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Abstract

A three-stage process was developed to transform blast furnace slag (BFS) into two valuable
products: precipitated calcium carbonate (PCC) and zeolitic materials. The conceptualized
process aims to simultaneously achieve sustainable CO; sequestration and solid waste
elimination. Calcium is first selectively extracted by leaching with an organic acid, followed by
carbonation of the leachate to precipitate CaCOs. In parallel, the hydrothermal conversion of the
extracted solid residues in alkali solution induces the dissolution/precipitation mechanism that
leads to the formation of micro- and meso-porous zeolitic materials. Leaching selectivity was
identified as a key factor in the valorization potential of both products. Acetic acid satisfactorily
limited the leaching of aluminium, required for the subsequent synthesis of zeolites, and
carbonation of the acetic acid leachate resulted in the production of PCC of varied mineralogy
and morphology, depending on processing conditions. In the hydrothermal conversion stage, the
formation of zeolitic phases was observed, and their characteristics were found to vary
depending on the calcium extraction efficiency in the previous stage, and the alkali (NaOH)
concentration. The zeolitic phases produced, in order of increasing valorization potential, were:

tobermorite, sodalite, lazurite, and analcime.



Keywords: Mineral carbonation; Precipitated calcium carbonate; Hydrothermal conversion;

Zeolitic materials; Blast furnace slag; Valorization.

1. Introduction

The utilization of waste materials such as steelmaking slags for CO, sequestration could be
more appealing to the industry if the benefits of mineral carbonation and waste
stabilization/valorization could be combined symbiotically. Indirect carbonation is especially
interesting due to the production of high-purity products, particularly precipitated calcium
carbonate (PCC) [1-6]; however, the generation of a large amount of destabilized solid residue
(e.g. 0.73 t per tonne steel converter slag [5]), wherein hazardous heavy metal and metalloid
components can become concentrated and mobilized [7], may hinder this approach. In order to
meet the goal of sustainable CO, sequestration, a mineral carbonation processing scheme that
results in zero solid waste is desirable. This study investigates the potential of two-way
valorization of blast furnace slag (BFS), derived from carbon steel production, via: (i) production
of PCC from the initial-stage extraction step; and (i1) utilization of the solid residue for the
production of zeolitic materials via hydrothermal conversion.

Figure 1 presents a schematic flowsheet of the conceptualized process. Its principal
advantage is the generation of two marketable products, which can potentially off-set the cost of
carbon sequestration. In addition, the approach presents opportunities for process integration,
such as that highlighted in Figure 1 (dashed line) whereby the residual alkalinity of the
hydrothermal stage can be re-routed to the carbonation stage to induce carbonate precipitation.
This integrated flowsheet can potentially contribute to the improvement of economic and
environmental sustainability of mineral carbonation, thus advancing this route for carbon
sequestration closer to industrial implementation.

Recent works on the production of PCC from steelmaking slags [3-6] have primarily
focused on converter slag (also known as Basic Oxygen Furnace (BOF) slag), as this residue is
in pressing need of new valorization routes [8]. However, this slag presents several inefficiencies
as a carbon sink, which include: its relatively small production output compared to CO,
emissions of steelworks; its monolithic morphology, requiring energy intensive milling to impart

high reactivity; and its high intrinsic content of regulated heavy metals and metalloids [8]. In the



present study, blast furnace slag was chosen as the feedstock to the proposed process due to three
factors: (i) its large and global production (0.25-0.30 t BES per tonne crude iron, resulting in
approximately 300 Mt BFS produced globally in 2011 [9]), allowing for meaningful carbon
storage capacity; (ii) its rather consistent chemical and mineralogical composition compared to
other residual materials, which have allowed it to be commercialized in stringent applications
such as slag cements [10]; and (iii) its relatively high aluminum content (10-14 wt% ALO; [10]),
an essential component of aluminosilicate-based zeolites [11]. BES is currently valorized to a
large extent in the cement industry for the production of blended cements where it partially
replaces traditional Portland cement [10]. As the latter material has a large CO; footprint, due to
calcination of limestone during production, this replacement results in reduction of CO,
emissions. The present study aims to investigate an alternative and innovative valorization route
that may result in higher value generation (PCC and zeolite) coupled to concomitant CO,
abatement.

