribution at the end of the
reduction process.

Finally, the degree of metallization (DoM) at 1400 ◦C was determined by quantitative
metallurgy [57] by the post-processing of five backscatter electron micrographs taken
stochastically along the polished surface of the sample and calculated according to (7).

DoM(%) =
FeM
FeT

× 100 =
nFe·ρFe

nFe·ρFe + nFeO·ρFeO·χ
× 100 (7)
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where FeM is the metallic iron, FeT is the total iron, nFe is the number of pixels attributed to
the metallic iron, ρFe is the metallic iron density, nFeO is the number of pixels attributed to
the oxide iron, ρFeO is the oxide iron density, and χ is the weight percentage of iron in the
specific oxide observed.

3. Results
3.1. Briquette Mechanical Performances

The as-produced briquettes (green) were let dry at room temperature to allow their
curing and density stabilization. The visual appearance of the briquettes after 14 days
(cured) is shown in Figure 2.
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Although each briquette was able to self-sustain after the curing period, the surface of
MS/WC and MS/OP750 samples differed strongly from that of MS/OP350 and MS/HC.
On the one hand, the first two recipes were able to produce an agglomerate with a compact
and smooth surface, while on the other hand, the MS/OP350 and MS/HC briquettes were
characterized by the presence of several longitudinal cracks. Their presence is synonymous
of a poor powder compaction, which makes the agglomerate unable to accommodate the
shear stresses generated during the demolding step [58]. The differences in compaction
behavior may also be associated with the presence of graphitic and amorphous carbon in
WC and OP750 (Figure S2a,b), which acted as a lubricant during both the compression and
demolding stages, reducing friction against the mold walls and the related shear stresses,
in contrast to cellulose or hemicellulose in OP350 and HC (Figure S2c,d). Furthermore, it
is worth noting that during the curing period, the hydrophobic nature of OP350 and HC
(Table 2) may have favored the removal of moisture from the binder resulting in a widening
of the cracks themselves. The apparent density of the briquettes and their mechanical
properties are given in Table 4.

Table 4. Apparent density and mechanical properties of the briquettes (standard deviation in paren-
thesis).

MS/WC MS/OP750 MS/OP350 MS/HC

Apparent density, green (g cm−3) 2.48 (0.06) 2.69 (0.04) 2.33 (0.06) 2.35 (0.06)
Apparent density, cured (g cm−3) 2.34 (0.04) 2.57 (0.05) 2.16 (0.05) 2.24 (0.07)

Number of drop/1.63 m 10.0 (0.0) 9.5 (0.5) 3.0 (2.0) 7.7 (1.2)
Impact resistance index 1000.0 (0.0) 766.7 (230.2) 75.0 (22.5) 230.0 (4.8)

Size stability (%) 99.60 (3.64) 96.02 (1.63) 76.01 (10.52) 86.33 (6.11)
Ultimate compressive strength (MPa) 15.39 (0.19) 12.56 (0.74) 3.91 (0.56) 6.33 (0.74)

Water resistance index (%) 90.41 Failed before 600 s Failed before 600 s 80.45

Each agglomerate underwent a decrease in apparent density from a green to cured
state due to starch retrogradation, reaching a final value between 2.16 and 2.57 g cm−3 [51].
Although these values do not pose significant problems in their handling, transport, and
storage, the slightly lower apparent densities, compared with that of EAF slag (2.98 g
cm−3 at 1873 K), would result in their floating on the melt, with a consequent loss in iron
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recovery capacity if introduced directly into the furnace [59]. One possible solution is their
placement in the lower layers of the charge to allow reduction during the first heating
phase and the parallel increase in density due to the conversion of iron oxide to metallic
iron. Conversely, since in the BF, cupola, and rotary heart processes the charge is solid, this
problem would be less impactful as well as in line with the quality reference values of iron
oxide pellets used in the aforementioned furnaces (2–2.5 g cm−3) [60].

