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ABSTRACT

Steelmaking produces large quantities of iron-rich by-products and their recycling improves resource efficiency
and reduces waste generation. This work investigates the potential for utilizing mill scale to produce self-
reducing briquettes assessing the effectiveness of recycled Arabic gum as a sustainable binder compared to
conventional starch. The briquettes were produced by combining the mill scale with different reducing agents:
olive pomace biochar pyrolyzed at 750 (OP750) and 350 °C (OP350), and cupola furnace dust (CFD). By using
Arabic gum instead of starch, an improved resistance to impact was observed for each mixture (1000 for OP750
and CFD versus 767 and 191, respectively). Recycled Arabic gum, also, limited the swelling of each mixture and
promoted the sintering of the briquettes. On the contrary, the starch favored an increase in volume (maximum
153.62%) until 1200 °C. Furthermore, the Arabic gum enhanced the reduction capacity of the mixture while
preventing chemical or morphological variations in the reduction products and leading to an increase of up to
9.06% in the degree of metallization with OP350. Overall, most the results obtained using Recycled Arabic gum
exceeded the industrial benchmark, confirming the feasibility of its usage as a substitute for starch in self-
reducing briquettes.
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1. Introduction

In recent years, the valorization of steelmaking by-products, such as
dust and sludge, through agglomeration processes has emerged as a
promising strategy to combine resource recovery with the reduction of
the environmental impact of metallurgical processes (Abdelrahim et al.,
2021; Echterhof et al., 2019; Mantovani et al., 2002; Mombelli et al.,
2016, 2019; Mombelli et al., 2021; Nath et al., 2017; Scolari et al., 2026;
Scolari, Mombelli, et al., 2025; Takano & Mourao, 2003; Trpcevska
etal.,, n.d.; Yuetal., 2014). In particular, the production of self-reducing
agglomerates (e.g., briquettes, pellets) based on iron-bearing residues
and carbonaceous reductants has been widely investigated as a route to
recycle steelmaking wastes. Despite the large number of studies in the
literature proving the feasibility of using carbothermal reduction to
recover strategic metals from such waste, the agglomerates do not al-
ways meet the mechanical requirements necessary for industrial
application.

One of the key factors affecting the performance of self-reducing
agglomerates is the nature of the binder, its amount used, its compati-
bility and its interaction with the matrices utilized. Several organic
binders have been indeed investigated for metallurgical agglomeration,
including starch, molasses, bitumen, carboxymethyl cellulose (CMC),
and biomass-derived materials (Abdelrahim et al., 2022; Mousa et al.,
2022). Starch is widely used in literature, in particular by the same
authors (Dall’Osto, Mombelli, Trombetta, & Mapelli, 2024; Dall'Osto
et al., 2024; Drobikova et al., 2016; Lohmeier et al., 2020; Mombelli
et al., 2021; Scolari et al., 2026; Scolari, Mombelli, et al., 2025). It is
mostly preferred over inorganic binders, such as bentonite, thanks to the
lower environmental impact and lower acidic species content (e.g.,
SiO3). However, in several cases, in which powders and fines are
agglomerated in the form of briquettes, they exhibit insufficient resis-
tance to drop or compression tests, thus limiting their practical appli-
cability and highlighting the need for improvements in formulation and
processing parameters. For instance, briquettes made in red mud
required a superior amount of water mixed with starch before the
gelatinization to guarantee self-standing ability (Scolari, Dall’Osto,
et al., 2025); briquettes rich of belt conveyor fines and bounded with
starch broke after only a few drops (Abdelrahim et al., 2021) and the
ultimate compression strength of briquettes made of ferromanganese
and charcoal fines ranged only between 1.63 and 7.04 MPa according to
the optimization process and binder used (bentonite, molasses and
starch) (De Melo Silva Cheloni et al., 2024). Typically, the minimum
cold compression strength requirement is 9.8 MPa for metallurgical
applications inside a converter (Barisetty et al., 2020; Mousa et al.,
2022) also showed that bitumen was the only tested organic binder
which avoids the deterioration of the mechanical strength of the bri-
quettes and enhances the reduction rate.

In the context of utilizing alternative organic binders to starch,
Arabic gum has received limited attention in metallurgical agglomera-
tion despite its strong adhesive properties and potential contribution of
additional carbon into biomass briquettes (Okegbile et al., 2014; Yahaya
& Ibrahim, 2012). However, it has shown promising results in the
agglomeration of magnetite iron ore (Koohestani et al., 2025). This
study represents the first reported use of Arabic gum as a binder in a
metallurgical application, highlighting its potential for integration into
ironmaking and steelmaking processes. Subsequently (Scolari et al.,
2026), demonstrated that substituting starch with Arabic gum signifi-
cantly improved the mechanical behavior of self-reducing briquettes
produced by mixing dust from a basic oxygen furnace (BOF) and blast
furnace sludge (BFS). This resulted in an improvement in the impact
resistance index from 125 to 1000, as well as preventing the breakage of
briquettes during thermal treatment. The use of Arabic gum therefore
enabled the limitations observed with starch to be overcome while
maintaining the advantages associated with organic binders. However,
this positive effect could not be transferred to all material combinations
due to interactions between the binder, the iron-bearing matrix and the
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reductant affecting the final properties of the agglomerates. For
instance, the impact resistance index of agglomerates made of coarse
particle (>125 pm) was reduced from 1000 to 188 using Arabic gum
(Scolari et al., 2026). For this reason, additional studies involving
different matrices are required in order to clarify under which condi-
tions Arabic gum can effectively improve briquette performance.

Although Arabic gum has demonstrated promising binding perfor-
mances in several agglomeration processes, its widespread industrial
application is often limited by its relatively high cost (7.62 $ kg™*
(tridge.,)“https://www.tridge.com; Last Access 01/09/2025” n.d.) and
restricted geographical availability (bayrony,) (“https://bayrony.com/p
roduct-enquiry/products/gum-arabic/” n. d.). To overcome these limi-
tations within a circular economy framework, alternative sources of
Arabic gum can be considered. In particular, Arabic gum is extensively
used in the wine industry as a stabilizing agent to improve colloidal
stability and prevent precipitation phenomena (Apolinar-Valiente et al.,
2020a; Nigen et al., 2019a; Sanchez et al., 2018). This application
generates waste streams containing residual Arabic gum that are
currently underutilized. The recovery and reuse of these secondary
streams as binders for the agglomeration of steelmaking by-products
could represent a valuable industrial symbiosis approach, simulta-
neously reducing waste generation in the food sector and decreasing the
consumption of natural binding materials in the metallurgical industry
(Scolari et al., 2026). indeed already demonstrated the possibility to
substitute the natural Arabic gum with a recycled solution coming from
the wine industry without affecting the mechanical and metallurgical
properties of the agglomerate.

Traditionally, the reducing agents for iron oxides had fossil origin,
such as semi-coke, coke powder or anthracite (Ning et al., 2025).
However, the growing pressure from global energy demand and the
persistent dependence on fossil fuels have determined a significant in-
crease in greenhouse gas emissions, making the identification of alter-
native and sustainable solutions increasingly urgent (Chen et al., 2015).
In this regard, olive pomace is of particular interest due to its high en-
ergy content and huge seasonal availability in the Mediterranean region.
The latter accounts for over 98% of the global olive oil production
(approx. 2.5 million ton per year), with Spain, Italy, Greece and Portugal
as leading producers (Valenti et al., 2017). It is a solid residue obtained
following the crushing and pressing operations of olives for oil extrac-
tion. After a possible recovery of residual oil, it is generally dried and
destined for disposal or sold to other companies for further extraction
process (Kabakc1 & Aydemir, 2014). From a circular economy perspec-
tive, one of the most promising and largely studied (Lustosa Filho et al.,
2024) valorization strategies is the conversion of pomace through py-
rolysis processes to obtain bio-oil, gas and a solid carbonaceous residue
known as biochar (Raveendran & Ganesh, 1996).

An interesting case study is represented by the work of Dall'Osto et al.
(2024), who investigated the behavior of self-reducing briquettes made
by mill scale and biogenic carbons bounded with starch. Mill scale is a
by-product generated continuously during hot rolling and forging oper-
ations, typically in amounts of approximately 2 wt% of the steel produced
((eurofer.,) “https://www.eurofer.eu/publications/brochures-booklets-a
nd-factsheets/european-steel-in-figures-2025, access on 18-02-2026” n.
d.; (ispatguru.,)“https://www.ispatguru.com/mill-scale/, access on
20-03-26" n. d.). It is characterized by a content of iron oxides higher than
70 wt% (Ilutiu-Varvara et al., 2020), and, compared to other steel resi-
dues such as dust and sludge, it generally has a relatively ‘clean’
composition and is free of critical contaminants, such as Zn, Pb or alkalis
([utiu-Varvara et al., 2020; Quddus et al., 2018). This makes it an ideal
iron carrier for studying and developing self-reducing agglomerates, as its
pure composition minimizes material heterogeneity and enables the ef-
fects of different parameters, such as the reducing agent or binder, to be
clearly identified and assessed (Bagatini et al., 2020; Dall'Osto et al.,
2024; Elsadek et al., 2024; Kumar et al., 2017).