The production of PCC from steelmaking slags has been a major focus of research due to
the numerous commercial applications for this material such as filler, pigment and colour
stabilizer, paint extender, pH buffer and neutralizer, fertilizer and animal feed [12]. Of particular
note are the works of Teir et al. [1] and Eloneva et al. [2], who used acetic acid (CH;COOH) for
the extraction of calcium from BES, and later carbonated the leachate with the aid of sodium
hydroxide (NaOH) as an acid neutralization agent, to precipitate calcium carbonate crystals.
Based on these investigations, acetic was utilized as the leaching agent in the present study for
the first-stage calcium leaching from BFS. The question pursued in the present study was if the
use of acetic acid 1n the extraction stage allows the symbiotic balancing of PCC quality and
zeolitic material utility, by delivering the necessary leaching extent and selectivity.

The hydrothermal conversion of silica- and alumina-rich solids into zeolitic minerals via
heat treatment in highly alkaline solutions has been sought for the valorization of fly ashes and
bottom ashes from coal combustion and waste incineration [11, 13]. The synthesis of zeolitic
minerals from industrial and synthetic slags utilizing direct and indirect hydrothermal conversion
methods has been reported by a limited number of researchers [14-16]. Sugano et al. [14]
reported that when the CaO content of the raw material is higher than 20 wt% large quantities of
undesirable phases form, due to their low microporosity; these include tobermorite

(CasSig016(OH)2-4(H,0)) and hydrogarnet (3Ca0- Al,O3-(3-x)Si0,- 2xH,0, 0<x<3). This



indicates that extensive removal of calcium is required in the extraction stage, which is in line
with maximizing the output of PCC in the carbonation stage of the present conceptual process
flowsheet.

Prior researches on the hydrothermal conversion of BFS did not, however, consider using
extraction agents amiable to PCC production. Rather, Kuwahara et al. [15] applied concentrated
hydrochloric acid (HCl) as the leaching agent, which, is not only impractical for mineral
carbonation due to its high acid strength and energy intensive regeneration [16], also undesirably
leached the majority of aluminum from the slag. Murakami et al. [17] applied formic acid
(HCOOR) for selective leaching, finding that calcium and magnesium could be effectively
removed after two extraction cycles at pH 2, while aluminum was left undisturbed.
Hydrothermal conversion of the leached residue resulted in the formation of zeolite A
(Naj2(Al2Si1,04g)-27H,0) and Na-P1 (NagAlgSisO3,- 12H,0). The carbonation of calcium-
containing formic acid leachates has not been comprehensively reported in literature. The fact
that the acid dissociation constant of acetic acid is higher than that of formic acid (pKa of 4.76
and 3.75, respectively [18]) suggests that precipitation of calcium carbonate may be more readily
achievable from acetate solutions. Thus, in the present work, the suitability of acetic leached
BFS was investigated for the production of zeolitic materials, avoiding supplementary solid input
materials (such as aluminum oxide) in order to maintain process simplicity and minimize
production costs.

Furthermore, the aforementioned zeolites have been reported to possess affinity for heavy
metal adsorption in water and wastewater treatment applications, and have also been applied as
catalysts or catalyst supports [11, 13]. The production of such zeolitic materials from the
leaching residues of indirect mineral carbonation thus represents an attractive valorization and
waste minimization route. The aim of this study was to determine if leaching selectivity and
extent obtained using acetic acid are satisfactory to enable synthesis of functional zeolitic

products.



2. Materials and methods

2.1. Material characterization

The starting material was granulated blast furnace slag (GBFS) obtained from a steelworks.
Prior to experimentation, the slag was milled using a centrifugal mill (Retsch ZM100) operated
at 1400 rpm rotating speed and equipped with a 500 um sieve mesh. The resulting material had a
mean particle diameter (D[4,3]), determined by wet laser diffraction (LD, MalvernMastersizer S)
of 138.3 pum.

The chemical composition was determined by wavelength dispersive X-ray fluorescence
(WDXREF, Panalytical PW2400); the slag was found to contain mainly CaO (41.0 wt%), SiO,
(36.0 wt%), AL,O3 (11.0 wt%) and MgO (8.4 wt%). Minor metallic components are Ti
(0.50 wt%), Fe (0.22 wt%) and Mn (0.22 wt%). The main trace heavy metals detected are Ba
(95691 ppm), Sr (615+31 ppm) and V (160+32 ppm). Sulfur content is 1.1 wt%.