The difference in the specific apparent density, both in the green and cured states, is
mainly related to three recipe-specific properties: (1) the relative mass ratio between MS and
the reducing agent—the greater the value the greater the density, (2) the volumetric particle
size distribution—the smaller the overall particle size the lower the density, and (3) the
amount of inorganic content (ash) in the reducing agent—the greater the ash the higher
the density [61]. The consequences of the specific recipe characteristics on the apparent
density are most appreciable in the MS/WC and MS/OP750 briquettes comparison due to
their compactness. Indeed, although the former was characterized by a greater amount of
MS and a consequent particle size more oriented toward 125 µm, the greater amount of
inorganic matter present in the latter was responsible for the higher density observed [62].
In addition, the lower hydrophilicity of WC enhanced the removal of moisture from the
briquette during the curing period, leading to a greater decrease in density in the MS/WC
briquette than in MS/OP750 (5.64% vs. 4.46%) [51]. The presence of cracks in the MS/OP350
and MS/HC briquettes distorted the apparent density measurements in the cured state,
decreasing its value. Nevertheless, considering only the green state of the MS/OP350 and
MS/HC briquettes, they were characterized by the lowest apparent densities among the
samples, confirming the role of the relative mass ratio between the recipe powders and the
volumetric particle size distribution discussed by Zhang et al. [61]. Finally, it is interesting
to note that the direct comparison of the MS/OP350 and MS/HC cured briquettes showed
a higher apparent density of the latter due to the higher amount of ash in the starting recipe.

The number of drops from a standstill to failure was, in ascending order of per-
formance, 1 to 5 times/1.63 m for MS/OP350, 7 to 9 times/1.63 m for MS/HC, 9 to
10 times/1.63 m for MS/OP750, and 10 times/1.63 m for MS/WC. In addition, because
this latter managed to remain intact until the tenth fall, its IRI resulted equal to 1000, while,
despite the similar impact resistance of the MS/OP750 briquette, its IRI was found to
be 766.7, due to its breakage during the last falls. The excellent impact resistance of the
MS/WC and MS/OP750 samples is also reflected in their respective size stability of 99.60
and 96.02%, which means the low dispersion of fines after impact. Although the MS/HC
and MS/OP350 briquettes showed the lowest IRI, namely 230 and 75, the values were still
above the benchmark for handling and transporting briquettes for industrial applications
(IRI > 50), with acceptable dispersion of fines after their failure (s > 75%) due to the binding
effect given by corn starch, and with a number of drops before failure equal to or greater
than that required by the iron oxide agglomerates used in BFs or shaft furnaces (drops
before failure > 4) [60,63].

The difference in impact resistance between the MS/WC and MS/OP750 briquettes
and the MS/OP350 and MS/HC briquettes is indirectly attributable to the physicochemical
properties of the reducing agents. Indeed, due to the lower compactability of OP350 and
HC with MS, the cracks and fissures on the final surface of the briquettes, as well as the
possible presence of porosity within the matrix of the briquettes themselves, acted as
sources of stress and points of failure during impact [61,64].

The compression results followed the identical order of impact strength performance:
the highest UCS was observed for the MS/WC briquette (15.39 MPa), followed closely
by the MS/OP750 one (12.56 MPa), while the MS/HC briquette (6.33 MPa) performed
intermediately between the first two samples and the MS/OP350 briquette (3.91 MPa).
Regardless, each briquette exceeded the reference value required for industrial storage and
loading on conveyor belts (0.375 MPa) as well as that required for iron oxide agglomerates
used in BFs or shaft furnaces (UCS > 7.9–9.5 MPa) [60,63].
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The higher compressive strength of the MS/WC and MS/OP750 briquettes is consis-
tent with the observations of El-Hussiny and Shalabi [65], who observed an increase in
the UCS of briquettes proportional to the amount of MS present, at a constant amount of
binder and agglomeration pressure.

Only the MS/WC and MS/HC briquettes were able to withstand immersion in water
up to 1800 s, with a water absorption of 9.59 and 19.55%, respectively. According to
Davies and Davies [66], the water resistance is inversely proportional to the amount of
porosity of the briquette, which explained the lower water absorption of MS/WC briquette
compared with the MS/HC briquette, despite the hydrophilic nature of WC compared
with the hydrophobic of HC. On the one hand, the smooth surface of the MS/WC briquette
prevented the infiltration of water, limiting the mass gain to the hydration of the superficial
WC particles. On the other, the presence of cracks in the MS/HC briquette allowed the
infiltration of water into the porosity, as suggested by the expulsion of bubbles from the
briquette during the immersion (Figure S3a,d).