The results obtained by Dall'Osto et al. (2024) showed that the
physicochemical properties of the reductant significantly affected both
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the cold mechanical response (impact resistance and compression
strength) and the metallurgical behavior at high temperatures (degree of
reduction and degree of metallization). However, not all the briquettes
guaranteed mechanical and metallurgical performance compatible with
the industrial requirements. Neither mixture survived to 10 drops, and
the briquettes made of olive pomace pyrolyzed at 350 °C exhibited an
ultimate compression strength that was 50% lower than the required
value for blast furnaces or shaft furnaces (Richards, 1990). These limi-
tations make this system particularly suitable as a reference case to
investigate possible improvements in briquette formulation.

Based on these considerations, this work aims to evaluate whether
the substitution of starch with recycled Arabic gum can improve the
performance of self-reducing briquettes produced from mill scale-based
mixtures. The same formulations previously investigated by Dall'Osto
et al. (2024) are considered, consisting of mill scale combined with two
types of pyrolyzed olive pomace at 350 and 750 °C. This allows a direct
comparison between the two binders and an assessment of the effect of
replacing starch with recycled Arabic gum on the mechanical properties
and metallurgical behavior of the briquettes.

This work is intended as a proof of concept to verify whether the
positive effects of recycled Arabic gum observed in previous studies
(Scolari et al., 2026) can be extended to different materials. Demon-
strating a similar improvement in briquettes based on mill scale and
biogenic carbons would lend support to the hypothesis that recycled
Arabic gum could be a versatile alternative binder for self-reducing
agglomerates. At the same time, this study expands the range of mate-
rial combinations in which this binder has been evaluated and helps
clarify the conditions under which its use is advantageous. To further
strengthen this assessment, the same comparative approach is also
applied to mixtures in which the reducing agent is a dust collected from
a cupola furnace.

2. Materials and methods
2.1. Materials characterization

The briquettes were produced mixing the mill scale (MS) as iron
carrier and three reducing agents: olive pomace pyrolyzed at 750 °C
(OP750), olive pomace pyrolyzed at 350 °C (OP350), and cupola furnace
dust (CFD). The chemical composition of the MS and CFD, obtained by
means of wavelength-dispersive X-ray fluorescence (WD-XRF) with a
Bruker S8 Tiger spectrometer (Bruker, Billerica, Massachusetts, US), is
reported in Table 1. The total carbon was obtained by using the com-
bustion analyzer Bruker G4 ICARUS (Bruker, Billerica, Massachusetts,
us).

The four matrices were mineralogically characterized through X-ray
diffraction (XRD) by Rigaku SmartLab SE diffractometer (Rigaku Cor-
poration, Tokyo, Japan) in 6-0 configuration (Cu-Ka radiation:
A =1.54 A at 40 kV, 40 mA). The analysis was accomplished with a scan
range of 5—90° 20 through a 1D/teX Ultra 250 detector featured by XRF
suppression filter; the powdered materials were scanned at 2° min~!
with a step size of 0.02° and rotated at 60 rpm. The quantitative analysis
of the MS phases was performed by Rietveld method. The XRD pattern of
CFD is shown in Fig. 1.

MS, OP350 and OP750 were already characterized by (Dall’Osto
et al., 2023; 2025), hence their XRD patterns are not reported. The
summary of the proximate analysis results and total carbon of the bio-
char used is shown in Table 2. Specifically, the amount of volatile matter
(VM), fixed carbon (FC) and ash were evaluated by means of
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thermogravimetric and differential scanning calorimetry (TG-DSC) ac-
cording to the ASTM D1762-84 standard using a Netzsch STA 449 F°
Jupiter (Erich NETZSCH B.V. & Co. Holding KG, Selb, Germany).
Whereas, total carbon was calculated by means of a LECO CS230
elemental analyzer (LECO Corporation, St. Joseph, Michigan, USA).

The granulometric distribution was determined using an optical
granulometer (Malvern Morphology 4, Malvern, UK) equipped with
25X, 100X and 200X lens. For each sample analyzed, cumulative volume
distribution curves were obtained and the D10, D50, and D90 percen-
tiles were calculated. The main statistical parameters obtained are re-
ported in Table 3, including also the volume mean diameter D4,3, as
well as the surface mean diameter D3,2 ((horiba.,) “https://www.hori
ba.com/int/scientific/products/particle-characterization/particle-educ
ation/setting-particle-size-specifications/” n. d.). The analysis was not
performed on MS due to its scale-shape and morphology, which would
have required mechanical grinding and thereby altered the true particle
size distribution. However, a granulometric distribution obtained from
the weight fraction of mill scale which passes different sieve openings
(from 2 mm to 63 pm) was reported by Dall’Osto et al. (2026).

The water-powder interaction of the reducing agents was detected
through sessile drop test according to BS EN ISO 19403 after the
compaction through a mechanical press of few grams of powder inside a
compact disk according to ASTM D7334 - 08 (2017). OP350 and CFD
were hydrophobic with contact angle of 146.98° and 117.41°, respec-
tively. OP750 was instead hydrophilic with a contact angle of 52.02°.

2.2. Briquettes preparation

To maintain continuity with the previous work of Dall'Osto et al.
(2024), the sieved fraction of MS lower than 125 pm and of reducing
agents lower than 63 pm, were considered. The powders were then
agglomerated in pairs. MS and reducing agents were balanced to tailor
the amount of carbon to the iron oxides inside each mixture, thereby
ensuring the latter's complete reduction. The resulting ratios were 3.6:1
for MS_OP750, 3.4:1 for MS_OP350 and 2:1 for MS_CFD. One binder type
was then added to each powder mixture. Corn starch (_CS) was dosed to
reach 5 wt% of the total dry powders, it was then mixed with distilled
water (a water-starch ratio of 6:1 by mass) and subsequently heated for
30 min at 100 °C to get retrogradation up to 30% (Dall’Osto, Mombelli,
Trombetta, & Mapelli, 2024). Important to notice is that the mixtures
MS_OP350_CS and MS_OP750_CS were already characterized by Dal-
I'Osto et al. (2024), and their results are therefore considered to be
reliable. The second batch used an aqueous solution of recycled Arabic
gum (_AG) supplied by AEB S. p.A. In order to understand how to dose
the recycled Arabic gum to reach sufficient mechanical results, a pre-
liminary experimental campaign was performed. The raw solution was
subjected to drying treatment for different times (10, 30, 60, 120, 180,
240, 360 and 480 min), using Carbolite HRF 722 D furnace (Carbolite
Gero Ltd., Hope Valley, UK) at the constant temperature of 105 °C. It was
stirred every 30 min, to reduce the amount of water, and consequently
increase the solid fraction inside the binder. To ensure a consistent
comparison with starch, the recycled Arabic gum solution was added in
an amount such that the dry Arabic gum content contributed exactly
5 wt% of the total dry powder mass. Consequently, the dosage was based
on binder solids rather than on the total mass of the aqueous solution.
This approach also enables a parallel assessment of how variations in
water content influence the results while keeping a key binder-related
parameter, namely the amount of active binder solids, constant.

Briquettes of 20 mm in diameter and 20 mm in height were produced

Table 1

Chemical composition of mill scale and cupola furnace dust expressed in wt.%. ("-“ means not detected).
Sample Fe,03 Fe30y4 FeO FeOx Si0, Al,03 CaO MgO MnO Cry03 CuO NiO Ctot
MS 46.30 19.40 34.30 96.95 0.60 0.30 0.32 0.07 0.30 0.32 0.07 0.08 -
CFD - - - 26.35 8.48 3.30 3.31 0.89 0.16 - - 44.11
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Fig. 1. XRD patter of cupola furnace dust (quartz SiO,, hematite Fe;O3, magnetite Fe304, portlandite Ca(OH),, sphalerite FeS, calcite CaCOs3).

Table 2
Proximate analysis of biochar expressed in wt.% (* refers to the dry base
material).

Sample Volatile Matter* Fixed Carbon* Ash* Total Carbon

OP350 62.55 21.22 16.22 65.23

OP750 51.90 31.14 16.96 69.87
Table 3

Particle size distribution of the reducing agents expressed in pm (D10, D50 and
D90 are the diameter percentiles, D4,3 the volume mean diameter and D3,2 the
surface mean diameter).

Sample D10 D50 D90 D4,3 D3,2

OP750 42.74 183.75 513.74 250.27 102.45
OP350 76.02 138.19 405.51 172.58 110.54
CFD 35.46 111.67 358.33 143.94 71.28

using a modified MTS Exceed Series 40 (MTS Systems, Eden Prairie, MN,
USA) uniaxial tensile test machine. A constant speed of 20 mm min ™!
was applied until the pressure reached 40 MPa and then maintained for
about 2 min.

After a mechanical characterization of the briquettes produced, the
best drying time was selected to agglomerate all the mixtures. The
choice of the best drying time was supported by Bonferroni statistical
analysis. The level of significance («) was set at 5%.

Pre- and post-reduced briquettes were then analyzed through a Zeiss
Sigma 500 Field Emission Gun Scanning Electron Microscope (FEG-
SEM) equipped with an Oxford Xmax Ultim 65 Energy-Dispersive X-Ray
Spectroscopy (EDS) probe and Unity BeX (Oxford INCA, Oxford In-
struments, High Wycombe, UK).