Mineralogical composition of GBFS was determined by X-ray diffraction (XRD, Philips
PW1830 equipped with a graphite monochromator and a gas proportional detector, using Cu Ka
radiation at 30 mA and 45 kV, step size of 0.03° 20 and counting time of 2 s per step, over 5-70°
20 range). The slag was found to be mainly amorphous, given the lack of defined diffraction

peaks in its diffractogram and the observed broad pattern (Figure 2).

2.2. Experimental methodology

For the first-stage calcium extraction, analytical grade acetic acid was used as the leaching
agent. To reduce acidity, which can have a detrimental effect on leaching selectivity, the
extraction was done in two steps, using half the molar concentration otherwise required for one
step. In each step, 731 ml acid solution (0.5-2.0 M) was mixed with the solids (100 g BFS in the
first step) in a Biichi Ecoclave reactor (1.1 liter internal volume, electrically heated and water
cooled, equipped with turbine impeller mixer). The slurry was mixed at 1000 rpm at 30 °C for 60
minutes in each step; these conditions were selected as optimal based on the work of Teir et al.
[1]. To separate the leachate solution from the residual solids, the slurry was vacuum filtered

using Whatman No. 2 filter paper. After the second extraction, the solids were filtered twice, the



second time with distilled water (DI) to wash out residual leachate solution from the filter cake.
The residual solids were oven dried after the second extraction at 105 °C for 24 hours.

For the second-stage carbonation step, the extraction leachate was carbonated in the same
Ecoclave reactor. Carbonation duration was fixed at 60 minutes, while temperature (90-120 °C)
and CO, partial pressure (6—40 bar) were varied. Industrial quality (=99.5%) CO, was used
(Praxair). To buffer the acidity of the regenerated acetic acid upon carbonation and induce
carbonate precipitation, one of two analytical grade additives was used in equimolar amounts
relative to the acetate concentration of the leachates: sodium bicarbonate (NaHCO3) or sodium
hydroxide (NaOH). The carbonation precipitates were vacuum filtered from the slurry, washed
thoroughly with DI water to remove soluble organic compounds, and dried in an oven at 105 °C
for 24 hours.

In the parallel hydrothermal conversion stage, the residual solids from the first-stage
extraction were mixed with 0.5-3 M NaOH solutions at a liquid-to-solids ratio (L/S) of 5 (18 g in
90 ml) in mechanically rotated autoclave bombs (internal volume 120 ml) for one to seven days
at 150 °C. The final product was vacuum filtered from the slurry, washed thoroughly with DI
water to remove excess caustic, and dried in an oven at 105 °C for 24 hours. After drying,
hardened materials were milled using the centrifugal mill, while granular materials were

manually disaggregated by mortar and pestle.

2.3. Analytical methods

Aqueous concentrations of Al, Ca, Mg and Si in the post-extraction leachates and post-
carbonation filtered solutions were determined by inductively coupled plasma mass spectrometry
(ICP-MS; Thermo Electron X Series). The mineralogical composition of solids recovered from
the carbonation and hydrothermal conversion treatments was determined by Rietveld refinement
[19] of XRD data using TOPAS Academic 4.1 (Coelho Software). The chemical composition of
the produced solids was quantified by WDXRF and by energy dispersive X-ray spectroscopy
(EDS, EDAX). Morphological features of the solid materials were visualized by scanning
electron microscopy (SEM, Philips XL30 FEG). Microporous Brunauer-Emmett—Teller (BET)
surface area of the hydrothermally converted solids was measured from nitrogen adsorption

isotherm data collected in a Micromeritics TriStar 3000 analyzer.



3. Result and discussion

3.1. Extraction results

A comparison was made between the extraction efficiency and selectivity of different
molarities of acetic acid, ranging from 0.5 to 2 M in each of two extraction steps. The lowest
concentration results in a 2:1 calcium-to-acid molar ratio at each extraction step, or 1:1 in total.
The purpose of using this concentration was to assess how close to stoichiometric the extraction
extent is. The higher molarities were used once it was found that the extraction is not
stoichiometric. The results of aluminum, calcium, magnesium and silicon extraction from milled
GBES are presented in Figure 3.

