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ABSTRACT

Dust emission is one of the main environmental pollution impacts associated with
steelmaking. In this sense, electrostatic precipitators (ESP) are regarded as the best
available technique for treating this type of emission, thus generating two differentiated
fractions: coarse and fine. Thorough chemical and structural characterization of both
materials was carried out to recycle these byproducts in either the sintering process or
other steps of pig iron production. Both types of dusts are crystalline heterogeneous
materials mainly composed of sepiolite (MgsSii2(OH)2-12H20), hematite (Fe:O3) and
calcite (CaCO0:s), the coarse fraction containing low amounts of Na (0.38 + 0.04%) and K
(0.17 £ 0.02%), which adversely affect blast furnace operation. Hence, the coarse fraction
Is suitable for recycling, whereas the fine one presents higher concentrations of these
alkali elements. Besides, textural characterization revealed that dust particulates are
essentially macroporous materials, with specific surface area values of 21.6 m?/g for the
coarse fraction and 33.7 m?/g for dust fines. In order to ensure inoffensive dumpsites, the
environmental behavior associated with dust particles accumulated in disposal areas was
also evaluated by performing leaching studies simulating different rainfall scenarios. It
was found that the specific leaching rates of Ca, Mg, K and S varied between 0.072 +
0.001 and 0.75 + 0.01 pgetement/(gaust-d), Whereas slower leaching rates were obtained for
heavy metals (Fe, Mn and Cu), the values ranging from (1.20 + 0.1)x10* to (1.8 +
0.1)x107® pgelement/(Juus-d). These low rates indicate that the leaching of sinter dusts

compounds has minimal environmental impact.

Keywords: characterization, dust abatement, environmental impact, heavy metals,

leaching, sinter dusts.
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1. INTRODUCTION

In the steel making industry, all the processing steps which involve handling, crushing,
charging, screening or transporting the raw materials cause continuous dust emissions.
Dust is thereby one of the main environmental impacts of steelmaking and creates
pollution both inside and outside the plant (Pelino et al., 2012). This source of pollution
includes sinter emissions, such as sinter dust with particulate matter and various gases:
CO, CO2, SOx and NO. The outcome is a potential increase in the concentration of
suspended particles in the air, mainly inside the factory, if these emissions are not treated
efficiently. Over the last decades, the use of new technology has significantly reduced the
amount of dust generated by a typical steel plant (Rabah, 1999). The emissions are usually
collected and encapsulated in housing with suction hoods that are directly connected to
cleaning devices. Cleaning of sinter off-gases is mainly achieved by dust abatement
(BREF, 2012). Electrostatic precipitators (ESPs) are the most widely used abatement
systems for dust emissions. Other alternatives rely on the use of cyclones, web scrubbers
or fabric/baghouses filters. Nevertheless, ESPs are often preferred due to their simple
design, low operating costs, high collection efficiency and low pressure drop (Vehlow,
2015; Bohidar et al., 2015). Usually, they consist of dry devices with three or four fields
installed in sinter plants located within the European Union (Remus et al., 2013), and can
reduce dust emissions with efficiencies above 95% and, in some cases, can yield final
dust concentrations in the range of 20 to 50 mg/Nm? during normal operation periods,
excluding start-ups and shutdowns (Reyes and Elholm, 2011). Therefore, adequate design
and sound guidelines for the correct maintenance of advanced ESPs are necessary to
ensure good performance, since this technique is considered the best available one (BAT)

to reduce daily dust particulates emission.
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Electrostatic precipitators are originally designed for sinter plants basing on both the gas
and dust properties, making it necessary to conduct an in-depth study on dust
characteristics, such as mineral composition and chemical behavior. The coarse fraction
of the dust, which is prone to efficient separation by ESPs, results from the first part of
the strand, and originates from the sinter feed and the lower layer. Dust fines are formed

in the sintering zone, after the evaporation of water from the mixture is accomplished.

Since the physicochemical properties of the dust particles formed in the sinter plant are
key parameters for suitable performance and efficiency of the electrostatic precipitators,
their design requires a detailed study of the dust particulates characteristics. This study is
part of a project led by ArcelorMittal, whose aim is to gain in-depth knowledge of the
physicochemical properties of sinter dusts in order to find alternative uses to recycle them
and develop highly efficient ESPs. Due to the new legislation and its impact on the waste
management policies in Europe, efforts are driven to reduce the environmental and health
impacts of waste and disposal activities and are also focused on improving Europe’s
efficiency in terms of resource utilization. To achieve these goals, it is required much
higher levels of recycling and minimization of the consumption of natural resources

according to 7" Environment Action Program of European Commission.

In this work, the study of the chemical and mineralogical composition and evaluation of
the textural and morphological properties of such byproducts were carried out using a
variety of techniques: XRF, XRD, elemental analysis, FTIR spectroscopy, TGA-DTG
analysis, N2 adsorption-desorption, Hg intrusion porosimetry, SEM and TEM. To the best
of our knowledge, sinter dusts were previously characterized in just a few works (Chang

etal., 2015; Lanzerstorfer and Steiner, 2016; Sinha et al., 2010) but such characterization
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was cursory in comparison with the one here presented, in which a great number of
techniques were employed. Besides, this work addressed, for the first time ever, the study
of the environmental behavior of dust particles accumulated in disposal sites for ensuring
environmentally-friendly sinter dust dumpsites. Thus, the changes in the chemical
composition of dust particulates, which were previously treated under simulated

environmental conditions, were thoroughly analyzed.