In contrast, both briquettes produced with OP as the reducing agent disintegrated
rapidly upon contact with water (before 600 s of immersion), suggesting the presence
of collateral properties of the reducing agents that affect water resistance. The main
difference between the OP750 and OP350 reducing agents compared with WC and HC lies
in the presence of water-soluble sylvite (KCl) (Figure S2b,c), which act as a catalyst for the
dissolution of calcite (CaCO3) when in contact with water [67]. Specifically, the dissolution
of calcite increased the number of porosities present, exposing more of the hydrophilic
OP750 particles to hydration, hence causing the briquette to swell severely to the point of
failure (Figure S3b). Conversely, the hydrophobic nature of OP350 inhibited the particles’
hydration and related swelling, confining the failure mechanisms to the loss of mechanical
continuity due to the dissolution of sylvite and calcite (Figure S3c).

3.2. Metallurgical Performance Characterization

Figure 3 shows the mineralogical evolution of the briquettes after heating at 750, 900,
1050, and 1200 ◦C under Ar atmosphere.
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Figure 3. XRD pattern of the (a) MS/WC, (b) MS/OP750, (c) MS/OP350, and (d) MS/HC briquette
after heating at 750, 900, 1050, and 1200 ◦C under Ar atmosphere (DB card number in parenthesis).

The XRD patterns showed a similar trend of the main reduction process (iron oxides
to metallic iron) regardless of the reducing agent used. The MS/WC sample reduced at
750 ◦C was characterized by the presence of magnetite (Fe3O4) and wustite (FeO) only.
Further to the latter, traces of illite (KAl2Si4O10(OH)2), calcium phosphate (Ca3(PO4)2), hy-
droxyapatite (Ca5(PO4)3OH), and gypsum (CaSO4·2H2O) were observed in the MS/OP750,
MS/OP350, and MS/HC briquettes and attributed to the decomposition/reaction between
the compounds contained in the ash of the reducing agent and the minor elements of



Metals 2024, 14, 882 10 of 19

MS. It is, however, of high interest to highlight that the MS/HC sample was the only one
characterized by the presence of the iron peak, whose presence was attributed to the iron
oxide reduction by the high amount of volatile contained in the recipe [35]. Though the
presence of residual iron oxides, mainly in the form of wustite, was still observed at 900 ◦C,
already at this temperature, the main diffraction peaks were those attributed to the metallic
iron, highlighting the start of the reduction process. Furthermore, the presence of gehlenite
(Ca2Al2SiO) in the MS/HC spectrum was due to the illite decomposition, at temperatures
above 800 ◦C, and its catalyzing effect towards the calcining of gypsum [68,69]. Finally,
at 1050 ◦C and 1200 ◦C, all the reduction patterns were characterized by the presence
of metallic iron as the main iron phase, with traces of unreduced iron oxides associated
either with post-reduction oxidation of the samples or with an incomplete reduction of the
samples, mainly evident in the MS/WC and MS/HC samples.

The samples’ swelling, mass loss, and DoR after heating at 750, 900, 1050, and 1200 ◦C
under Ar atmosphere are shown in Figure 4. To better highlight the role of the physicochem-
ical properties of the reducing agents on the metallurgical performance, the percentage of
Ctot, volatile matter, and ash present in each recipe as well as the specific activation energy
were reported in the graphs, too.
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The swelling behavior of the four briquette recipes (Figure 4a) agreed with the phe-
nomenological description advanced by Reddy et al. [70]. Indeed, although the swelling is
typically associated with (1) the transition from the highest to the lowest oxidation state of
iron (Fe2O3 to FeO), (2) the reduction from wustite to metallic iron, and (3) the growth of
such reduced iron fibers (whiskers), the evolution of slag and gases plays a key role in the
swelling of the self-reducing aggregates [71]. Specifically, the slag evolution is intrinsically
linked to the amount and chemical composition of the reducing agent ash, with alkali metal
oxides (e.g., K2O and Na2O) considered to be the most detrimental to swelling behavior
even when present in low percentages [51,70].