While the objective of the first-stage extraction is the leaching of calcium for the subsequent
production of PCC, magnesium was also detected to assess the leaching selectivity, as
magnesium is also an alkaline component that can be subjected to carbonation (although
requiring more intensified conditions for precipitation than calcium [20]). As for aluminum, in
view of producing aluminosilicate-based zeolitic sorbent minerals in the subsequent
hydrothermal conversion stage, it is. important for this element to remain in the solid phase.
Lastly, the leaching of silicon was monitored as this is a major component of BFS and has the
potential to contaminate the PCC product, thus degrading physical properties important for
product commercialization (e.g. brightness [21]).

Figure 3 demonstrates that on a molar basis, the calcium extraction efficiency remains
approximately constant when varying the acetic acid concentration between 0.5 and 2 M, within
the range of 21-24 % overall (28 % + 4 % in the step one, and 16 % + 6 % in step two). This
means that Ca extraction is linearly proportional to acid loading at this range. Hence, mass
transfer limitations control leaching extent more so than acidity, given the similar loss of
efficiency in step two. The total extent of Ca leaching reached 21 % at 0.5 M, 47 % at 1 M, and
90 % at 2 M.

Looking at selectivity, it is seen that acetic acid also dissolves the magnesium content of
GBES to a significant degree, with its extraction extent slightly surpassing that of calcium. Still,

the total amount of Mg extracted is a fraction of the amount of Ca extracted, given the 3.5 times



greater molar content of CaO versus MgO in GBFS. More notable is the extraction of aluminum,
which increases significantly at 2 M acetic acid concentration, reaching 38 % total extraction,
compared to only 2.1% when using 0.5 M acetic acid. This amount of aluminum loss can
potentially have negative implications for the synthesis of zeolitic materials in the hydrothermal
stage, and similarly can have implications on the qualities of PCC produced in the carbonation
stage; more discussion on this in Sections 3.2 and 3.3. Silicon leaching is more contained, but
also increases proportionally to acetic acid concentration, reaching 7.6 % extraction at 2 M.
Based on these results, it appears, from the point of view of selectivity, useful to divide the
extraction stage in multiple steps, thus reducing acidity and improving selectivity for Ca and Mg
versus Al and Si. On the other hand, this approach increases processing complexity and post-
processing acetic acid regeneration demand (i.e. more acetic acid is used and neutralized per unit
of PCC produced). In the next sections, the impacts of the different extraction extents and
selectivities achieved with varying acid concentrations on the other two processing stages will be
elucidated. This shall allow better assessment whether extraction extent/specific acid
consumption or selectivity is most important to achieve the valorization and zero-waste goals of

the conceptualized process.

3.2. Carbonation results

The production of precipitated calcium carbonates (PCC) was performed by subjecting the
leachates from the extraction stage to carbonation treatment. Besides using leachates produced
using varying concentration of acetic acid, three additional parameters were varied for
investigation of their effect on PCC properties: process temperature (90 or 120 °C), CO; partial
pressure (6 or40 bar) and neutralization additive (NaHCO3; or NaOH). The lower process
temperature was matched with the lower CO; partial pressure, and conversely the higher process
temperature was combined with higher CO; partial pressure, to equilibrate the countering effects
of these parameters on CO; solubility [22]. These combinations of temperature and pressure
result in higher CO; solubility than that of 1 atm,CO, at ambient temperature, and are intended to
promote rapid carbonation. The variation of these process parameters was done to assess their
effect on the precipitation selectivity for calcium in the formation of PCC, and on the properties

of the product. The choice of neutralization additives was made to compare a compound



produced during CO; capture, namely NaHCO3 [23], with a virgin chemical, NaOH. The
utilization of the former is interesting from the point of view of reduction of CO, capture costs.
Since it contains CO,, its use would reduce the amount of gaseous CO; needed for the process.
This would in turn reduce costs associated with regeneration of the sorbent for the production of
gaseous CO,.

The precipitation extent of calcium upon carbonation was nearly complete at all tested
conditions (Figure 4); 96-99 %. This confirms that the pH neutralization effect of the additives
effectively buffered the release of acetic acid. In comparison, Kakizawa et al. [24], who first
proposed the use of acetic acid in the production of PCC, did not surpass ~20% calcium
precipitation without the use of a neutralizer. The amount of magnesium precipitation grew
substantially as the acetic acid concentration increased; Mg precipitation was in the range of 20-
23 % at 0.5 M, increasing to 67-84 % at 1 M, and to 88-98 % at 2 M. WDXRF analysis of the
precipitates (Table 1) confirms these results.