2. MATERIALS AND METHODS

2.1. Experimental Section

The samples of sinter dusts employed in this work were provided by an ArcelorMittal
sinter plant located in Asturias (north of Spain), namely ArcelorMittal Verifia, and
consisted of two fractions collected from different fields of the ESPs module
corresponding to the sinter dust fine fraction (sample FF) and the sinter dust coarse
fraction (sample CF). The samples were collected by qualified plant personnel for several
weeks of dust production in order for it to be representative. Prior to the characterization,
it was necessary to mill and sieve the sample CF and sieve the FF one, except in the case
of N2 adsorption-desorption analysis, in which the samples were used without
modification. In both cases, the fraction with sizes below 75 microns was used. In the
environmental tests, the samples FF and CF were also employed without modification.
2.2. Characterization Methods

Shimadzu EDX-720 energy dispersive X-Ray fluorescence (XRF) spectrometer was used
to determine the chemical composition of sinter dusts. The content of C, H, N and S was
measured by elemental analysis employing an Elementar Vario EL analyzer. Powder X-
ray diffraction (XRD) patterns were obtained at room temperature in order to determine

the mineralogical composition of the samples. PANalyticalX"Pert Pro powder
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diffractometer using Cu Ko radiation (Ak« = 1.5406 A) and a graphite secondary
monochromator was employed. The diffractograms were recorded for 26 values between
5° and 80° by 0.02° step, with a scan step time of 1 s. Quantitative phase analysis was
carried out using the Rietveld refinement method (Taylor, 2001). FTIR spectra of the
samples were recorded in the 4000 - 400 cm™ range, by means of a Perkin-Elmer
PARAGON 1000 spectrometer. The resolution employed was 4 cm™. The samples were
pressed into small discs using a spectroscopically pure KBr matrix. Thermal analysis was
carried out using a Mettler Toledo TGA/SDTAS851e thermogravimetric analyzer. 45 — 47
mg of each of the samples were heated in alumina crucibles under a nitrogen atmosphere
at a heating rate of 10°C/min from 20°C to 1000°C. Textural properties (specific surface
area and porous structure) were studied by nitrogen adsorption-desorption at 77 K using
a Micromeritics ASAP 2020 instrument. Prior to the analysis, it was necessary to degas
the dusts (400-450 mg) at 120°C for 10 h. The presence of macroporosity was determined
through Hg intrusion porosimetry using a Micromeritics Autopore IV instrument. The
analysis was carried out with a sample mass of 950 mg at low and high pressure (0.1-
60000 psi) employing a penetrometer bulb for powdered materials. The morphological
characterization of the sinter dusts and energy dispersive X-ray analyses (EDX) was
performed using a JEOL JMS-6610LV scanning electron microscope (SEM) operating at
0.3-30 kV. Previously to the SEM characterization and EDX analysis, the samples were
sputtered coated with gold. Transmission electron microscopy (TEM) was performed on
a MET JEOL-2000 EX-II microscope operating at 160 kV. Samples were prepared by
sonicating the powdered sample in ethanol and then evaporating several drops of

suspension on copper grids.

2.3. Environmental behavior
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Leaching tests were performed at room temperature (20°C) in a double-neck flat bottom
glass flasks of 250 mL. Three different liquid (L) to solid (S) ratios were studied: 10, 2.5
and 1.25 mL/g. Such L/S ratios were selected in order to simulate intense, medium and
low rainfall conditions, respectively. In all cases, 150 mL of distilled water (as rainfall
water) were added to the proper amount of sinter sample to give the desired L/S ratio.
The mixture of water and sinter sample was stirred very slowly (50 rpm) in order to
guarantee the homogeneity of the suspension. The mixture was kept under constant
stirring and samples were taken at 4 different times in order to simulate various storage
times: i) 1 week, ii) 1 month, iii) 3 months and iv) 6 months. After such periods, the
mixture was centrifuged at 10000 g for 10 min in order to separate the polluted water
from the solid. The polluted water was filtered through a PVDF membrane (pore size of
0.45 um) to remove any remaining solids before the analysis of the leached elements. The
analysed elements were alkali metals (K), alkaline earth metals (Ca, Mg), heavy metals
(Cu, Fe and Mn), metals (Al), halogens (Br) and non-metallic elements (S). These
elements were determined by ICP mass spectrometry (ICP-MS), using an Agilent 7500ce

Spectrometer. Rhodium (1®*Rh) was used as the internal standard.

3. RESULTS AND DISCUSSION
3.1. Sample Characterization.

3.1.1. Chemical Composition.

Elemental analysis of samples FF and CF (see Table 1) showed that the presence of both
nitrogen and sulfur compounds is negligible in both dusts. Carbon content is low in
sample CF (3.67% + 0.03), whereas it is significant in sample FF (11.74% + 0.02). This
can be due to the carbonation of calcium compounds (such as portlandite (Ca(OH)2)
present in the sinter dust during its storage. In this sense, it was reported that under high
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relative humidity conditions (from 75% to 90%), carbonation of Ca(OH). is fostered
during the storage phase (Lopez-Arce et al., 2011; Navarro et al, 2011), even at low levels
of CO2 and low temperature (10°C). This can be explained considering that a humid
atmosphere seems to act upon Ca(OH)2 in accordance with the following three sequential
steps: 1) physical adsorption of the water held within the atmospheric humidity at the
Ca(OH); grains surface; ii) this water then allows the Ca(OH): to dissolve into Ca?* and
OH ions. In addition, the dissolution of CO», under these basic pH conditions, yields
COs?% ions and iii) these two dissolution steps contribute to the precipitation of CaCOs

(Dheilly et al., 2002).