The porosity of the cured briquettes was calculated according to
(Ezeakacha et al., 2018; Rabbani & Salehi, 2017) using Matlab (R2022b,
update 10) software. The darker spaces inside the SEM images detected
using Otsu multi-level thresholding over gray-scale were considered as
porous and they were measured using the algorithm Watershed. It
should be noted that this image-based approach provides a
two-dimensional estimation of porosity and therefore should be
considered as a comparative rather than an absolute measurement of the
total three-dimensional pore volume.
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Only the briquettes bounded with Arabic gum and MS_CFD_CS were
characterized according to the following conditions. Since the previous
work was followed as reference, refer to (Dall'Osto et al., 2024) for the
detailed characterization of biochar starch-bounded briquettes.

2.3. Mechanical characterization

The impact resistance of briquettes after curing was evaluated by
means of drop test, based on the ASTM D440—07 (2019). Each sample
was manually released from a height of 1.63 m onto a steel container of
nearly 1 m?, large enough to prevent material loss. A 100 mm U-shaped
steel semi-tube was used to ensure both vertical alignment and test
repeatability. Due to the absence of a specific standard for steelmaking
agglomerates, the test was repeated for 3 briquettes of each mixture to
obtain a statistical analysis. The test was stopped either after 10 drops or
earlier if a detached fragment exceeded 5 wt% of the briquette's initial
mass. The size stability factor (s) of the briquettes was calculated with
Eq. (1).

s:Z% wt;-NF; (@)

where wt; is the weight of the i-sm fraction collected in each sieve with
opening size of 6.7, 5.6, 4.0, 2.0, 1.0, 0.5 and 0.125 mm. NF; is expressed
as Eq. (2).

(Opening; + Opening;.1)/2

NF; =
(Openingax + Openingyaxi1)/2

(2)

The Impact Resistance Index (IRI) was calculated with Eq. (3) (Blesa
et al., 2003). The average number of pieces was obtained by counting
the number of fragments that weighed 5% or more than the initial mass
of the briquette (Adu-Poku et al., 2022).

IRI = 100 x Average number of drops

Average number of pieces 3

The Adjusted Impact Resistance Index (AIRI), calculated with Eq.

(4), considered the powder detached during the drop test and required

the calculation of the Adjusting Factor according to Eq. (5). The latter

was obtained from the Adjusting Mass Factor calculated with Eq. (6)

considering the mass retained in each sieve with an opening size smaller
than 4.0 mm and the final mass collected at the end of the test.
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AIRI = IRI-Adjusting Factor @
Adjusting Mass Fact
Adjusting Factor=1 — Jus lrfg ass Tactor (5)
Final mass
Adjusting Mass Factor = E 4 M (6)
i 8 = i 5

where M; is the mass retained by the i-sm sieve and S; is the sieve opening
passed. Lower AIRI corresponds to the detachment of finer particles. If
the Adjusting Factor is negative, it should be considered as zero.

If the briquette survived to 10 falls, it was then compressed according
to BS ISO 4700:2015, to evaluate the ultimate compressive strength
(UCS) (the biochar-starch-based briquettes were instead compressed
without performing a prior drop test (Dall'Osto et al., 2024). The sample
was pre-loaded between two flat plates at 30 N and pressed at a constant
speed of 15 mm min " until the load falls by 50% of UCS or when the gap
between the plates was reduced by more than 50% of the briquette
diameter (10 mm).

2.4. Metallurgical characterization

Briquettes were thermally treated at 750, 900, 1050 and 1200 °C
inside a Nabertherm LBT 02/17 lift-bottom furnace (Nabertherm GmbH,
Lilienthal, Germany) using an inert atmosphere (Ar) by imposing a
heating ramp of 100 °C min~! and the maintenance time of 15 min at the
desired temperature.

The reduction degree (RD) was calculated with Eq. (7).

Myyer — Mur
RD = v
Me + Mo + Mpinder + Myolarite

x 100 ()

where my, is the mass of the green briquette, myr is the mass of the
reduced briquette. The theoretical maximum loss of mass achieved by
the mixture completely reduced at 1500 °C has been evaluated starting
from the initial chemical composition of the briquettes and considering
the masses of volatile compounds such as Zn, Cl and alkalis as myjgite,
the oxygen (m,) released during the reduction, carbon mass (m.)
consumed and the binder (mpinger) which completely volatilizes during
the heating.

Swelling index was calculated according to BS ISO 4698:2022 with
Eq. (8) considering the apparent volume and neglecting the internal
porosities of agglomerates.

AV
Swelling = A x 100 8

where AV is the difference between the volume of the briquette after the
thermal treatment and its initial volume V;. Due to the conservation of
the briquette's shape after the thermal treatment when agglomerated
with recycled Arabic gum, the initial and final volumes were calculated
assuming the briquette as a perfect cylinder.

A fifth thermal treatment at 1400 °C under the same inert atmo-
sphere was performed to evaluate the feasibility of smelting the reduced
iron and to investigate its resulting microstructure. The degree of
metallization (DoM) at 1400 °C (Eq. (9)) was determined through
quantitative metallography (Leino et al., 2020). The analysis was per-
formed by post-processing five backscattered electron (BSE) micro-
graphs acquired randomly along the polished surface of each sample
with magnification of 300X.

Nre'Pre

DoM (%] =
(%l NpePre + NFeox Preox X

x 100 €)]

where np, is the number of pixels attributed to metallic iron, pp, is the
density of metallic iron, ng.o is the number of pixels corresponding to
iron oxides, preox is the density of iron oxides, and y is the weight per-
centage of iron in the specific oxide phase identified.
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3. Results and discussion
3.1. Preliminary experimental campaign

Fig. 2 shows the variation of solid fraction inside the recycled Arabic
gum as function of the drying time during the thermal treatment at
105 °C.

No significant changes in mass happened for times less than 60 min,
obtaining residual moisture similar to those of undried Arabic gum
(73.50 wt%). The contradictory result compared to the experimental
campaign lead by Scolari et al. (2026) relied on the experimental pro-
cedure. In the previous work, the binder was mixed with the powders
before the drying treatment and in 60 min the moisture was reduced to
35 wt%. In this case, however, the powders were mixed only after
recycled Arabic gum drying. The management of a higher amount of
liquid resulted in longer treatment time to achieve comparable moisture
loss. However, this can be considered an advantage for the industrial
applicability of the recycled Arabic gum since it demonstrated that the
binder could be stock in the already dried form, thereby avoiding the
drying procedure of each batch.

As the amount of water in the binder solution has a significant impact
on the mechanical properties of the resulting agglomerates (Scolari,
Dall’Osto, et al., 2025; Scolari, Mombelli, et al., 2025), only drying
conditions involving a moisture content variation of more than 5 wt%
were considered. Therefore, the undried recycled Arabic gum (moisture
73.50 wt%), drying time of 60 min (moisture 70.82 wt%), 180 min
(moisture 65.31 wt%), 360 min (moisture 56.21 wt%) and 480 min
(moisture 44.47 wt%) were selected.

Fig. 3 shows the green and cured density of each briquette bonded
with the recycled Arabic gum as function of its moisture content.

Decreasing the amount of water in the recycled Arabic gum mixed in
MS_OP750, the green density of the briquettes decreased accordingly.
However, the cured density stabilized around 2.20 g cm™> indepen-
dently from the moisture content. Therefore, irrespectively of initial
water-solid ratio of the recycled Arabic gum all the excess of water
present in this latter was expelled. In other words, the briquettes
absorbed only the amount of water required to reach an adequate level
of densification and to ensure sufficient self-standing ability after
forming. Any additional water introduced with the recycled Arabic gum
was not effectively incorporated into the briquette structure; instead,
once the solid particles had absorbed the moisture necessary for packing
and binder distribution, the excess water was progressively expelled
from the system during the curing stage.

Briquettes made of MS_OP350 and MS_CFD showed similar curing
behavior, stabilizing at 1.79 and 2.56 g cm ™3, respectively. However, an
unexpected behavior was observed during the curing of the MS_OP350
and MS_CFD briquettes bounded with undried recycled Arabic gum. This
peculiar behavior was associated to the hydrophobic nature of OP350
and CFD, which limited the absorption of the large quantity of water
present in the mixture (Sachdev et al., 2025). Specifically, rather than
being absorbed by the powder, the excess water was expelled during
compaction and accumulated in the upper part of the mold. This
assumption was also confirmed by the compaction curves of such bri-
quettes. As shown in Fig. 4(b) and (c), the MS_OP350 and MS_CFD bri-
quettes containing undried recycled Arabic gum reached the maximum
pressure approximately 10 s earlier than the other mixtures. As a
consequence, an incompressible water layer was formed, which facili-
tated the earlier attainment of the pressure peak compared to the dried
variants, resulting in a less effective agglomeration process (Fine &
Millero, 1973). This phenomenon was instead not observed for mixtures
made of OP750. Due to its hydrophilic nature, OP750 absorbed a larger
amount of water, preventing the formation of the incompressible liquid
layer. As a consequence, the loading history remained essentially un-
changed regardless of the drying time (Fig. 4a), leading to similar par-
ticle packing and final densification.