At higher acetic acid concentrations, larger amounts (equimolar to acetic acid) of alkaline
additive were used; incomplete additive neutralization at high concentrations may have led to
increased basicity during carbonation, promoting Mg precipitation. Given Mg appears to
precipitate less readily, and that it likely 1s present as an acetate in the pre-carbonation leachate,
it may be possible to limit its precipitation by reducing the concentration of added alkali
neutralizer to the concentration of calcium acetate in the leachate, rather than total acetate
concentration. Also, it is evident from Figure 4 that magnesium precipitation increases at the
higher combination of temperature and pressure used; an average precipitation extent
improvement of 10 %. The precipitation of calcium, however, was weakly affected by increasing
the processing intensity (average precipitation improvement of 1 %). Thus, lowering the
carbonation intensity appears to concurrently improve PCC purity and reduce processing energy
demand, and would be advisable for industrial implementation.

Similar to Ca, Al precipitation extent was also essentially independent of carbonation
conditions; its content in the PCC’s ranged from 0.5 to 3.2 wt% (Table 1). Si precipitation, on
the other hand, behaved more similarly to Mg precipitation; its content in the PCC’s ranged from
0.9 to 3.5 wt% (Table 1). Other impurities detected by WDXRF included Fe (0.2-0.5 wt%), Mn
(~0.3 wt%), Sr (avg. 490 ppm), Ti (avg. 450 ppm) and S (avg. 220 ppm). The last two lines of
Table 1 totalizes the carbonate content of the precipitates (86.0-95.9 wt%), and the impurity



content (4.1-14.0 wt%). Optimization of the additive to acetic acid ratio, as previously discussed,
may also be a potential route to minimize Al and Si precipitation. Another approach is to adjust
the pH value of the acetate solution towards a neutral value before it is carbonated in order to
induce the precipitation of impurities; for example, Al may precipitate in the form of gibbsite
(AI(OH)3) or diaspore (AIO(OH)) at pH values above 4.6 and 4.3, respectively (Visual MINTEQ
ver. 3.1 beta, 25 °C, 0.1 molal total metal, 10 molal soluble). The effect of chemical
composition (and the speciation of the contaminants) on optical properties of the PCC’s,
important for certain commercial applications as highlighted by the work of Bunkholt and Kleiv
[21] on pyrrhotite (Fe(i.x)S, x = 0-0.17), pyrite (FeS,) and magnetite (Fe;Q4) contaminants in
PCC, should also be investigated.

The carbonation processing conditions also had a significant mfluence on mineralogical and
morphological properties of the carbonation precipitates. X-ray diffractograms (Figure 5)
indicate that the major mineral phases vary among three polymorphs of calcium carbonate
(CaCO:s3), namely calcite, vaterite and aragonite, and magnesium-substituted (magnesian) calcite
(approximate formula CapgsMgp 15CO3). These differences are clearly visible in SEM images of
the precipitates (Figure 6); rhombohedral calcite crystals (Figures 6a, 6¢, 6e and 6f), acicular
aragonite crystals (Figure 6b), and spherical vaterite crystals (Figure 6d) can be identified.

By Rietveld refinement it is also possible to infer the presence of other carbonate phases
(Table 2), present in amounts ranging from 2 to 10 wt%. These include hydrated calcium and
magnesium carbonates, anhydrous magnesium carbonate, and calcium-magnesium carbonates:
monohydrocalcite (CaCOs-H,0), hydromagnesite (Mgs(CO3)4(OH),-4H,0), nesquehonite
(Mg(HCOs3)(OH)-2H,0), magnesite (MgCO3), dolomite (CaMg(CO3);), and huntite
(Mg3Ca(CO3)s). The results in Table 2 also suggest that more varied carbonate phases form at
the milder carbonation condition, with exception of the 0.5 M acetic acid sample. In the case of
the 1' M solution, significant quantities of magnesian calcite and vaterite formed, while in the
case of the 2 M solution aragonite was the dominant phase. More dedicated research is needed to
understand what effects are causing these mineralogical variations, which can include the
presence of impurities promoting or hindering crystal growth of certain phases, and the pH
during carbonation which is a function of temperature, CO, partial pressure, acetate and

neutralizer concentrations.
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In view of valorization, it appears possible to control the process parameters to deliver
desirable PCC characteristics for particular applications of interest. Another property that is
important for the valorization of product is the average particle size and the size distribution.
These parameters for the PCC’s produced in this study are presented in Figure 7. Applications of
PCC including filler and pigment require small and tight distributions [25]. The current products
partially meet these requirements, with most samples having a top cut-off particle size of roughly
60 um, and an average particle size below ~20 pm. Seeing as how the experiments performed
herein did not aim at controlling particle size, it should be possible to further optimize these
properties by tuning processing parameters such as carbonation time, mixing rate, filtration under
pressure, Ostwald ripening, among other approaches used in commercial production of PCC’s

from pure resources.