Carbonation was favored during both the sampling period and the storage phase, as the

average relative humidity were 85% and 80%, respectively

TABLE 1
Chemical composition of the sinter dusts was measured by X-ray fluorescence
spectroscopy (XRF). The composition of sample FF was: 54.5% + 0.2 Fe203; 24.1% +
0.2 Ca0; 8.40% =+ 0.04 SiO2; 5.07% =+ 0.03 SO3; 2.812% + 0.005 Cl; 2.321% =+ 0.006
K20; 1.008% =+ 0.008 Al20Os. In the case of the CF sample, the chemical composition was:
57.6% + 0.4 Fe203; 17.8% + 0.2 Ca0; 17.5% + 0.2 SiO2; 2.0% + 0.2 SO3; 2.30% =+ 0.05
MgO; 1.52% + 0.05 Al.Os. Hence, iron, calcium and silicon were the main components
of sinter dusts. The rest of the constituents were present at low concentration, some of
them being traces (see Table 2). It should be noted that the leaching behavior of the
components of sinter dusts was studied because of the toxicity inherent to some of them.
In this sense, adverse effects have been reported due to exposure to aluminum and

manganese (Krewski et al., 2007; Katsnelson et al, 2015; Ljung et al., 2009).
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TABLE 2

3.1.2. Mineralogical Characterization

Structural characterization of sinter dusts was carried out by means of XRD
measurements. The diffraction patterns of the samples CF and FF are depicted in Figure
1. Although quite similar, some differences in the intensity of the diffraction lines of some
phases were observed. Such patterns indicated that sinter dusts are highly heterogeneous

materials composed of a blend of crystalline phases.

FIGURE 1

Analysis of the different diffraction lines revealed the presence of the following
constituents in both samples: hedenbergite (CaFeSi2Og), anhydrite (CaSOa), sepiolite
(MgsSi12(OH)2-12H,0), calcite (CaCOs), hematite (Fe203), albite (NaAlSizOs), quartz
(SiO2), microcline (KAISiz0s), portlandite (Ca(OH)2) and dolomite (CaMg(CO:s)2).
Besides, gibbsite (AI(OH)3) was also identified in sample CF and sylvine (KCI) in sample
FF. Phase quantification was performed by applying the Rietveld refinement method to
the reflections resulting from the overlapping of different diffraction peaks (Taylor,
2001). The percentage of both major and minor phases present in the samples was
calculated, and the obtained values are shown in Table 3. According to these results, the
main components of both samples were sepiolite (26.85 + 0.05% for CF and 18.0 + 0.2%
for FF), hematite (24.20 £0.03% for CF and 34.9 + 0.1% for FF) and calcite (17.9 £0.1%
for CF and 10.48 + 0.02% for FF). In sample FF, portlandite was also identified as a major

phase (10.37 +£0.03%). These results are in agreement with those obtained by XRF, which
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showed that iron, calcium and silicon were the major elements found in the sinter

particles.

TABLE 3

The most commonly employed method for recycling sinter dust consists of returning it
directly to the sintering furnace to benefit from its Fe and C content (Tang et al., 2013).
Nevertheless, it should be noted that alkali metals (Na and K) are also reused in the
recycling process and these elements have a negative impact on normal blast furnace
operations (Peng et al., 2011, 2008; Tang et al., 2015). With the aim of mitigating these
harmful effects, some metallurgical plants have introduced limitations on the amount of
alkalis allowed in the input materials. The limiting alkali content depends on the steel
producer, the upper value varying between 2.5 and 7.5 kg per ton of pig iron (Gridasov
et al., 2016). However, in our particular case, the upper experimental limit established by
ArcelorMittal is 2.0 kg per ton of pig iron. Besides, Na and K form layers of insulating
deposits over the electrodes of ESP units, thus diminishing their removal efficiency.
Hence, another dedusting technology could be evaluated. In this sense, fabric filters are a
suitable alternative since higher removal efficiencies than those obtained with ESPs can
be reached, in particular for the fine fraction of sinter dust. However, it should be noted
that the flue gas temperature conditions their feasibility, as fabric filters (mainly made of
polymeric materials) withstand temperatures up to 260°C (Vehlow, 2015). In this case,
based on experimental data provided by ArcelorMittal, the gas temperatures in both
primary (100-150°C) and secondary (70-100°C) sinters are below 260°C, thereby making
it possible to employ them. Nevertheless, the disadvantage of fabric filters compared to

ESPs lies in their much higher pressure drop (Vehlow, 2015). Furthermore, the use of
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fabric filters requires a completely new installation downstream of the ESP unit and the
main process fan, and, consequently, higher investment. Considering that the volume of
gases in typical sinter plants range from 333,000 Nm?h to 1,600,000 Nm®h (Remus et
al., 2013), their installation can have a negative impact on both the economy and
productivity of the sinter process. Therefore, an economic evaluation is needed before

their implementation.

The percentage of Na and K in sample CF was 0.38 + 0.04% and 0.17 + 0.02%,
respectively, while in sample FF, the values were 0.51 + 0.03% and 1.8 + 0.1%,
respectively. On viewing these data, it would be recommended to recycle the coarse
fraction due to its lower content of alkali metals. For this reason, the coarse fraction is
currently being reused almost completely. From the total amount of sinter dusts, which
are normally generated at a rate of 4 kg/t of steel produced, around 70% is recycled
directly in the sintering process, thanks to the suitability of the coarse fraction for such
purpose. As previously commented, the remainder (fine fraction), presents a higher alkali
content, which can diminish the removal efficiency of ESP units, thus limiting its
recyclability without pretreatment. Such pretreatments can be chemical (dissolution) or
mechanical (agglomeration), or a combination of the foregoing. In this sense, chemical
pretreatment, using brine as solvent, is carried out no more than occasionally due to its
high cost. This is the reason why the fine fraction is being disposed of by landfilling. A
potential alternative to handle this fraction could consist of wetting grinding combined
with sulfidization flotation. This process allows for the recovery of KCI liquor and
obtaining raw materials for the metallurgy of Fe, Ag and Pb (Tang et al., 2015). It should

be pointed out that its implementation would require a full cost evaluation.
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3.1.3. FTIR Spectroscopy