The observation of the agglomeration curves also provided some
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Fig. 2. Percentage of moisture and solid mass fraction in the recycled Arabic gum as function of the drying time after the thermal treatment at 105 °C.
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Fig. 3. Green and cured density of briquettes as function of moisture content inside the recycled Arabic gum (a) MS_OP750; (b) MS_OP350; (c) MS_CFD.

insights regarding the low density and worse agglomeration of
MS_OP350 when bounded with the binder containing 72.82 wt%
moisture (1.71 g cm’3), as this mixture required more time to reach the
target pressure (140 s more) (Fig. 4b). The amount of water was suffi-
ciently low to avoid the previous problem of incompressibility, but it
was large enough to act as a lubricant between the particles, facilitating
their rearrangement and settling (Patil et al., 2009). The large quantity
of water improved the way particles were accommodated, which could

be arranged differently during the compression stage. Consequently,
more time was required for the internal resistance that triggered the
pressure increase to develop. Conversely, progressively reducing the
water content increased inter-particle friction, resulting in higher ma-
terial resistance and enabling the target agglomeration pressure to be
reached more quickly (Emami & Tabil, 2008). identified the friction
coefficient as an important parameter affecting the compressibility of
the particles. In fact, increasing the drying time, the loading curves
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Fig. 5. Energy required for briquetting as function of moisture inside the recycled Arabic gum.
shifted toward lower compression time due to the increase in the when the energy required for briquetting was considered (Fig. 5). This
resistance of particles accommodation. parameter was calculated as the mechanical work needed to compress
The influence of friction during compaction became even clearer powder during briquetting (Tumuluru, 2010) and subsequently
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normalized with respect to the mass of the produced briquette.

With the exception of MS_CFD bounded with 73.51 wt% of moisture
in the recycled Arabic gum, which was considered as an outlier, the
progressive reduction of water content in the binder led to a gradual
increase in the energy required for agglomeration. Water indeed acted as
a lubricant between particles, reducing interparticle friction and facili-
tating their rearrangement during compression (Patil et al., 2009). As
the moisture content decreased, this lubricating effect was progressively
lost, resulting in higher frictional resistance and therefore greater me-
chanical work required to reach the target compaction pressure.

However, the magnitude of this effect strongly depended on the
interaction between water and particles. In the case of hydrophilic
OP750, the energy variation remained relatively limited at 34%. These
particles readily absorbed water, ensuring that the available moisture
was distributed more uniformly throughout the mixture. As a result,
most of the particle surfaces became wetted. This facilitated sliding of
the particles, improved packing efficiency and mitigated the increase in
friction during compaction. Conversely, hydrophobic materials, such as
OP350 and CFD, differently interacted with water because they repelled
excess moisture rather than absorb it. When the binder contained higher
water contents, the excessive moisture could still provide a certain
lubricating effect within the mixture. However, the reduced amount of
water was no longer sufficient to properly wet the particle surfaces. As a
consequence, particle-particle contacts occurred under poorly lubri-
cated conditions, significantly increasing internal friction within the
powder bed. This resulted in a greater resistance to particle rearrange-
ment and ultimately required higher compaction energy to successfully
agglomerate the briquettes. However, this was related to the level of
hydrophobicity of the powder. OP350 had a contact angle that was 25%
higher than that of CFD; consequently, it rejected more water and
required an energy variation of 169% more than the ironmaking waste
to compress a mixture containing the binder with 44.47 wt% of water
instead of 73.51 wt% (energy variation of 256% for MS_OP350 and 95%
for MS_CFD between the energies necessary to compress a mixture
containing a recycled Arabic gum with 44.47 and 73.51 wt% of
moisture).

3.1.1. Mechanical characterization

The results of the mechanical characterization are reported in
Table 4.

All the MS_OP750 mixtures exceeded the industrial IRI thresholds of
50 (Richards, 1990), surviving to 10 drops each. AIRI values of 760.66
and 733.41 were obtained for the undried mixture and the mixture
containing the binder with 70.82 wt% of moisture, respectively, indi-
cating a higher impact resistance and a reduced tendency to generate
fines compared to the other tested conditions.

Similarly, MS_CFD exhibited IRI values of 1000 when bounded with
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recycled Arabic gum with moisture content greater than 65.31 wt%, but,
when the water content in the binder was further reduced, the briquettes
withstood a lower number of drops, resulting in IRI values of 405.56 and
283.33 when the binder contains 56.21 and 44.47 wt% of moisture,
respectively. A balance in the water content was therefore required.
When the amount of water in the system was too low, the briquettes
became more brittle, which negatively affected their resistance to
impact (Ding & Yue, 2018). Conversely, higher water content increased
the elasticity of the briquette structure and enhanced the cohesive forces
among the particles, ultimately improving the overall durability of the
agglomerates (Olugbade et al., 2019). Hence, an adequate moisture
level (water-solid ratio of 1.88:1) played a key role in maintaining a
suitable compromise between mechanical strength and structural
flexibility.

A Bonferroni post-hoc test (provided in Supplementary material)
performed on the drop test results confirmed that the MS_OP750 and
MS_CFD briquettes agglomerated with recycled Arabic gum containing
56.21 and 44.47 wt% of water exhibited significantly lower perfor-
mance. In contrast, no statistically significant differences were observed
among the other drying conditions. Excluding hence these dried solu-
tions, the drop test was not a discriminating test for distinguishing the
effectiveness of different drying times within the same mixture.

Considering the compression test (Table 4), the optimal moisture
content was 65.31 wt% for both the MS_OP750 and MS_CFD mixtures,
which showed the highest UCS of 6.29 and 18.02 MPa, respectively. In
both cases, the UCS increased as the moisture content decreased up to
65.31 wt% (Barisetty et al., 2020). However, any further reduction in
water in MS_OP750 led to a decline in compressive strength (2.81 MPa
when the recycled Arabic gum contained 44.47 wt% of moisture),
reflecting the negative effect of insufficient moisture on particle cohe-
sion and briquette integrity (Olugbade et al., 2019).

The benchmark for industrial and domestic applications was set at
350 kPa (Richards, 1990), corresponding to the maximum load occur-
ring during loader bucket filling (Abdelrahim et al., 2021). According to
(Borowski et al., 2017), briquettes with compressive strength below
1 MPa were unsuitable for transport and storage. For metallurgical use,
the cold compressive strength (CCS) should be at least 120 N pellet™,
with values of 300 N pellet’1 were required for specific shaft furnace
processes, such as Tecnored process (Mantovani & Cyro, 2000).
Considering these thresholds, both MS_OP750 and MS_CFD were suit-
able for industrial applications, as their UCS values were above 1 MPa
(Borowski et al., 2017). However, for application inside a converter, the
minimum CCS requirement was 9.8 MPa (Barisetty et al., 2020), hence
only MS_CFD could be theoretically charged.

All the MS_OP350 briquettes, instead, broke during the drop test,
failing to maintain a sufficient level of integrity to proceed to the
compression test. Although the lower density obtained (1.79 g cm™3)

Table 4
Mechanical characterization of briquettes (“n.d.” means not done because the briquettes did not survive to drop test).
Sample Moisture content IRL AIRI Number of drops UCS [MPa]
MS_OP750 73.5 wt% 1000.00 + 0.00 760.66 + 26.71 10.00 + 0.00 5.31 £2.27
70.82 wt% 1000.00 £ 0.00 733.41 + 51.40 10.00 £+ 0.00 6.09 £ 1.40
65.31 wt% 1000.00 + 0.00 617.10 + 81.30 10.00 + 0.00 6.29 + 1.44
56.21 wt% 1000.00 + 0.00 517.65 + 48.80 10.00 + 0.00 5.06 £1.22
44.47 wt% 1000.00 £ 0.00 52.49 + 48.20 10.00 £+ 0.00 2.81 +£0.23
MS_OP350 73.5 wt% 216.67 + 104.08 100.35 + 23.62 4.33 + 2.08 n.d.
70.82 wt% 272.22 + 67.36 48.59 + 51.40 7.00 £+ 0.00 n.d.
65.31 wt% 283.33 £+ 104.08 20.72 + 35.88 6.33 £ 1.53 n.d.
56.21 wt% 266.67 + 104.08 24.26 + 42.02 5.33 £ 2.08 n.d.
44.47 wt% 94.44 + 41.94 3.57 £ 6.18 2.67 +£1.53 n.d.
MS_CFD 73.5 wt% 1000.00 + 0.00 728.39 + 67.21 10.00 + 0.00 8.35 £1.25
70.82 wt% 1000.00 £ 0.00 593.29 + 11.30 10.00 + 0.00 15.67 + 4.39
65.31 wt% 1000.00 + 0.00 604.64 + 79.95 10.00 + 0.00 18.02 £+ 0.76
56.21 wt% 405.56 + 122.85 14.51 £+ 16.63 9.00 £+ 1.00 n.d.
44.47 wt% 283.33 £ 76.38 7.91 £ 13.69 5.67 £1.53 n.d.
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negatively affected the mechanical resistance (Sen et al., 2016), they all
exceed the threshold surviving to 4 drops and showing IRI higher than
50 (Richards, 1990). Consequently, the dried recycled Arabic gum
containing 65.31% of moisture was adopted for the MS_OP350 mixture
as well, aligning it with the optimal conditions identified for the other
mixtures. The choice of a common water content facilitated the stan-
dardization of the process and its scalable implementation in an indus-
trial context, where defining a single, well-controlled drying time is a
critical prerequisite for ensuring consistent product quality, reliable
mechanical performance, and uninterrupted production continuity. By
establishing such a reproducible parameter, the process would become
more predictable and manageable, thereby supporting both operational
efficiency and quality assurance in large-scale manufacturing.