3.3. Hydrothermal conversion results

The residues from acetic acid extraction were subjected to hydrothermal conversion to
convert the amorphous solids (Figure 2) into crystalline materials with zeolitic composition and
properties. Three residues were utilized, originating from experiments performed with varying
acetic acid concentrations, namely 0.5, 1.0 and 2.0 M. The main characteristics that affect the
final product from this processing state are the calcium content (higher in those residues exposed
to lower acetic acid concentrations) and the aluminum content (lower in those residues exposed
to higher acetic acid concentrations) of the residues. Furthermore, the effect of varying the
concentration of NaOH during hydrothermal conversion, between 1 and 3 M, was also
investigated. The addition of alkali in this stage has two objectives: (i) to solubilize the silica
content of the residue by increasing the OH concentration of the solution, thus shifting the
chemical equilibrium from poorly soluble silicic acid to highly soluble sodium silicate [26], and
(11) to participate in the synthesis of zeolitic products, several of which contain sodium in their
structure [27].

The mineralogical properties of the converted materials where characterized by X-ray
diffraction; diffractograms are shown in Figure 8 and Rietveld refinement quantification results
are presented in Table 3. The converted extraction residues display diffraction peaks

corresponding to four main crystalline phases: tobermorite (Cas(OH).Sis0,6.4H>0), sodalite
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(NagAleSic024Cl), lazurite (NagCaz(AlgSicO24)(S04,S3,S,,C1,OH),), and analcime
(NaAlSi,O6- H20).

The tobermorite phase detected is due to the incomplete removal of calcium in the
extraction stage, as its occurrence is greater in samples prepared from residues treated with lower
acetic acid concentrations (i.e. 0.5 M and 1 M). The formation of tobermorite, a component
found in certain hydrated cements and autoclaved concretes [28], and the possible formation of
other forms of poorly crystalline calcium-silicate-hydrates (undetectable by X-ray diffraction),
resulted in significant hardening of these dried samples, which required milling prior to analyses.

When sufficient calcium was extracted, laruzite and sodalite appeared in significant
quantities. These two mineral phases belong to the sodalite group of minerals and are considered
semi-condensed zeolites, having properties that relate both to true zeolites and to complex oxides
[29]. These characteristics may impart attractive application potential, for example, in terms of
ion exchange and magnetic, optical or electronic effects. One particular property of these
minerals is their deep blue color, which was visualized in the dried samples. The color was more
intense prior to milling, likely as the crystals were larger.

Analcime formation was possible when the concentration of sodium hydroxide in the
hydrothermal stage was reduced to 0.5 and 1 M. The sharp peaks of analcime dominate the
diffractograms of the two materials containing this mineral (Figure 8). Analcime is a zeolitic
material with irregular channels that is rarely found in nature [30]. Its recent application in, for
example, selective adsorption reactions and heterogeneous catalysis [31], has stimulated the
search for novel synthesis routes from different local sources of silica and alumina. In the
analcime-rich materials prepared in the present study, the formation of tobermorite was
significantly suppressed, likely as a consequence of the lower basicity hindering the precipitation
of calcium.

The analcime-rich materials attained unique spherical particle morphology (Figure 9,
subfigures a and b), with the spheres being smaller in the case of 0.5 M NaOH use in the
hydrothermal conversion stage (~3 pm diameter compared to ~10 um in the case of 1 M NaOH).
Because of the absence of significant amounts of tobermorite, the material was powdery and
therefore did not undergo milling. The morphology of the sodalite/lazurite-rich materials differs,
as crystalline features cannot be easily distinguished (Figure 9, subfigures c and d). Still, EDX

analysis captured the chemical signature typical of zeolitic sodium aluminum silicates (Figure
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10). For the material originating from 0.5 M acetic acid extraction and subsequent hydrothermal
conversion with 3 M NaOH, large flakes of tobermorite crystals, similar to those observed by
Jackson et al. [28], are seen covering particles that resemble the original slag particles (Figure
9e).