This reliable technique provides valuable structural information, and supplies conclusive
evidence of the functional groups of the different phases found in the sinter dust. Figure
2 depicts the FTIR spectrum of sample CF, this being practically equal to the spectrum

of sample FF (Figure S1 of the supplementary material).
FIGURE 2

The bands found in the region between 3688 and 3550 cm™ corresponds to hydroxyl
stretching modes and the band at 980 cm™ was due to hydroxyl deformation modes, which
indicates the presence of hydroxides in the dust samples. It should be noted that the
heterogeneity of dust samples causes the overlapping of hydroxyl stretching bands, thus
hindering the assignment of the hydroxyl vibration modes to different crystalline phases.
The absorptions at 3622 cm™ and at 3688 cm™ can be assigned to hydroxyl stretching
vibrations of silicates, which present OH groups in their structure (Frost et al., 2004,
1998). The band observed at 3644 cm™ is due to stretching vibrations of hydroxyl group
of portlandite. Besides, the absorption bands in the hydroxyl stretching zone at 3622 cm’
! and 3550 cm is also characteristic of the alumina-water system (Frost et al., 1999). The
broad band centered at 3430 cm™ and the peak at 3622 cm™ can be due to: i) hydroxyl
stretching modes of hydrated carbonates (Queralt et al., 1997), and ii) water molecules
either coordinated or adsorbed. The band at 1654 cm™ is assigned to bending modes of
hydroxyl group of the hydrated compounds and hydroxides identified in the dust samples.
The presence of carbonates is confirmed by the strong and broad bands observed between
1400 and 1800 cm™, which are due to C-O stretching modes, and the bands at 874 and
745 cm! assigned to C-O deformation modes (Mayo et al, 2004). The bands from 1135
cm* to 980 cm are characteristics of the stretching mode of Si-O present in silicates and
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SiO». Besides, absorption bands typical of OH group vibrations of aluminium and iron
oxyhydroxides (Namduri and Nasrazadini, 2008; Van der Marel and Beutelspacher,
1976) can also be found in this zone. The band at 745 cm™ could be assigned to the
stretching vibrations of Al-O (Saniger, 1995), revealing the existence of aluminium
compounds, such as gibbsite. FTIR absorptions from 675 to 450 cm™ are commonly
observed in different oxides (Chukanov and Chervonnyi, 2016; Salama et al., 2015;
Navarro et al., 2010). Thus, hematite, periclase, ferrites, silicates and most metallic oxides
have been identified in this zone. Hematite showed two IR peaks at 476 cm™ and 540 cm’
1 which are due to the stretching vibration of Fe-O (Chukanov and Chervonnyi, 2016;
Salama et al., 2015). Peaks at 652 and 668 cm™ were attributed to various Mg-O-Mg
vibration modes of periclase (Isik and Gasanly, 2018). Hedenbergite exhibited a band at
620 cm™*, which can be assigned to bending Si—-O-Si vibrations, and a band at 577 cm™,
which probably results from the out-of-plane bending OH vibrations (Jovanovski et al.,
2009). The heterogeneous composition of the sinter dust hampers obtaining additional
information from this part of the spectrum, due to the overlapping of the characteristic
bands of the different components. These components include albite, microcline, gibbsite
and sepiolite. In this sense, both albite and microcline exhibited bands at 534 and 648 cm”
Lthat can be due to the bending vibration of O-Si-O and O-AlI-O and the pseudo-lattice or
tetrahedral ring vibrations, respectively (Makreski et al., 2009). Gibbsite presents bands
in the region from 500 to 650 cmt, which are characteristic of out-of-plane OH bending
vibrations (Schroeder, 2002). Besides, sepiolite shows peaks at 572 and 614 cm™, which
can be attributed to MgOs deformation and O-Mg-O bending vibration (McKeown et al.,

2002).
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This spectroscopic analysis also reveals the presence of the following phases in the dust:
iron oxides, calcium and aluminum hydroxide, calcium carbonates and silicates, in

agreement with the XRD results.

3.1.4. Textural characterization

Primary dust and sludge generation ratio is known to be in the 0.08-24 kg/t sinter range,
the mean value being 0.6 kg/t sinter (World Steel Association, 2010). The sinter plant and
blast furnaces are the main recovery routes. Nevertheless, not all the materials are
chemically of physically suitable for the internal reuse in the steel making process.
Therefore, from an environmental point of view, their potential valorization as low cost
adsorbents for wastewater treatment and removal of toxic pollutants should be studied
more in-depth in subsequent works. It should be noted that the adsorption behavior is
significantly affected by several factors, such as surface area and pore size distribution of
the adsorbents, as well as the functional groups present on their surface. Thus, high
surfaces areas are desirable in order to obtain higher uptakes. This is due to the fact that
adsorption involves primarily interactions of adsorbate with the atoms of the adsorbent
walls (Frost et al., 2006). In addition to this, the pore size distribution of the adsorbent
determines the accessibility of the adsorption sites. In this sense, it is seems clear that the
accessibility increases with increasing pore size. However, large pore sizes usually
promote leaching, particularly in cases where the interaction adsorbate-adsorbent is weak
(Ritter et al., 2010). Consequently, this leads to a compromise between high surface area
and suitable pore size distribution.