Overall, moisture content of 65.31 wt% in the recycled Arabic gum
proved to be the most favorable condition, because the water-solid
ratio was effectively balanced, resulting in consistent mechanical re-
sponses across different mixtures, including both OP750 and CFD. The
drop test confirmed sufficient impact resistance, while compressive
strength reached its maximum, establishing the water-solid ratio of
1.88:1 as the optimal value for densification and cohesion. It differed
by only 0.1% from the ratio previously established using natural
Arabic gum to agglomerate BOFD and BFS by (Scolari et al., 2026).
This remarkable consistency demonstrated that recycled Arabic gum
was capable of reproducing the ideal water-solid balance. Moreover,
the favorable obtained results across multiple iron-bearing matrices
strongly suggested that the water-solid ratio of 1.88:1 condition rep-
resents a broadly applicable formulation rather than a system-specific
optimum. In this way, the study provided robust proof that recycled
Arabic gum can successfully replace natural gum and maintain me-
chanical reliability, while significantly reducing the high costs asso-
ciated with the natural binder ((tridge.,) “https://www.tridge.com/i
ntelligences/arabic-gum/price; Last Access 01/09/2025” n. d.), and
supporting the development of more sustainable and economically
viable self-reducing briquette production.
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3.2. Comparison between recycled Arabic gum and corn starch

3.2.1. Mechanical characterization

The effect of the binder in the densification of the briquettes
depended on the mixture used. As shown in Fig. 6(a), the improvement
in cured density using starch was approximately 14% in presence of
biochar (2.20 vs. 2.56 g cm ™ for MS_OP750 and 1.79 vs. 2.16 g cm™° for
MS_OP350), while the recycled Arabic gum increased the density of
MS_CFD by 4% (2.66 vs. 2.56 g cm’3) (Scolari et al., 2026). obtained the
same 4% increase in density by agglomerating fine BOFD with BFS, also
given the chemical and mineralogical similarity between CFD and BFS.

The finer PSD of CFD (Table 3) probably reduced the inter-particle
voids and limited water evaporation during the curing period. This
promoted the formation of a network of microporosity throughout the
briquette and resulted in higher density using the liquid binder. By
contrast, the use of coarser particles, such as OP750 and OP350, enabled
the excess water in the recycled Arabic gum to be expelled more easily
during the curing process. This resulted in lower final densities. There-
fore, the interplay between particle size distribution and binder char-
acteristics was confirmed as a key factor in densification.

The improvement and worsening in density according to the specific
mixture were also supported by literature data. Briquettes made of
BOFD and secondary dust showed the same densifications indepen-
dently from the binder (Scolari et al., 2026). Briquettes made of A. indica
sawdust with starch showed a density 1.28 times higher than with
Arabic gum (Sotannde et al., 2010), while an improvement in densifi-
cation (1.38 times) using fine particles of charcoal was obtained
substituting starch with Arabic gum (Sotannde et al., 2009).

The mechanical results of drop and compression tests are reported in
Table 5. Although higher density was achieved with MS_OP750_CS and
MS_OP350_CS, the Arabic gum increased the impact resistance of all the
mixtures. The IRI indeed increased by 30, 277 and 424% with OP750,
OP350 and CFD, respectively. Considering the IRI, both MS_OP750_AG
and MS_CFD_AG showed the highest impact resistance, reaching the
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Fig. 6. Green and cured density of briquettes with starch and recycled Arabic gum. Data of MS_OP750_CS and MS_OP350_CS were collected from (Dall'Osto

et al., 2024).
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maximum achievable value of 1000. Since this value represents the
upper limit of the IRI scale, a comparison based on the AIRI is also
necessary to provide a more accurate assessment of the briquettes'
impact resistance. Indeed, the AIRI is more sensitive in distinguishing
the behavior of agglomerates when the IRI reaches its maximum value.
The superior performance of recycled Arabic gum was further confirmed
by the increase in AIRI, which improved by 16% for OP750 and by
2496% for CFD. This enhancement can be attributed to the higher
amount of free water present in the recycled Arabic gum, which pro-
moted the initial bonding between fine particles and consequently
resulted in greater impact resistance (Patil et al., 2009; Sen et al., 2016).
However, MS_OP350_AG could not guarantee the briquettes’ survival up
to 10 drops, even though recycled Arabic gum increased IRI by almost
three times. The limited absolute value of density (1.79 g cm™>) and the
resulting worse agglomeration indeed intrinsically reduced the me-
chanical resistance of the briquettes (Sen et al., 2016). The behavior of
MS_CFD was instead consistent with the improvement of density using
the recycled Arabic gum. MS_CFD_AG not only survived to 10 drops but
also remained compact releasing a limited quantity of fines, having AIRI
of 604.64.

Although the compression tests on MS_OP750_CS and MS_OP350_CS
were performed on raw briquettes and did not follow the drop test
procedure, the results (Table 5) were compared with those of the same
mixture that had been bound with recycled Arabic gum and had previ-
ously been dropped (Scolari, Dall’Osto, et al., 2025). indeed demon-
strated that the UCS was independent from the previous drop test, hence
the values were considered comparable.

Once again, the mechanical response of the briquettes was strongly
dependent on the binder used and on the specific mixture tested. In
particular, the compressive resistance of MS_OP750 decreased by
45.59% when recycled Arabic gum was used instead of starch. The
MS_OP350_CS had an acceptable UCS of 3.91 MPa for industrial appli-
cations (Borowski et al., 2017), but not suitable inside a converter being
lower than 9.8 MPa (Barisetty et al., 2020). Finally, the UCS of
MS_CFD_AG was 84% higher than the most restrictive benchmark
(Barisetty et al., 2020), and comparable only with the optimized mixture
of BOFD and BFS agglomerated with starch and double content of water
(Scolari, Mombelli, et al., 2025). These different resistance behaviors
further confirmed that the mechanical performance of the agglomerates
cannot be generalized and must be evaluated for each specific
binder-mixture combination.

The reduction in mechanical strength observed for MS_OP750_AG is
likely associated with differences in particle arrangement induced by the
binder during the agglomeration stage (Fig. 7). Such variations altered
the packing structure of the particles and, consequently, the formation
of the internal load-bearing network responsible for transmitting
stresses within the briquette. When Arabic gum was employed, the mill
scale was predominantly aligned parallel to the direction of the bri-
quetting load (Fig. 7a—c). This orientation reduced the effective resistant
cross-section of the particles under compression, making the agglom-
erates more susceptible to mechanical failure. Since the compression test
was performed under controlled displacement of 15 mm min~!, the
smaller load-bearing area resulted in higher effective stress acting on the
particle framework, ultimately lowering the compressive resistance of
the briquettes (Emami & Tabil, 2008).

Table 5
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By contrast, when starch was used as a binder, the particles were
arranged more orthogonally to the direction of compaction (Fig. 7d—f).
This configuration increased the effective resistance section exposed to
the applied load, hence enabling its distribution over a larger surface
area of the particles, thereby enhancing the mechanical strength of the
briquettes.

These differences in particle orientation were caused by the two
binders having different rheological behavior during the agglomeration
process (Arabic gum solution at 25% is characterized by 100 cP (Idirs,
2017), while gelatinized starch reached viscosity one order of magni-
tude higher (Jin et al., 2019)). Starch formed a gel-like matrix charac-
terized by relatively high viscosity, which limited the mobility of solid
particles during compaction. Consequently, the mill scale remained
embedded within the viscous network, adopting a stable orientation
largely independent of the compaction direction. High-viscosity fluids
were known to dampen particle motion by reducing the magnitude of
inter-particle contact stresses and limiting particle rearrangement and
percolation within the mixture (Carotenuto, 2023; Cui et al., 2021). This
behavior favored the formation of cohesive liquid bridges between
particles and suppressed particle velocity fluctuations, thereby stabi-
lizing the particle framework during densification (Cui et al., 2021). On
the contrary, Arabic gum, which behaved similarly to an aqueous so-
lution, allowed greater particle mobility during compaction. Under the
action of the applied load, the particles could more easily slide and
reorient within the mixture, progressively aligning along the direction of
pressure application. This enhanced mobility ultimately favored the
formation of a particle structure less effective at resisting compressive
stresses.

Although the particles orientation reduces the compression resis-
tance of the briquette, the compact packing and fine PSD of the cupola
dust favored a UCS of 18.02 MPa for MS_CFD_AG (Table 5). Fig. 7c
shows indeed a more compact and tight morphology than Fig. 7f,
highlighting a porosity of 29% with the Arabic gum, which was
increased to 33% with starch. As already observed by (Scolari et al.,
2026) a wider PSD favored a homogeneous arrangement of particles
which resulted in a better agglomeration. The voids between coarse
elements are easily filled by the smallest fraction. This increases cohe-
sion, resulting in the enhancement of mechanical properties (Pang et al.,
2019). Although the same improvement in particles arrangement was
obtained with MS_OP750_AG and MS_OP350_AG (porosity increased by
13 and 19% compared to starch counterpart, respectively), only the
small particle size of CFD led to a very high compression resistance. The
small PSD indeed favored the increase in number of stronger contact
forces between particles (Zepeda-Cepeda et al., 2021; Zhu et al., 2025).