The MS/WC briquette was the only one characterized by negative swelling (shrinkage)
regardless of heat treatment temperature, due to the almost null amount of ash. Further-
more, both the overall shrinkage trends and values corresponded to those observed by
Reddy et al. [70] during the reduction of iron ore composites and spent mushroom substrate,
with an increase in shrinkage between 750 and 900 ◦C (−40.02 and −47.55%), followed by
a relative minimum at 1050 ◦C (−44.70%), and a final shrinkage once heated to 1200 ◦C
(−56.92%). In contrast, in both MS/OP750 and MS/OP350, the potassium oxide liberation
from the illite decomposition, as well as CO evolution due to MS reduction, increased the
swelling value of the agglomerates from normal at 750 ◦C to abnormal at 900 ◦C. The higher
value of the MS/OP750 briquette (153.62%) at 950 ◦C compared with that of MS/OP350
(99.02%) was associated with a higher concentration of potassium in the starting ash as
well as the growth of a higher number of iron whiskers inside the agglomerate [43,71]. The
increase in temperature allowed the sintering of reduced iron fibers in the MS/OP750 and
MS/OP350 samples and the subsequent decrease in swelling at 1050 ◦C to shrinkage at
1200 ◦C (from 86.72 to −4.12% and 37.04 to −7.37%, respectively). Finally, the MS/HC
briquette suffered most from the presence of alkali oxide and gas evolution during heating,
undergoing catastrophic swelling at both 750 and 900 ◦C that caused the sample to fail at
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the end or even during heating. The small swelling of the MS/HC briquette at 1050 ◦C
(20.73%) was associated with the lower amount of nucleated iron whiskers, as evidenced
by the presence of wustite in the corresponding diffraction pattern, and hence the lower
stresses against the briquette walls during their growth (Figure 3d).

Both the mass loss (Figure 4b) and the DoR (Figure 4c) followed a similar trend, al-
lowing to interchange them for the description of the reduction behavior of the sample in
the 750–1200 ◦C range. Specifically, the higher the temperature the higher the respective
value; furthermore, considering the nature of the briquette recipes studied, the transfor-
mation of iron oxide to metallic iron is the main contributor to the mass loss (Figure 3).
Accordingly, the significant mass loss observed at 750 ◦C only for the MS/OP350 and
MS/HC briquettes (8.40 and 9.15%) was attributed to the gasification reactions occurring
during heating [34,43]. This was especially evident when comparing the former with the
MS/OP750 sample, which despite having an amount of volatile matter and Ctot in the
recipe close to that of MS/OP350, the higher activation energy of the OP750 inhibited the
initiation of gasification resulting in a lower mass loss (1.96%). In contrast, the MS/WC
sample was considered a control case because of its almost null value of volatiles, which
resulted in almost no mass loss (0.13%). Although, the shift from the reduction control
by gas/volatile matter to carbon (occurring between 750 and 900 ◦C) was responsible for
an appreciable mass loss of the MS/WC and MS/OP750 briquettes (1.96 and 13.65%), the
former was still characterized by the lowest value due to the higher activation energy
that inhibited the complete conversion of iron oxides, as confirmed by the presence of the
wustite peaks in the corresponding diffraction pattern at 900 ◦C (Figure 3a) [72,73]. On the
other hand, in the 900–1050 ◦C range, the WC was properly activated and able to carry out
the oxide reduction with a sixfold increase in MS/WC mass loss, whereas the remaining
briquettes increased their value twofold. Finally, a slight increase (<10%) in mass loss
was observed at 1200 ◦C, regardless of the reducing agent used, with a final value in the
29–36% range, confirming the small appreciable difference between 1050 and 1200 ◦C from
a mineralogical point of view.