Regarding the functional groups, the adsorption behavior depends on the type of
pollutant. For instance, the presence of oxygen-containing functional groups can increase

the adsorption of volatile organic compounds (VOCs) owing to hydrogen bonds and
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dipole-dipole interactions between the functional groups and VOCs molecules (Liang et
al., 2018). Besides, the operation mode (batch or fixed-bed column) and pH of the effluent
must be considered. Therefore, surface area and the kind of porosity should be thoroughly
study in order to evaluate the potential uses of sinter dusts as cost-effective adsorbents.
Specific surface areas and mesopore size distributions of samples CF and FF are depicted
in Figure 3. These values were determined using the nitrogen adsorption-desorption
isotherms at 77 K. The isotherms are characteristic of type IV according to the BDDT
classification (Brunauer et al., 1940), and exhibit narrow hysteresis loops, which can be
classified as type H3. This type of hysteresis loops are characterized by the presence of
slit-shaped pores. Both isotherms show a low nitrogen uptake at relative pressures lower
than 0.2, which indicated the absence of significant microporosity. Besides, at relative
pressures around one, the adsorption limit is not defined clearly, revealing the existence

of macroporosity in the solids.
FIGURE 3

The mesopore size distributions were calculated by the method of Barret, Joyner and
Halenda (BJH) (Barret et al., 1951). BET specific surface areas (Sger), values of the most
frequent pore diameters (Dpmax) Obtained from the pore diameter distribution curves and
the cumulative pore volume of each sample (V;) are depicted in Table 4. Sample FF had
higher specific surface area and smaller average mesopore diameters than sample CF, but
the cumulative pore volume is higher for sample CF, which can be explained taking into
account that wider pores contribute more to volume than to surface.

TABLE 4

© 2018 ArcelorMittal - All rights reserved for all countries
Cannot be disclosed, used, or reproduced without prior written specific authorization of ArcelorMittal

15



Macroporosity of the samples was determined using Hg intrusion porosimetry. The pore
size distribution profile of both samples is shown in Figure S2 of the supplementary
material. Both samples are essentially macroporous, the contribution of mesoporosity to
the porous structure being very small. The macropore size distribution profile of both
solids was bimodal, with maxima at 45.2 um (most frequent pore diameter) and 32.9 um
for sample CF, whilst sample FF exhibited maxima at 17.2 um and 11.3 um (most
frequent pore diameter). It is likely that the existence of inter particle spacing was the

responsible for the large macropores obtained, especially in sample CF.

3.1.5. Microstructure.

SEM and TEM micrographs of the samples are displayed in Figures 4 and 5. The SEM
images of sample CF, taken with a magnification of 15,000x and 30,000x, are depicted
in Figures 4a and c. It showed the presence of aggregates with different shapes and sizes,
consisting of a mixture of layered particle aggregates and particles with a rod-like
morphology. The image also reveals the presence of inter particle cavities that are likely
to be responsible for macroporosity. The enhanced resolution of TEM microscopy
confirmed the heterogeneity of this solid, made of large particle aggregates and rod-like

particles, as can be seen in the micrographs, shown in Figures 4b and d.
FIGURE 4

SEM and TEM images of sample FF are depicted in Figure 5a and ¢ and 5b and d,
respectively. The micrographs showed the presence of particle aggregates of different
sizes, which led to the formation of a porous structure. The SEM micrograph also revealed

the presence of inter particle cavities smaller than those of sample CF, which is in

© 2018 ArcelorMittal - All rights reserved for all countries
Cannot be disclosed, used, or reproduced without prior written specific authorization of ArcelorMittal

16



agreement with the smaller macropore diameters (measured by Hg porosimetry) obtained

for this sample.
FIGURE 5

TEM images allowed us to gain an in-depth knowledge of the microstructure of the
materials. Thus, slit-shaped pores were identified in both dusts (Figure 4 b and 5 d), which
Is in accordance with the formation of the type H3 hysteresis loop. EDX analysis was
used to determine the chemical composition of the rod-like particles, which confirmed
the presence of iron, oxygen and calcium as the major constituent elements, the values in
weight being 47%, 23% and 11%, respectively. This suggested that the rod-like particles

are hematite aggregates.

3.1.6. Thermal Analysis

TGA and DTG curves of samples CF and FF are shown in Figure 6. The curves showed
that the mass loss is a stepwise process. Both samples underwent mass loss, the
percentage being 2.1% for sample CF and 2.5% for FF, corresponding to the DTG peak
at 100°C, due to the loss of adsorbed moisture. A slight endothermic effect from 220 to
380°C (mass loss < 1.5%) can be due to the removal of water present in the structure of
hydrated carbonates (Frost et al, 1999) and its partial loss in silicates (Boudonnet, 1994;
Hornain et al., 1995). A third mass loss with DTG peak at 430°C, which corresponded to
mass losses of 1% for sample CF and 2.4% for FF, can be attributed to dehydration of
different hydroxides, mainly those of iron and magnesium (Setien et al., 2009). The large
endothermic reaction with DTG peak at 770°C is due to dehydroxylation of Ca(OH)> to
lime, and dehydration of the silicates present in the samples; the mass losses

corresponding to this step are 4.6% for sample CF and 7.5% for sample FF. Finally, the
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endothermic decomposition of carbonates with CO- evolution takes place, as well as the
total dehydration of silicates; the mass losses linked to this step are 3.1% for sample CF
and 4.7% for sample FF. It is worth noting that the thermal behavior of both samples was
quite similar, being slightly higher the mass loss corresponding to the dust fines.

FIGURE 6
3.2. Environmental behavior

3.2.1. Leaching of the main compounds present in CF and FF samples

As it was previously commented, the generation of primary dust and sludge amounts to
0.6 kg/t sinter on average (World Steel Association, 2010). In this sense, sample CF is
almost completely reused, whereas sample FF is stored outdoors for longer periods of
time. It is worthy to note that these sinter dusts are composed of alkali metals, alkaline
earth metals, metals, but most importantly, heavy metals. Therefore, these by-products
can cause an environmental impact, since their contact with rainfall can produce the
leaching of these metals. For this reason, it is essential to study their environmental

behavior in order to evaluate their potential riskiness.