3.2.2. Metallurgical characterization

The swelling behavior of the briquettes heat treated at 750, 900,
1050 and 1200 °C is shown in Fig. 8. The replacement of starch with
recycled Arabic gum effectively solved the catastrophic swelling prob-
lem observed for MS_OP750_CS and MS_OP350_CS. Maintaining
dimensional stability during thermal treatment is a critical requirement
for self-reducing agglomerates. This is because abnormal or catastrophic
swelling can lead to a severe loss of mechanical integrity. This is typi-
cally defined as an expansion exceeding 20%, that ultimately promotes
degradation and disintegration of the briquette (Mantovani et al., 2002).

Mechanical results of briquettes agglomerated with both binders (* refers to compression test performed on raw briquettes not previously subject to drop test) (“n.d.”
means not done because the briquettes did not survive to drop test). Data of MS_OP750_CS and MS_OP350_CS were collected from (Dall'Osto et al., 2024 ).

Binder Mixture IRI AIRI Number of drops UCS [MPa]
Arabic gum MS_OP750 1000.00 + 0.00 617.10 + 81.30 10.00 + 0.00 6.29 + 1.44
MS_OP350 283.33 + 104.08 20.72 + 35.88 6.33 +1.53 n.d.
MS_CFD 1000.00 + 0.00 604.64 + 79.95 10.00 + 0.00 18.02 + 0.76
Corn starch MS_OP750 766.70 + 230.20 531.53 + 347.08 9.50 + 0.50 11.56* + 2.74
MS_OP350 75.00 + 22.50 0.00 + 0.00 3.00 + 2.00 3.91* £+ 0.56
MS_CFD 191.67 + 142.16 23.92 + 33.03 4.33 +£2.31 n.d.
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Fig. 7. BSE images of cured briquettes (a) MS_OP750_AG; (b) MS_OP350_ AG; (c) MS_CFD_ AG; (d) MS_OP750_CS; (e) MS_OP350_CS; (f) MS_CFD_CS. The direction of

load compression was internal to the plane.

MS_OP750_CS already exhibited noticeable swelling at 750 °C
(16.55%), which dramatically increased to 153.62% at 900 °C, indi-
cating a clear case of catastrophic expansion at the typical swelling
temperature (Maneesh Singh & Bjorkman, 2004). In contrast, the bri-
quettes produced with recycled Arabic gum maintained a high level of
dimensional stability up to 900 °C with nearly null volume variation. At
1050 °C, MS_OP750_AG exhibited moderate expansion of 8.67%. This is

only around 10% of the swelling observed in starch-based briquettes at
the same temperature (86.72%) and is therefore well below the
threshold typically associated with catastrophic swelling. Finally, at
1200 °C, shrinkage was observed in both cases, at —38.67% for the
Arabic gum briquettes and —4.00% for the starch-based briquettes.
Similar behavior was observed with MS_OP350. MS_OP350_CS
swelled between 750 °C and 1050 °C (with a maximum peak of 99.02%
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Fig. 8. Swelling behavior of briquettes thermally treated at 750, 900, 1050 and 1200 °C. Data of MS_OP750_CS and MS_OP350_CS were collected from (Dall'Osto

et al., 2024).
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at 900 °C) and then showed shrinkage at 1200 °C (—7.37%). Arabic gum
instead not only completely hindered any swelling phenomena observed
in MS_OP350_CS, but it also increased the shrinkage at each temperature
(from —14.09% at 750 °C to —41.25% at 1200 °C). The positive effect of
shrinkage was generally an increase in strength, due to the intercon-
nection of iron particles and the development of a connected slag
network, which was favored during volume reduction (Somerville,
2016; Wu et al., 2023).

The swelling behavior of MS_CFD was instead similar regardless of
the binder used. No volume variation was observed up to 900 °C, no-
catastrophic swelling occurred at 1050 °C (MS_CFD_AG 4.77% and
MS_CFD_CS 11.52%) and shrinkage occurred at 1200 °C (MS_CFD_AG
—32.30 and MS_CFD_CS —23.87%).

As already observed by Scolari et al. (2026) during the thermal
treatments, Arabic gum promoted the densification rather than expan-
sion, solving the problem of catastrophic swelling observed for the bri-
quettes bounded with corn starch. This alternative binder therefore
ensured that briquettes made of any material remained within the safety
limits for industrial operations at high temperatures (<20%) (Andersson
et al., 2019), making an optimal choice from a high-temperature me-
chanical point of view (Singh & Bjorkman, 2004).

Fig. 9 shows the effect of the binder in the metallurgical behavior of
briquettes.

The RD was higher with Arabic gum only at 750 °C for MS_OP350
and MS_OP750. Although, OP350 was in general more reactive up to
900 °C (RD 81.91 and 26.77% higher for MS_OP350 AG and
MS_OP350_CS than those with OP750) due to the high amount of vol-
atile matter (62.55 wt%) (Wei et al., 2016), both MS_OP750 and
MS_OP350 mixtures showed a more effective reduction capacity with
starch at any other temperatures. The swelling of the briquettes given by
the starch increased the internal porosity within the briquette favoring
the presence of CO due to larger reaction surface (Bagatini et al., 2020),
resulting into higher degree of reduction. On the contrary, the shrinkage
observed with Arabic gum led to an occlusion of the internal porosity
network, thus limiting the previous effect. The shrinkage observed in
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Arabic gum-containing briquettes may be associated with the combined
effect of the additional carbon supplied by the binder (nearly 2.4 wt%
more than stoichiometric carbon), which can promote a more extensive
reduction and subsequent densification, and the presence of Si-Ca-S
inorganic residues (Scolari et al., 2026) (6 wt% residues at 600 °C)
that may favor liquid-phase slag formation. However, the volumetric
evolution of self-reducing briquettes during thermal treatment is gov-
erned by multiple interacting phenomena, including reduction kinetics,
gas generation, sintering, and slag development.

A further explanation for the limited RD observed when using Arabic
gum lies in the incomplete removal of the binder during the process. In
fact, a fraction of the Arabic gum is probably likely retained within the
sample, rather than being entirely eliminated. As a consequence, the
theoretically expected mass loss should be slightly lower than the value
calculated under the assumption of complete binder removal, since not
all of the initial binder content effectively contributed to the measured
mass loss. This assumption was further supported by the better me-
chanical stability achieved with the Arabic gum, despite (Koohestani
et al., 2025) sustained the disappearance of the organic binder after the
thermal treatments.

On the contrary, MS_CFD_AG showed a slightly higher degree of
reduction up to 1050 °C (74.63% compared to 70.80% with starch).
However, the reduction degree obtained with recycled Arabic gum at
1200 °C was approximately 4% lower than that achieved with starch.
The improved reduction observed at intermediate temperatures when
recycled Arabic gum is used as a binder can be attributed to the particles
having more intimate contact with each other (Fig. 7), which likely
enhanced gas-solid interactions and facilitated the progression of
reduction reactions (Liu et al., 2024). At higher temperatures, however,
the complete decomposition of starch may leave a more fragmented and
porous internal structure, which could promote gas diffusion and allow
the residual oxides to be reduced more efficiently.

Despite these local differences, the variations in RD observed at high
temperature between the two binders remained within the experimental
error of 5%, except for MS_OP350 up to 900 °C. The choice of binder
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Fig. 9. Degree of reduction of briquettes thermally treated at 750, 900, 1050, 1200 °C. Data of MS_OP750_CS and MS_OP350_CS were collected from (Dall'Osto

et al., 2024).
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hence did not significantly affect the proposed metallurgical property of
the briquettes. Consequently, Arabic gum can be considered fully suit-
able from a metallurgical standpoint across all the mixtures investi-
gated, confirming that its substitution for starch did not compromise the
reduction behavior of the self-reducing agglomerates.

To highlight the sigmoidal trend of the DR as function of temperature
of each mixture, the experimental data were interpolated using a variant
of the Avrami model (Fanfoni & Tomellini, 1998) according to Eq. (10).
It should be noted that the Avrami equation was employed exclusively as
an empirical fitting function to describe the sigmoidal evolution of the
reduction degree with temperature and to facilitate comparison among
the investigated formulations. No kinetic interpretation of the fitting
parameters is intended.

In {m <ﬁ) } = In(K) + n In(T)

where the time variable was replaced by the absolute reduction tem-
perature T (expressed in Kelvin), assuming that the measured RD cor-
responds to the maximum value achievable for each heat treatment
condition, K is a constant parameter and n is the slope of the regression.

Fig. 10 confirmed that the RD obtained using olive pomace were not
significantly affected by the type of binder used. The slope of the
regression line was instead more dependent on the mixture. MS_OP750
was indeed characterized by a mean slope value around 10.10, while
MS_OP350 by 7.72. As already demonstrated by Dall'Osto et al. (2024), a
higher FC content increased the value of n, thereby enhancing the ca-
pacity of the system to recover iron at elevated temperatures through
direct carbothermal reduction. OP750 indeed contains approximately
47% more FC than OP350, providing a larger reservoir of reactive car-
bon available to sustain the reduction reactions at high temperature.
This greater carbon availability favored the direct reduction of iron
oxides and led the reaction toward more advanced stage of metalliza-
tion. As a result, the briquettes produced with OP350 exhibited a slightly
lower degree of reduction at 1200 °C, with RD values nearly 3% and 5%
lower than those measured for MS_OP750_AG and MS_OP750_CS,

(10)

Particuology 116 (2026) 448-466

respectively. Slightly higher slope variation using the different binders
(8.26 with starch and 6.26 with recycled Arabic gum) were instead
obtained using CFD.