To better highlight the sigmoidal trend of the DoRs versus the temperature
(Figure 4c), the values were plotted together using a modified Avrami solution of the
sigmoidal function [74], in which the time parameter was replaced by the reduction tem-
perature (expressed in degrees Kelvin), and working under the assumption that the specific
DoR reached the maximum value attainable in each thermal treatment, the linearized form
plot is shown in Figure 5a. Furthermore, although the use of kinetic models to describe
the behavior of the self-reducing agglomerate has been explored in the literature, to the
authors knowledge, there are currently no studies on the correlation of the physicochemical
properties of the reducing agent with respect to the model regression parameters [75,76].
Therefore, in this work, an attempt was made to correlate them to the amount of volatile
matter and fixed carbon in each recipe. Specifically, the former was plotted against the
constant parameter (k) and the latter against the slope of the regression curve (n); the plots
are shown in Figures 5b and 5c, respectively.

Each regression curve showed a linear correlation coefficient (R-square) greater than
0.90, confirming the sigmoidal trend of DoR versus temperature. Similarly, the R-squares
of volatile matter and fixed carbon with respect to ln(k) and n were close to unity (0.96 and
0.98, respectively), further emphasizing their role on the proceeding in the reduction of
mill scale agglomerates. On the one hand, the higher the volatile matter, the higher the
regression constant and the DoR at low temperature due to gasification (below 1050 ◦C
in this study); on the other hand, the higher the fixed carbon, the higher the slope of the
regression curve and the ability to recover iron at high temperatures (above 1050 ◦C in
this study).
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Smelting Behavior, Iron Recovery, and Industrial Transferability

Following the main purpose of extractive metallurgy, consisting of the recovery of
valuable metals from metal-containing ores or sources and aiming at obtaining a secondary
raw material in the form of clean iron to be reintroduced as additional feedstock into the
main steelmaking furnaces, the four recipes thermally were treated at 1400 ◦C under Ar
atmosphere for 15 min to evaluate their smelting behavior.

The visual appearance and metallography analysis of the samples after smelting is
given in Figure 6. If the briquette was not able to achieve a full smelting, a metallographic
preparation was carried out to expose the cross section, which was considered as most
representative for evaluating the reduction morphology and porosity distribution.
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On the one hand, the MS/WC and MS/OP750 samples were able to achieve a proper
melting with a final microstructure typical of class IIIISO and VISO cast irons, respec-
tively [77]. On the other hand, the MS/OP350 and MS/HC briquettes retained the agglom-
erated shape with a shrinkage of 65.84 and 57.25%, as well as a morphology similar to that
observed by Sohn and Fruehan [78] following iron ore reduction by coal devolatilization. It
is therefore interesting to further relate the slopes of the DoR regression curve (Figure 5c) to
the smelting behavior of the briquettes. Based on the results, it can be stated that the heat
treatment at 1400 ◦C of agglomerates with an n value (in the 750–1200 ◦C range) greater
than 10.91 allows their smelting as well as the nucleation and growth of graphite flakes,
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with higher n values leading to coarser recovered iron droplets (Figure 6a,b), while the
lower the value with respect to the threshold, the greater the amount of porosity and cavi-
ties left by gas evolution during the reduction process, and the less sintering and shrinkage
(Figure 6c,d). Furthermore, the mass losses perfectly followed the amount of fixed carbon
in the mixture, highlighting once again its major contribution at high thermal treatment
temperatures. In ascending order, the values obtained were 36.58, 38.93, 40.24, and 46.27
percent from the MS/HC, MS/OP350, MS/OP750, and MS/WC samples, respectively.

SEM-EDS analysis was used to highlight the presence of harmful elements dispersed
in the recovered iron matrix (e.g., P and S) and the chemical composition of the slag, with
the latter only investigated for MS/OP350 and MS/HC briquettes; the micrographs are
shown in Figure 7.
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Figure 7. SEM micrograph of the (a) MS/WC and (b) MS/OP750 briquettes and SEM-EDS map of
the cross section of the (c) MS/OP350 and (d) MS/HC briquettes.