The preferable formation of analcime over sodalite at lower bacisity has been highlighted by
the work of Querol et al. [27] on the hydrothermal conversion of coal fly ashes. However, unlike
that study, Na-P1 zeolite formation was not detected in the present samples. Murakami et al. [17]
was able to obtain Na-P1 and Zeolite A at a lower synthesis temperature of 70 °C, compared to
150 °C used in the present study. Azizi et al. [31] observed formation of analcime at a
crystallization temperature of 110 °C or above; at lower temperatures (85-110 °C) zeolites P and
Y were obtained. Lower temperatures are likely beneficial to the formation of more hydrated
compounds, such as Na-P1 and zeolite A, which contain 12to 27 waters of hydration, compared
to none or one in the case of sodalite minerals and analcime, respectively.

The preferable formation of analcime from the 2 M acetic acid residue in the present study
may also be a result of the rather high Si: Al molar ratio in the extraction residue of 4.8
(76.9 wt% SiO,, 13.5 wt% Al,O3, determined by WDXRF), which is closer to the ratio found in
analcime, namely 2, than to that found in Na-P1 or zeolite A, namely 1. Sodalite and lazurite,
which formed in large amounts from 1 M acetic acid residues, also have Si:Al ratio of 1, but
since co-formed tobermorite also contains 6 moles of Si per mole, the consumption of Si
becomes about double that of Al.

Watek et al. [32] suggest that higher temperatures can be used during the initial stage of the
hydrothermal reaction to promote silica dissolution, while lower temperatures can be used in the
later stage to promote the formation of zeolitic materials possessing high pore volumes and thus
improved cation exchange capacity (CEC), ideal for certain applications including sorbents [11].
Indeed, the BET specific surface area of the materials herein prepared, determined by N,
adsorption and attributable primarily to the presence of micropores, increased moderately after
hydrothermal synthesis, from an initial 3.7 m*/g for milled GBFS to 8.3-19.5 m*/g for the
converted residues. Thus optimization of the hydrothermal conversion stage has the potential to

lead to higher value products for commercially existing or newly developed applications.
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4. Conclusions

This work has investigated the possibility of transforming blast furnace slag (BFS) into two
valuable products within the same process: precipitated calcium carbonate (PCC) and zeolitic
materials. To achieve this goal symbiotically, and with minimal solid waste generation, an
integrated process was developed. In the first stage, calcium is to be extracted selectively from
BFS by leaching with organic acids, generating a calcium-rich solution, and a solid residue
depleted in calcium. The leachate solution from this stage is then to be carbonated in a second
stage to induce the precipitation of (primarily) calcium carbonate. In parallel, the solid residue
from the first-stage extraction is to undergo hydrothermal conversion in highly alkaline solution
to induce the dissolution/precipitation mechanism that leads to the formation of micro- and
meso-porous zeolitic materials. Experiments were performed to study the interrelationships
between these three stages, and how processing conditions can be tuned to maximize the
valorization potential of the products.

Acetic acid was trialed for the first stage leaching. Its use satisfactorily limited the leaching
of aluminum, required for the subsequent synthesis of zeolites, while enabling, at high
concentrations, nearly complete calcium extraction. Extensive calcium leaching was found to be
more important than selectivity in view of the products formed in the hydrothermal conversion
stage. If further optimization on the extraction process is to be performed (i.e. with different
leaching agents or processing conditions), such work should focus on maintaining high calcium
extraction, while attempting to minimize even further the leaching of the other components.

Carbonation of the acetic acid leachate resulted in the production of the desired PCC
product, with total calcium precipitation and partial magnesium precipitation. Small quantities of
aluminum and silicon were found to end up as contaminants of the precipitate. Purification of the
leachate prior to carbonation appears to be necessary to improve product qualities, and deserves
further research and development. This could be done either by selective removal of impurities
prior to carbonation, using chemical or physicochemical methods, and/or by attenuating the
quantity of neutralizer added to the carbonation process, coupled to precipitate separation at
processing conditions (i.e. prior to cooling and pressure release).