The value of the intercept was also affected by the mixture selected.
OP750 led to a In (K) equal to nearly —72.47, OP350 to —55.07 and CFD
of —52.10. Considering the olive pomaces, higher VM in OP350 (+21%)
gave higher regression constant In(K), promoting the RD at low tem-
peratures due to gasification. In addition, the close contact between MS
and CFD, favored faster reduction kinetics in the 750-1050 °C range. The
highest intercept (—44.867) was indeed obtained by MS_CFD_AG which
resulted extremely compacted and uniform (Fig. 7).

The slight, non-significant effect of the binder change on metallur-
gical performance was also confirmed by the smelting behavior at
1400 °C. MS_OP750_AG appeared as a hemispherical shape (Fig. 11a),
showing a large internal cavity opening on the upper part of the
briquette itself, with a large number of coalescences with dimensions
smaller than 2 mm. From inside the cavity, a large number of spherical
ferrous particles were collected, with a diameter smaller than 0.5 mm,
with the exception of a few larger particles. The slightly higher RD ob-
tained with MS_OP750_CS (nearly 3%) justified the complete smelting
obtained by Dall'Osto et al. (2024).

Both MS_OP350_CS and MS_OP350_AG (Fig. 11b) showed instead
shrinkage in a solid, highly metallized structure. Similar shape was
obtained with both MS_CFD mixtures (Fig. 11c and d). Despite the in-
ternal cavity, the high metallization was visible by eye.

Complete smelting was hence observed only for the mixture char-
acterized by an n value greater than 10 (MS_OP750_CS). As the value of n
decreased, the slope of the regression curves progressively flattened,
indicating a slower progression of the reduction reactions and a reduced
tendency toward full melting. Slope of 9.29 indeed led to a partial
smelting since some slag droplets remained attach to the external shell.
Further reducing n, the briquettes preserved their original shape during
the thermal treatment showing only the expected shrinkage. The inter-
nal structure, however, exhibited a network of pores and cavities
generated by the evolution of gaseous species during the reduction
process. These voids reflected the progressive removal of oxygen from

— :
1 - i
0 i
a | ]
o B MS_OP750_AG
T e MS_OP750_CS| _
= A MS_OP350 AG
= v MS_OP350_CS| |
= . MS_CFD_AG
— 5 <4 MS_CFD_CS
< R2 Intercept  Slope | |
MS_OP750_AG 0.88113 -66.774 9.293
E MS_OP350_AG 0.90907 -56.524 7.904 E
MS_CFD_AG 0.88979 -44 867 6.257
-3 o MS_OP750_CS 0.93337 -78.164 10.906 |
MS_OP350_CS 0.97254 -53.619 7.539
MS_CFD_CS 0.94479 -59.325 8.259

T T T T T T T T
690 695 700 705 710 715 720 725 730 7.35

Ln T (K)

Fig. 10. Linearized plot of DR according to temperature. Data of MS_OP750_CS and MS_OP350_CS were collected from (Dall'Osto et al., 2024).
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50um

(c)

Fig. 11. SEM images of briquettes thermally treated at 1400 °C (a) MS_OP750_AG; (b) MS_OP350_AG; (c) MS_CFD_AG; (d) MS_CFD_CS.

the iron oxides and the release of reaction gases, which expanded within
the agglomerate without leading to complete structural collapse or
melting of the briquette (Dall'Osto et al., 2024).

SEM-EDS analyses were performed to evaluate whether the type of
binder influenced the chemical composition and microstructure of the
smelted briquettes (detailed spectra are reported in supplementary
materials). MS_OP750_AG developed a cast iron free from both sulfur
and phosphorus (A), although some slag remained attached to the
metallic phase. This slag was mainly composed of gehlenite (CaAl»SiO7
- B), monticellite (CaMgSiOy4 - C), and akermanite (CapaMgSi2O7 - D). A
very similar morphology was observed in the corresponding starch-
based briquettes (MS_OP750_CS), indicating that the binder did not
substantially modify the metallurgical products obtained from this
mixture (Dall'Osto et al., 2024).

MS_OP350_AG instead showed a metallic matrix (E) containing re-
sidual iron oxide (FeO - F), dispersed within a slag phase where potas-
sium was concentrated (G). A comparable microstructure was observed
in MS_OP350_CS by Dall'Osto et al. (2024), where islands of metallic and
oxidized iron were embedded in a gehlenite-rich slag in which sulfur and
phosphorus were dissolved. Although the relatively high sulfur content
observed in MS_OP350_AG might suggest a possible contribution from
the binder, the absence of phosphorus in the other mixtures indicated
that this behavior was more likely related to the intrinsic heterogeneity
of the OP350 feedstock rather than to the use of recycled Arabic gum
itself.

In MS_CFD_AG, the metallic phase developed into cast iron (L), while
the slag was mainly composed of calcium silicates (M-N), in agreement
with the chemical composition of CFD. Elements such as Mn and Cr,
which in the olive pomace mixtures formed spinel or silicate phases
within the slag (H), were instead found segregated along the grain
boundaries in manganese-sulfur rich regions (P-Q). MS_CFD_CS showed
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a similar metallurgical structure, with a cast iron matrix (R) surrounded
by calcium silicate slag (S) and MnS (T).

Finally, according to SEM-EDS, the final chemical composition and
phase distribution of the reduced products were primarily governed by
the characteristics of the mixtures used rather than by the binder. In all
the investigated systems, replacing starch with recycled Arabic gum did
not significantly alter the chemistry of the metallic phase or the nature of
the slag. The binder hence played a limited role in determining the final
metallurgical products of the reduction process.

The visual high metallization of all the mixture was confirmed by the
DoM reported in Fig. 12.

Both the binders gave a DoM close to 100% with MS_OP750. The
efficiency of the reduction process was hence not penalized by the
substitution of starch with the recycled Arabic gum and confirmed the
excellent metallurgical performances of the system based on OP750. The
slightly relative reduction in DoM (1.52%) was due to a partial presence
of FeOy-containing slag still attached to the metallic droplets. On the
contrary, the recycled Arabic gum improved both the metallization of
MS_OP350 and MS_CFD by 9 and 2%, respectively. The latter difference
could be considered experimental errors being lower than 5%, while the
former could be associated to the chemical composition of the binder
itself. The overall performance of OP350 was indeed limited due to a low
amount of FC (31.44 wt%), as previously explained (Wu et al., 2023).
Nevertheless, the not complete disappearance and the intrinsic content
of carbon in the recycled Arabic gum (dissolved organic carbon of
9.1-16.8 wt% corresponding to 1.8-3.4% additional to stoichiometric
carbon) compensated the deficit of the reducing agent promoting a more
effective reduction and a higher DoM compared to starch.

Both the binders satisfy the industrial requirement of metallization
higher than 76% with any mixtures (Bagatini et al., 2017). The bri-
quettes could hence be used as secondary charge in the main



S. Scolari et al.

Particuology 116 (2026) 448-466

100

Hh

HH

Arabic guml Starch

Arabic guml Starch

Arabic gum| Starch

MS_OP750

MS_OP350

MS_CFD

Fig. 12. Degree of metallization of briquettes reduced at 1400 °C. Data of MS_OP750_CS and MS_OP350_CS were collected from (Dall'Osto et al., 2024).

metallurgical processes, without relevant effects on the chemical
composition of the bath or on process times (Bagatini et al., 2017).

3.3. Feasibility study

The experimental results confirmed the technical validity of the
recycled Arabic gum as a binder for self-reducing briquettes. Consid-
ering both the results obtained in this work and those reported by the
authors in (Scolari et al., 2026), none of the binder can be universally
considered superior; instead, their performance depends on the physical
and chemical properties of the raw materials involved.

From a mechanical point of view, briquettes containing coarser
reducing agents generally benefited from the use of starch. The use of
natural Arabic gum with coarse secondary dust used by Scolari et al.
(2026) drastically reduced the IRI from 1000 to 189. A reduction in
mechanical resistance was observed also with OP750 since the recycled
Arabic gum worsened the UCS by 45.59%. The higher viscosity of starch
during agglomeration limited particle mobility and favored a particle
arrangement more orthogonal to the compaction direction, increasing
the effective load-bearing section within the briquette. This configura-
tion resulted in higher cured densities and improved compressive
resistance. In contrast, Arabic gum behaved as a lower-viscosity aqueous
solution, allowing greater particle mobility during compaction and
promoting particle alignment parallel to the briquetting load. This
orientation reduced the effective resistant section and consequently
decreased the compressive strength of mixtures such as MS_OP750.
However, this behavior did not affect finer particles, which instead
reduced the inter-particle voids and limited water evaporation during
curing, allowing the binder to form a more effective network of liquid
bridges and cohesive interactions. Progressively decreasing the PSD, an
improvement in mechanical resistance was observed. OP350 increased
its IRI from 75 to 283 and CFD from 192 to 1000, reaching also the
highest UCS of 18.02 MPa. This positive effect using the recycled Arabic
gum on fine particles was also observed by Scolari et al. (2026), where
the IRI of briquettes made of BFS improved by 700%.