SEM observation of the cross section associated with the EDS spectra (Table 5) con-
firmed the presence of graphite in the MS/WC and MS/OP750 iron matrices (Figure 7a,b),
as well as the absence of sulfur and phosphorus in the latter, allowing the direct introduc-
tion of the reduced iron into metallurgical furnaces as secondary raw material for bath
dilution without the need for substantial process modification or the risk of introducing
harmful elements into the melt [79]. The SEM-EDS maps of the MS/OP350 and MS/HC
briquettes (Figure 7c,d) showed a microstructure characterized by the presence of uniformly
distributed islands of reduced and unreduced iron oxides throughout the surface, strongly
linked to the slag phase. In particular, the MS/OP350 slag was characterized by a matrix
of gehlenite together with calcium-olivine (Ca2SiO4) and secondarily precipitated crystals
of iron-gehlenite (Ca2FeAlSiO7), within which phosphorus and sulfur were dissolved,
resembling the mineralogy of high basicity BOF slags and that of self-reduced briquettes of
flue dust and mill scale [80–82]. Further to gehlenite, a solid solution of olivine, kirschenite
(CaFeSiO4), iron-alumina spinel (FeO·Al2O3), calcium phosphate (Ca3(PO4)2), which is
derived from the thermal decomposition of hydroxyapatite [83], and iron sulfide (FeS)
constituted the mineralogy of the MS/HC sample slag.

From a practical point of view, the DoM achieved by the MS/WC, MS/OP750, and
MS/OP350 briquettes (100, 100, and 82.32%, respectively), as well as the slag mineral-
ogy of the latter, would allow their direct introduction into the main metallurgical fur-
naces as secondary raw material without affecting the specific process times and/or bath
chemistries [45].

In contrast, the low DoM achieved by the MS/HC briquette (66.79%) would require a
higher treatment temperature to achieve adequate iron recovery and be in line with the
productivity constraints of metallurgical furnaces. For example, the DoM of self-reducing
briquettes composed of iron ore fines, flue dust, and BOF/BF sludge increased from 69.70
to 97.95% when they were treated at 1500 instead of 1400 ◦C [84]. This temperature is
achieved in BF, EAF, and cupola furnaces and would also be advantageous for the removal
of sulfides observed in MS/HC briquette slag, as it would increase the desulfurization
capacity of the slag itself, thus avoiding the need for a desulfurization agent after iron
tapping/recasting (increased process costs) or a longer desulfurization period (increased
process time) [85].
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Table 5. EDS spectra of MS/WC, MS/OP750, MS/OP350, and MS/HC briquettes expressed in wt.%
(A–D, C*–D* and a–b spectra are given as average values in the same phase).

Spectrum C O Al Si P S Ca Fe Phase

A–D 3.57 a 96.43 Iron
C*–D* 24.24 75.76 Wustite

a–b 75.99 1.20 22.81 Graphite
1 38.83 14.05 11.54 27.55 8.03 Gehlenite
2 38.29 15.95 39.71 6.05 Calcio-olivine
3 37.39 2.82 15.56 0.2 0.71 24.41 18.91 Ferri-gehlenite
4 38.52 14.52 1.16 19.01 26.8 Kirschenite
5 34.17 22.87 42.96 Spinel
6 44.66 19.45 33.73 2.16 Calcium phosphate
7 44.66 18.12 10.33 4.18 11.49 11.23 Gehlenite
8 4.27 1.21 35 1.02 58.51 Iron sulfide

a Carbon derives from the iron carburation in the MS/WC and MS/OP750 samples.

Finally, considering the potential benefits that MS reduction through biogenic carbon
would bring at the national level, the MS/OP750 recipe is the most promising. Indeed, the
Italian olive production sector is the second largest in the world, with a crucial economic
and social role in the southern regions, and is responsible for about 3 Mton of olive
pomace per year as the main by-product; the latter is currently used as an energy source in
incineration plants with unsatisfactory results, thus requiring the need for more promising
valorization paths [86–88]. It is therefore possible to estimate that the creation of such a
symbiosis of steel-agricultural waste valorization would not only have the potential to
cover 18.70% of the 1.86 Mton of clean iron sources currently imported to Italy per year
(updated data to 2022) [89], in the case of using the entire annual availability of mill scale,
but also valorize 433 kton of raw pomace, with the latter being needed to achieve the
130 kton of OP750 (given a solid pyrolysis yield of 0.3 at 750 ◦C) to be agglomerated with
MS as the reducing agent.