The mineralogy and particle morphology of the PCC product was seen to vary depending on

carbonation conditions (temperature and pressure), ranging from rhombohedral calcite, to
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acicular aragonite, to spherical vaterite. The particle size (average and distribution) of the PCC’s
are close to the required properties for application as fillers and pigments, though slightly on the
large side. This suggests that optimization of the process to maximize the product’s valorization
potential is possible.

In the hydrothermal stage, the solid residue, containing primarily silica and aluminum oxide,
was converted successfully into zeolitic products. These products varied depending on the level
of calcium extraction of the first stage (a function of the organic acid concentration utilized) and
the processing conditions used in the hydrothermal stage (in this study NaOH concentration
variation was studied, but temperature and duration, as known from literature [11, 14, 27], can
also be used to control product properties). Tobermorite, a less desirable product, formed when
the calcium content of the residue was rather high. Sodalite and lazurite, blue-colored semi-
condensed zeolites, formed when the calcium content was reduced. This further emphasizes the
importance of high efficiency in the extraction stage. Lowering the NaOH concentration from 3
to 1 or 0.5 molar resulted in the formation of analcime, a zeolitic material with attractive
valorization potential. As in the case of PCC production, the results herein reported suggest that
zeolitic product properties can be tuned for intended applications by operating at particular
process conditions.

With the proof-of-concept confirmed, further research and development on the proposed
two-way valorization process is warranted to find the conditions that maximize economic value,
and thus that present the best opportunity to turn mineral carbonation into a sustainable and zero-

waste solution for CO, sequestration.
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Table 1

0.5 M acetic acid leachate 1 M acetic acid leachate 2 M acetic acid leachate
wt% 90°C, 6 bar 120°C, 40 bar 90°C, 6 bar 120°C, 40 bar 90°C, 6 bar - 120°C, 40 bar
NaHCO; NaOH NaHCO; NaOH NaOH NaOH
Ca 35.7% 35.3% 31.8% 30.8% 27.5% 27.4%
Mg 1.6% 2.2% 3.8% 4.6% 5.1% 5.0%
Si 1.3% 0.9% 1.6% 1.5% 3.4% 3.5%
Al 0.7% 0.5% 1.8% 1.7% 3.1% 3.2%
Fe 0.5% 0.5% 0.2% 0.2% 0.2% 0.2%
Mn 0.3% 0.3% 0.3% 0.3% 0.3% 0.3%
Carbonates 94.7% 95.9% 92.5% 93.0% 86.3% 86.0%
Impurities  5.3% 4.1% 7.5% 7.0% 13.7% 14.0%
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Table 2

0.5M acetic acid leachate

1M acetic acid leachate

2M acetic acid leachate

Mineral phase 90°C, 6 bar 120°C,40 bar 90°C, 6 bar 120°C,40bar 90°C, 6 bar  120°C, 40 bar
NaHCO; NaOH NaHCO; NaOH NaOH NaOH
Aragonite < < < < 64.1 3.8
Calcite 72.9 65.8 25.6 77.9 14.1 63.7
Calcite, magnesian ~ 15.5 13.7 19.9 2.9 4.9 7.8
Dolomite < 5.5 2.7 3.5 2.2 4.0
Huntite 3.6 3.7 3.2 < < 10.6
Hydromagnesite < < 4.3 < < <
Magnesite < < 10.0 2.3 < 2.4
Monohydrocalcite 2.6 3.5 < < < <
Nesquehonite < < < 5.5 4.4 <
Vaterite < < 30.9 < 2.2 <

< : less than estimated quantification accuracy of + 2.0 wt%.
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Table 3

Extraction: 0.5 M acet.ac. 1 Macet.ac. 2 M acetac. 2 M acet.ac. 2 M acet.ac.
Hydrothermal: 3 M NaOH 3MNaOH 3 M NaOH I MNaOH" 0.5M NaOH
Analcime 1.1 6.1 4.5 89.7 93.5
Lazurite 0.0 30.8 32.8 0.2 0.5

Quartz 24 39 1.6 0.8 1.1
Tobermorite 96.1 43.5 33.0 9.0 5.0

Sodalite 0.4 15.7 28.2 0.3 0.0
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Figure 8
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e A symbiotic process is developed to valorize blast furnace slag into two products.

e Carbonation of extracted acetic acid leachate results in the production of PCC.

e Hydrothermal conversion of the extraction residues forms various zeolitic materials.
e Leaching selectivity is a key factor in the valorization potential of both products.
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