From a metallurgical point of view, the different binders did not
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affect the reduction in terms of chemical composition confirming the
suitability to use both starch and the recycled Arabic gum. However, the
RD showed possible variations between the two binders, according to
the mixture. Using biochar (OP750 and OP350), slightly lower RD
values were observed with recycled Arabic gum (3 and 7%, respec-
tively). Steelmaking residues also behaved different although the similar
origin and chemical composition. CFD worsened the RD by 4%, while
the BFS improved it by 4% (Scolari et al., 2026). However, the variation
ranged by 5% is considered as experimental error. Increasing instead the
PSD (Yu et al.,, 2014), neither Arabic gum nor starch were able to
overcome the problem of limited contact between carbon and iron
oxide, keeping a low reduction capacity (Scolari et al., 2026).

Conversely, the DoM was generally favored when recycled Arabic
gum was employed. The additional carbon introduced by the gum
increased the reducing potential within the briquette and promoted the
conversion of iron oxides into metallic iron with OP350 and CFD (9 and
2% increase in DoM). The 100% DoM achieved with OP750 instead
suggested to use starch since it was more prone to favor the smelting.
Despite the low variation, recycled Arabic gum solved all the problem of
briquette's instability and swelling during the thermal treatment, sug-
gesting its use with any mixture at low temperature.

To sum up, the RD was only marginally affected by the use of recy-
cled Arabic gum or, in some cases, resulted slightly lower than that
obtained with starch. This behavior could be attributed to the formu-
lation of the RD parameter itself, which also accounted for the complete
disappearance of the organic binder. Since the total decomposition and
removal of the binder may not occur under using recycled Arabic gum,
the calculated RD can appear slightly reduced. In contrast, the DoM was
favored in the presence of recycled Arabic gum because the higher
carbon content, introduced by the binder, provided additional reducing
power and promoted the reduction of the available iron oxides into
metallic iron. The enhanced carbon availability therefore facilitated the
reaction process, increasing the fraction of iron present in metallic form.

Considering that the goal of self-reducing briquettes was the com-
plete reduction of iron oxides into metallic iron, the degree of metalli-
zation represented the most relevant parameter for evaluating
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Fig. 13. Demand coverage of recycled Arabic gum to produce briquettes according to the mixture. Red line refers to the limiting condition of using all the mill scale
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metallurgical performance. From this perspective, recycled Arabic gum
generally performed very well as a binder, as it promoted higher
metallization without negatively affecting the overall reduction process.

Overall, the results showed that binder selection should be tailored
to the physical characteristics of the mixture, particularly the particle
size distribution. Starch proved more suitable for systems containing
relatively coarse particles, where its higher viscosity stabilized particle
arrangement and improved compressive resistance. In contrast, recycled
Arabic gum performed better with finer materials, where its lower vis-
cosity and additional carbon content favored densification and metal-
lurgical performance.

While the present results support the effectiveness of Arabic gum as a
binder within the investigated systems, its broader applicability to self-
reducing agglomerates still requires further validation across different
feedstocks and processing conditions. In this regard, the previous work
(Scolari et al., 2026) already provided a first range of tested materials,
including steelmaking dust residues. Building on these studies, future
investigations will further expand the dataset to other iron-bearing
materials or other industrial by-products as red mud, as well as
different reducing agents and processing conditions, in order to fully
assess the robustness and transferability of the proposed approach.

However, to evaluate the real applicability of the recycled Arabic
gum on an industrial scale, it was necessary to assess the availability of
the resource, the supply logistics, and the impact on the steel production
process. From an economic profile, the use of natural Arabic gum did not
offer a competitive advantage compared to starch (7.62 vs. 0.351 $/kg
((tridge.,) “https://www.tridge.com/, access on 15/12/25” n. d.)).
Considering instead a processing residue, its procurement cost resulted
null or potentially negative, assuming revenues derived from the
disposal service offered to wine companies. In addition, although the
necessary drying pretreatment entailed an additional energy expendi-
ture, such cost could be significantly reduced by exploiting the various
sources of residual waste heat intrinsically available in the different steel
cycle (Garcia et al., 2010; Miiller et al., 2021; Pauluzzi & Martinis, 2018;
Salimbeni et al., 2023).

The Arabic gum was widely employed for the colloidal stabilization
of wines, the prevention of coloring matter precipitation, and the
improvement of foam stability ((enartis.,) “https://www.enartis.com/w
p-content/uploads/2021/05/Enartis-Newsletter-ArabicGum-EN-SA.
pdf, access on 18-12-2026” n. d.; Nigen et al., 2019b). Acting as a pro-
tective colloid, its structure of polysaccharides and proteins formed a
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network that hinders particle aggregation, thus ensuring the chromatic
and protein stability of the product ((tenutalamacchia.,) “https://www.
tenutalamacchia.com/la-gomma-nel-vino-come-elemento-di-stabilita-
e-non-solo/, Access on 18-12-2025” n. d.). Consequently, the applica-
tion of aqueous Arabic gum solutions has become a consolidated prac-
tice in the industry, particularly during the refinement and stabilization
stage of red and sparkling wines (Apolinar-Valiente et al., 2020b; Nigen
et al., 2019b). However, during the operations of clarification, filtration,
and plant cleaning, a significant fraction of such solutions was inevitably
discarded in the form of wastewater containing Arabic gum in diluted
concentration ((tenutalamacchia.,)“https://www.tenutalamacchia.com
/la-gomma-nel-vino-come-elemento-di-stabilita-e-non-solo/, Access on
18-12-2025” n. d.).

A feasibility study based on Italian production volumes recorded in
2024 allowed estimating the applicability of the recycled Arabic gum
within the steel supply chain. Analyzing the supply side, against a na-
tional wine production equal to 44.1 x 10° hL ((oiv.int,) “https://www.
oiv.int/it/what-we-do/country-report?oiv, access on 26-02-26” n. d.), a
theoretical consumption of about 1323 tons of raw Arabic gum was
estimated (Nigen et al., 2019b). Assuming that 80-90 wt% of the raw
material was contained in the equivalent waste, the actual availability of
recycled Arabic gum stood at about 1055-1192 tons. Considering that the
Italian annual mill scale production was approximately 400,000 tons (the
2% of steel produced) ((eurofer.,) “https://www.eurofer.eu/publicat
ions/brochures-booklets-and-factsheets/european-steel-in-figures-2025,
access on 18-02-2026” n. d.; (ispatguru.,) “https://www.ispatguru.com/
mill-scale/, access on 20-03-26” n. d.), the recycled Arabic gum was
only able to cover up to 4% of the demand to produce the briquettes
tested in this work, according to the different mixture (Fig. 13).

However, it is important to underline that such results, although
indicating the impossibility of a total substitution of starch on a global
scale, presented a margin for improvement, especially considering that
the calculation was based on the conservative hypothesis in which all
the mill scale produced is destined for the production of self-reducing
briquettes, thus excluding other valorization or industrial reuse route
(Nowacki et al., 2021). Approximately, the 90% of mill scale is indeed
directly recycled in steelmaking industry or used in ferroalloys pro-
duction, in cement plant or petrochemical industry (Alghtani et al.,
2022; Tlutiu - Varvara et al., 2020). Consequently, considering only the
10% of scale still not valorized, the recycled Arabic gum would cover up
to 46% of the demand, according to the selected mixture.
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4. Conclusion

The feasibility of replacing corn starch as a binder with a recycled
Arabic gum solution was evaluated through a comparison of the me-
chanical and metallurgical properties of self-reducing briquettes made
of mill scale and three different reducing agents (two olive pomaces
pyrolyzed at 750 (OP750) and 350 °C (OP350), and a cupola furnace
dust (CFD)). The main results are summarized as follows:

e The optimal water-solid ratio identified in the recycled Arabic gum is
1.88:1. A reduced amount of water causes dryness and easier
breakage of the agglomerate, while an excessive amount was
released without improving the briquette's performance.

Starch only favored higher densification in systems containing coarse
particles such as olive pomaces, increasing the cured density by 17-
21%. However, recycled Arabic gum increased the IRI of all the
mixtures, raising it to 1000 with the OP750 and CFD, and increasing
it by 278% with the OP350. Conversely, the Arabic gum reduced the
UCS of OP750 by 46%.

Corn starch acted as a viscous gel and arranged the mill scale
orthogonally to the briquetting direction increasing the compression
resistance of OP750. Recycled Arabic gum, being more fluid, instead
favored the alignment of mill scale particles parallel to the load axis,
resulting in a more homogeneous distribution and reduced me-
chanical resistance.

Briquettes agglomerated with starch underwent to catastrophic
swelling of over 20% with OP750 and OP350, while recycled Arabic
gum favored advantages in thermal stability the shrinkage in all the
mixtures tested, with values of approximately —40% for mixtures
with olive pomace and —32% for the mixture with CFD at 1200 °C.
Although the chemical composition, the microstructure of the
metallic phase, and of the mineralogy of the slag remained un-
changed according to the binder used, the degree of metallization
with OP350 and CFD mixtures increased by 9 and 2% using recycled
Arabic gum. On the contrary, the latter limited the complete smelting
with OP750, with some slag remaining attached to the metallic
matrix.
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