4. Conclusion

Aiming to deepen the knowledge of the role of physicochemical properties of biogenic
carbon when agglomerated with mill scale, this work investigated the mechanical and met-
allurgical performance of four different recipes of self-reducing briquettes with increasing
amounts of volatile matter and ash, as well as the parallel decrease of fixed carbon.

The main results of the present study can be summarized as follows:

• The mechanical performance are indirectly controlled by the hydrophilicity or hy-
drophobicity of the reducing agents used. Hydrophilic biogenic carbon allows the
obtaining of agglomerates characterized by smooth surfaces and are highly packed,
whereas hydrophobic biogenic carbon enhances the water expulsion from the agglom-
erate during the curing period leading to the formation of several cracks that inhibit
the overall mechanical resistance, acting as low-resistance points. Still, the values
achieved were comparable to or even better than that of pellets typically used in shaft
furnaces (e.g., survival of 7 drops, CCS of 9.5 MPa, bulk density of 2 g cm−3).

• The iron recovery is regulated by the amount of fixed carbon and volatile matter in the
agglomerate. Specifically, though the briquetting is able to exploit the reduction of the
iron oxides from the volatiles at 750 ◦C onward, even in the case of nearly null fixed
carbon, an amount higher than 6.93% of fixed carbon and lower than 11.55% of volatile
matter is required to fully recover the iron oxides of the agglomerate at 1400 ◦C, with
a final microstructure associable to that of cast irons. Lower amounts of fixed carbon
and higher volatile matter lead to the maintenance of the agglomerate morphology
with the coexistence of reduced and unreduced iron as well as slag.

• The presence of alkali in the ash is highly detrimental for the agglomerates once
immersed due to their dissolution and catalyzing effect towards the calcite hydration
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which leads to briquette failure within 600 s. Furthermore, during heating, even
a small amount of alkali can enhance the swelling in the 750–1050 ◦C range up to
catastrophic values. Nevertheless, the presence of Ca-, Al-, and Si- compounds in the
reducing agent ash allows the creation of a steelmaking close slag at 1400 ◦C, able to
trap most of the phosphorus and sulfur, and protecting the recovered iron.

• Among the four biogenic carbon matrices, the use of wood chips or olive pomace
pyrolyzed at 750 ◦C appears to be the most promising to recover the iron from mill
scale and directly reintroduce it as secondary raw material in metallurgical furnaces
when reduced at 1400 ◦C. On the contrary, slag separation processes and/or higher
treatment temperatures are required for the recipes exploiting olive pomace pyrolyzed
at 350 ◦C and hydrothermally carbonized sewage sludge to enhance the degree of
metallization achieved (82.32% and 66.79%) up to industrial usable levels.

In conclusion, taking into account the future challenge for the valorization of mill
scale that will arise due to the depletion of sintering plants and the shift to more electricity-
focused iron and steel production, the agglomeration of such residue together with biogenic
carbon sources could be a more than viable alternative solution for the recovery of the iron
contained therein. Consequently, the next questions to be addressed will have to focus on
understanding: (i) the optimal briquette charging conditions (e.g., quantity, time, relative
position in the bucket, as unreduced or reduced) in the main furnaces (e.g., EAF, ESF, and
BOF); (ii) any changes in the reduction behavior of virgin briquettes once interacting with
the other charging materials, slag, and process period (reducing or oxidizing); and, most
importantly, (iii) any alteration in the quality of the molten steel and the productivity of the
furnaces themselves.

5. Patents

The experimental results shown and discussed in the present manuscript led to the
setup of a process described and deposited in patent n. WO 2024/013653 A1 [90].

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/met14080882/s1, Figure S1: XRD pattern of the mill scale; Figure S2:
XRD patterns of the reducing agents (a) WC, (b) OP750, (c) OP350 and (d) HC; Figure S3: Temporal
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