Figure S3 and S4 of the supplementary material shows the concentration of the different
elements leached in the simulated rainfall at 3 different L/S ratios (1.25, 2.5 and 10) for
four different periods of time: 1 week, 1 month, 3 months and 6 months in the sample FF
and CF, respectively. Based on these data, the specific leaching rates of the different

elements found in samples CF and FF were determined (Figure 7).

FIGURE 7
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These results, expressed as pg dissolved per g of dust and time unit (ug
dissolved/(gqust-d)), proved to be independent of the employed L/S ratio (between 1.25
and 10) and the selected leaching time (from 1 week to 6 months) for both the coarse and
the fine fraction, as can be found in the Supplementary Material (Figures S5 and S6). On
viewing these data, it should be noted that alkali metals (K), alkaline earth metals (Ca,
Mg) and sulphur (S) were leached more easily in comparison to heavy metals (Fe, Mn
and Cu) and metals (Al). Thus, Ca was the element that was leached to a greatest extent
in both FF and CF samples, the leaching rates being 0.75 + 0.01 pg/(ge-d) and 0.48 +
0.01 pg/(gce-d), respectively. Regarding the heavy metals, Fe was the one that showed
the highest rate, achieving a value of (1.8 + 0.1)x107 pg/(ge-d) and (1.13 + 0.04)x10°3
ug/(gcr-d) for samples FF and CF, respectively. In the case of Mn, the leaching rate
achieved was: (4.99 + 0.09)x10* pg/(ge-d) for sample FF and (3.7 + 0.4)x10* pg/(gce-d)
for sample CF. Considering Cu, it was only found in sample FF and showed the lowest
rate: (1.20 + 0.1)x10* pg/(gre-d). Regarding metals, the leaching rate of Al was within
the range of Cu and Mn leaching rates, the value being (2.41 + 0.07)x10™* pg/(ge-d) for
sample FF and (1.95 + 0.09)x10* pg/(ge-d) for sample CF. It should be noted that the
leaching rates obtained were low in all cases, in particular for metals and heavy metals,
thus, showing the minimum environmental impact of the leaching of the components of
sinter dusts. For a better understanding of their potential riskiness, the volume of water
that can be polluted by 1 ton of sinter dust due to the leaching of the heavy metals (Cu
and Mn) and metals (Al) in a year was calculated (see Table S1 of the supplementary
material). For determining this volume, the most restrictive toxicity values of different
aquatic organisms, i.e. the lowest values of LCso reported, and the specific leaching rates
of Cu, Mn and Al in both fine and coarse fractions were used (eg. 1):
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SLR

V =365-10%- (1)

Cso

Where, V is the volume in m3, SLR is the specific leaching rate in pgelement/(gaust-d) of Cu,
Mn or Al, and LCs is the concentration of Cu, Mn or Al that causes the death of 50% of

the aquatic organisms in pg/L.

The toxicity values (LCsp) for the aquatic organisms (Daphnia magna, rainbow trout and
coho salmon) varied from 4.8 to 33 pg/L; 1000 to 2200 pg/L and 500 to 2194 pg/L, for
Cu, Mn and Al, respectively (Akira et al., 2015; EPA, 2007; Reimer, 1999; Gundersen et
al., 1994; Buhl and Hamilton, 1991). In the worst case-scenario, the one corresponding
to the lowest LCso value, the volume of water polluted by 1 ton of the fine fraction over
1 year was approximately 9.1 m® for Cu and 0.2 m® for Mn and Al (Table S1), whereas
the values linked to the coarse fraction were lower (~0.1 m3 for both Mn and Al).
Therefore, in this case, the riskiness associated with the leaching of sinter dust can be
categorized as low. Nevertheless, the leaching behavior can also be affected by the
surrounding environment. Thus, acidic or slightly acidic environments can increase the

leachability of sinter dust constituents.

As can be seen from Figure 7, the particle size affected significantly the specific leaching
rate of the elements, especially for Ca, K, S and Fe. Thus, the fine fraction exhibited
higher rates than the coarse one (sample CF) due to its higher surface to volume ratio. For
instance, the rate for K in sample CF was 0.13 £+ 0.01 pg/(gaust-d), this value being around

3.8 times higher in sample FF.

The only element with similar leaching rates for both fractions was Mg. This can be

explained considering that the amount of Mg in sample CF is around 3 times higher than
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in sample FF, which compensates for the lower surface to volume ratio of the former (see

section related to chemical composition).

It should be also noted that Br was identified only in sample FF, and its leaching behavior
differed from the rest of the elements, since it did not follow a linear trend with time.
Thus, fast leaching was observed for the first days and then the values reaches a plateau.
The amount of Br leached per gram of sample FF was successfully fitted (R? = 0.99) to

the following equation (eq. 2):

HYdissolved /gFF _ At )

B+t

Where: “A” is the maximum amount of Br leached per gram of FF, “B” is the time

required to achieve half of the A value and “t” is time in days.

It was found that the amount leached per gram of FF was independent of the L/S ratio
(Figure S7 of the supplementary material). Based on the fitting parameters obtained, 1.7
pg of Br were leached by each gram of fine dust at maximum, and around 55 days are

required to dissolve half of this amount.
Conclusions

Sinter dusts (coarse and fine fractions) are highly heterogeneous and crystalline materials
made up of hematite (24.20 + 0.03% for CF and 34.9 + 0.1% for FF), sepiolite (26.85 +
0.05% for CF and 18.0 + 0.2% for FF) and calcite (17.9 £ 0.1% for CF and 10.48 + 0.02%
for FF). In the fine fraction, portlandite was also identified as a major phase (10.37 +
0.03%).

Regarding textural properties, both dust fractions are basically macroporous materials,

with specific surface area values of 21.6 m?/g for the coarse fraction and 33.7 m?/g for
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dust fines. Their microstructures revealed the presence of particle aggregates of different
sizes and inter particle cavities. Besides, rod-like particles, which can be attributed to

hematite aggregates, were also distinguished in the coarse fraction.

The environmental behavior associated with dust particles accumulated in disposal areas
under different simulated rainfall scenarios showed that the amount of element dissolved
per g of dust and time unit (ug dissolved/(gaust-d)), was the same regardless of the
employed L/S ratio (between 1.25 and 10) and the selected leaching time (from 1 week
to 6 months). Calcium, which can be regarded as non-toxic, was the element which
exhibited the greatest leaching rates in both fine and coarse fractions. On the other hand,
Fe showed the highest rate among the studied heavy metals also in both fractions this fact
being less of a concern due to its inherent low toxicity compared to the other heavy metals
(Al, Cu and Mn) present in sinter dusts. According to these results, the leaching of sinter
dusts constituents caused a minimum environmental impact reverting in no further actions

prior to its disposal.
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Figure 1
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Figure 1. XRD patterns of sinter dust samples with the main phases (sepiolite, hematite,

calcite and portlandite) identified: coarse fraction (CF) in blue dotted line and fine fraction

(FF) in green solid line.
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Figure 2. a) FTIR transmission spectrum of sinter dust coarse fraction (CF) from 400 to

4000 cm™*. b) Zoom area of the FTIR spectrum from 450 to 1450 cm™™.
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Figure 3
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Figure 3. N2 adsorption-desorption isotherms at 77 K of sinter dusts samples: (®) coarse

fraction (CF) and () fine fraction (FF).
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Figure 4. SEM micrographs of sinter dust coarse fraction (CF) taken by SEM at a
magnification of 15,000x and 30,000x (a and c) and by TEM at a magnification of

150,000 and 100,000x (b and d).
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Figure 5. Micrographs of sinter dust fine fraction (FF) taken by SEM at a magnification

of 30,000x (a and c) and by TEM at a magnification of 80,000x and 200,000x (b and d).
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Figure 6. TG and DTA curves of sinter dust samples: coarse fraction (CF) in blue dotted

line and fine fraction (FF) in green solid line.
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Figure 7
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Figure 7. Specific leaching rates, pgeiement/(Qaustd), Of the elements found in sinter dust
samples: (=) coarse fraction (CF) and and (m) fine fraction (FF). a) Ca, K, S and Mg. b)

Fe, Mn, Al and Cu (only present in sample FF).
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Table 1. Elemental analysis of the sinter dusts samples: coarse fraction (CF) and fine
fraction (FF)

% N % C % S % H
Sample CF 0.168 + 0.004 3.67+£0.03 1.238+0.005 0.213 +0.002
Sample FF 0.152+0.006  11.74+£0.02 0.658 £0.003 0.243 £ 0.004
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Table 2. Trace elements found in sinter dust samples measured by XRF: coarse fraction

(CF) and fine fraction (FF)

Compound Sample FF Compound Sample CF
MnO 0.323 % + 0.006 K20 0.73% + 0.05
Sc203 0.191 % + 0.006 MnO 0.343 % £ 0.004

Br 0.081 % + 0.001 Tm20s 0.179 % + 0.002

ReO2 0.074 % + 0.003 Sro 0.031 % + 0.002
Ac20s 0.056 % + 0.003
CuO 0.044 % + 0.004
Sro 0.026 % + 0.004
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Table 3. Major and minor phases of sinter dust samples determined by Rietveld method:

coarse fraction (CF) and fine fraction (FF).

Sample FF Sample CF
Major phases Percentage Major phases Percentage
Hematite 34.9 4 0.1% Sepiolite 26.85 + 0.05%
(Fe;0s) TSR (MgsSiz2(OH)2- 12H,0) 09 =BT
Sepiolite Hematite
) +0.20 + 0
(MgsSizo(OH),- 12H,0) 18.0 + 0.2% (Fes05) 24.20+ 0.03 %
Calcite 10.48 + 0.02% Calcite 17.9 +0.1%
(CaCO3) O TR (CaCO3) o RN
Portlandite )
Ca(OH) 10.37 £ 0.03% Minor phases Percentage
2
Dolomite
Minor phase Percentage 9.21 + 0.06%
INOF pRases g CaMg(COx) °
Quiartz 6.33 4 0.01% Portlandite 259 + 0.09%
(Si0,) 2o E TR Ca(OH), ettt
Albite 5.75 + 0.03% Quartz 5.75+ 0.01%
(NaAISisOs) R (SiO) O R
Dolomite 5.42 + 0.04% Albite 4.30 £ 0.04%
CaMg(COs), iRt (NaAlSizOs) USRI
Sylvine 3.0 4 0.1% Anhydrite 144 + 0.07%
(KCI) AR (CaSOy) e EEIR
Microcline 294 + 0.05% Microcline 1.90 + 0.02%
(KAISi;0s) DR (KAISi;0s) YT
Gibbsite
Anhydrite (CaSO .25+ 0.039 11 +0.039
ydrite ( 4) 2.25+0.03% Al(OH); 1.11+0.03%
Hedenbergite 0 Hedenbergite 0
(CaFeSi;O) 1.26 + 0.02% (CaFeSi;Oq) 0.52 £ 0.03%
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Table 4. Textural parameters of the sinter dust samples obtained from the nitrogen

adsorption—desorption isotherms at 77 K.

Sample  Sger (M?/g) Dp,max (NM)  Vp (cm3/g STP)
FF 33.7 13.1 0.088
CF 21.6 18.6 0.114
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1. FTIR spectrum of sample FF (Figure S1).
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Figure S1. a) Full FTIR spectrum of sample FF. b) Zoom area of FTIR spectrum from 450

to 1450 cm™.
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2. Hg intrusion porosimetry of samples FF and CF (Figure S2).
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Figure S2. Pore size distribution profiles of sinter dusts measured by mercury intrusion

porosimetry: a) sample CF and b) sample FF.
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3. Concentration of leached elements from sample FF (Figure S3).
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Figure S3. Concentration of the different elements leached from the sample FF in the

simulated rainfall for four different periods of time: 1 week, 1 month, 3 months and 6
months at 3 different L/S ratios: a) and b) 10; c) and d) 2.5; and e) and f) 1.25. The

concentration of Br has been multiplied by 10 to enhance the legibility of the figures.
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4. Concentration of leached elements from sample CF (Figure S4).
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Figure S4. Concentration of the different elements leached from the sample CF in the
simulated rainfall for four different periods of time: 1 week, 1 month, 3 months and 6

months at 3 different L/S ratios: a) and b) 10; ¢) and d) 2.5; and e) and f) 1.25.
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5. Results related to the specific leaching rates for sample FF (Figure S5).

a) b)
150 - 0.35 -
oK - 03l @Al ¥ = 1.8SE 03x
125 | gea - AFe R*=9.97E-01
v =0.508x B <& Mn
= 100 { 2Me R*=0.991 E 0.25 aCu
2 oS -9 302 ’
T 75 LV =0.342x g e
= 2 = L RF=10.991 H A
2 < Z 0.15 A
T 50 4 op ¥ =5.03E-04x
S @ * 01 R:-001E-01 o v =234FE-04x
& ¥=0.073x R*=9.97E-01
25 - B . A
R*=0.994 0.05 - O @y — 1.31E 04x
0 *‘e g T A T T 1 0 ‘A.,.ugu;:;;-.:;:-.:::::I’-'—f-'-'-'-‘-".‘""""""""'. R?=9.93E-01
T T T T 1
0 50 100 150 200 0 50 100 150 200
Time (d) Time (d)
c) d)
150 - 0.35 -
;= 1.79E-03x
oK B 03 | oAl & =19A0§E?0; A
s | .
] mes e ooon £ 025 :i;
R?=0.993 o 020
4 A o0
;’ﬁ 100 Mg o e mCu
e °s oy =0.344x £ 0.2 1
2 75 A R* = 0.991 = A
g a o - 0.15 -
= 50 3 y = 5.05E-04x L
= ) 1 - : oot v =2.47E-04x
= o ¥ =0.072x 01 REZOIENL @R _9.90E-m
25 = R:= 0»991A 0.05 ....@ y=118E-04x
...B R*=9.90E-01
o8 2 ‘ a ; ‘ 0 ‘ .
0 50 100 150 200 0 50 100 150 200
Time (d) Time (d)
e) f)
150
oK - 0.35 1 oAl
y=168E-03x A
1251 @ca 037 AFe R*=9.92E-01
¥ =0.481x =0.25 -
5:100 { AMg R* - 0.995 o ©Mn
= ¢S i 0334x 3 027 acy
£ 75 o " R*=0.993 £
: e 2015 -
2 ° - A ¢ 488F 04x
20 S0 1 Pt 3 0.1 R* = 0.99F 01 o ¥=243E-0dx
v 0.071x R*=9.92E-01
25 g R =0.990 0051 & L SR @ y=111E-04x
5 A G e B R*=9.89E 01
0 —"““"ﬁ T T T 1
o lg X 4, : ‘
0 50 100 150 200
0 50 100 150 200
Time (d) Time (d)

Figure S5. Evolution of the amount of pgaissoived/grr With time for the different elements

leached from the sample FF at L/S ratios: a) and b) 10; c) and d) 2.5; and e) and f) 1.25.

The value of the slope in each of the linear fittings is the specific leaching rate.
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Results related to the specific leaching rates for sample CF (Figure S6).
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Figure S6. Evolution of the amount of pgdissolved/gcr With time for the different elements

leached from the sample CF at L/S ratios: a) and b) 10; c) and d) 2.5; and e) and f) 1.25.

The value of the slope in each of the linear fittings is the specific leaching rate.
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7. Volume of water that can be polluted by 1 ton of sinter dust in a year (Table S1).

Table S1. Volume of water that can be polluted by 1 ton of sinter (fine and coarse

fractions) due to the leaching of Cu, Mn and Al over a year.

Fine fraction (sample FF)

LCso, cu LCso, Mn LCso, al
g V u(m3)a ) V I"(m3)b 4 V l(ma)c
(pg/L) ‘ (ng/t) | (pg/L) §
Daphnia magna 4.8 9.1 1000 0.18 930 0.10
Rainbow trout 17.0 2.6 2000 0.09 2194 0.04
Coho salmon 33.0 1.3 2200 0.08 500 0.18
Coarse fraction (sample CF)
LCso, cu LCso, Mn LCso, al
g Vu(m3)d g Vv n(ma)e ’ vV l(ma)f
(ug/L) ‘ (ug/L) v (ng/L) g
Daphnia magna 4.8 n.a. 1000 0.14 930 0.08
Rainbow trout 17.0 n.a. 2000 0.07 2194 0.03
Coho salmon 33.0 n.a. 2200 0.07 500 0.14

Specific leaching rates (SLR): a= (1.20 + 0.1)x10* pgcu/(grr-d); b= (4.99 £ 0.09)x10* ugmn/(grr-d);
c=(2.41 £ 0.07)x10* uga/(grr-d); d= element not identified;

e= (3.7 £ 0.4)x10* pgmn/(gcr-d); c= (1.95 + 0.09)x10* pga/(gcr-d)
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8. Results related to the leaching of Br for sample FF (Figure S7).
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Figure S7. Evolution of the amount of ugaissoived/grr Of Br with time at different L/S ratios:

10 (W), 2.5 (#) and 1.25 (®).
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