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i g h l i g h t s

A method to stabilize EAF slag was implemented in an actual steel plant.
The stabilization treatment lead to the formation of slag with gehlenite matrix.
The stabilization process efficacy was confirmed by several leaching tests.
Gehlenite inhibits heavy metals leaching.

a b s t r a c t

lectric arc furnace slag (EAF) has the potential to be re-utilized as an alternative to stone material,
owever, only if it remains chemically stable on contact with water. The presence of hydraulic phases such
s larnite (2CaO SiO2) could cause dangerous elements to be released into the environment, i.e. Ba, V, Cr.
hemical treatment appears to be the only way to guarantee a completely stable structure, especially for

ong-term applications. This study presents the efficiency of silica addition during the deslagging period.
icrostructural characterization of modified slag was performed by SEM and XRD analysis. Elution tests
ere performed according to the EN 12457-2 standard, with the addition of silica and without, and the

btained results were compared. These results demonstrate the efficiency of the inertization process: the
dded silica induces the formation of gehlenite, which, even in caustic environments, does not exhibit
ydraulic behaviour.
eywords:
AF slag
eaching behavior
iquid-on-solid ratio
tabilization process
uartz addition
. Introduction

Today steel slag is considered effectively equivalent to the com-
on stone material employed in civil engineering applications. Its

hysical and mechanical properties are often higher than those of
raditional raw materials [1–6] and, in recent decades, its use has
ncreased exponentially [7]. In particular, electric arc furnace slag
EAF) offers several advantages when compared to other aggre-
ates: it lacks clay and organic ingredients in its composition, has
rough and porous surface and provides good adhesion and good

brasion resistance.

Road construction [6,8–12] and concrete/clinker production

13–16] are common applications in which EAF slag could be mixed
ith or completely replace traditional raw materials. EAF slag could

∗ Corresponding author. Tel.: +39 0 223998660.
E-mail addresses: davide.mombelli@mail.polimi.it, dadeviola@alice.it 

D. Mombelli).
be used as an aggregate in Hot Mix Asphalt (HMA) pavements, as an
aggregate in concrete pavements, as a base or sub-base material, as
an embankment material and as a railway ballast [17]. Slag aggre-
gates are not directly exposed to the environment when mixed
with other substances, i.e. bituminous binders or cement. For such
applications, the standards do not generally require elution tests
because the slag does not come in contact with water. On the
contrary, leaching behavior characterization is mandatory for slag
use in unbound applications, i.e. unpaved roads, armourstone or
gabions. In such conditions, slag are subject to continuous cycle of
wetting and drying. Several studies [4,10,18–20] have investigated
the leaching behavior of slag aggregates and highlight that such
aggregates could potentially release dangerous chemical elements
(especially Ba, V and Cr), as well as unbound slag, when coming into
contact with water.
Other investigations of the leaching behavior of EAF slag [21–25]
have tried to identify the major mineralogical phases responsible
for the dangerous species release. Electric arc furnace slag has a
chemical composition close to that of the cement clinker, mainly

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhazmat.2014.07.045&domain=pdf
mailto:davide.mombelli@mail.polimi.it
mailto:dadeviola@alice.it
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Table 1
XRF chemical composition (weight %) and samples identification.

Sample
ID

SiO2 Al2O3 CaO MgO FeO Cr2O3 V2O5 Ba �

S1 12.36 8.96 26.10 3.21 37.53 2.46 0.08 0.06 0.800
S2 10.36 7.26 28.67 3.98 39.69 1.96 0.10 0.08 0.820
onstituted by calcium-silicates and calcium-ferrites, which makes
teel slag potentially usable as a cementitious material [26]. Exper-
mental tests have identified calcium silicates, especially larnite1,
artrurite and bredigite, as the principal phases reacting with water
nd thus responsible for the releasing of elements, i.e. barium
22,23]. Other phases might also contribute to an increase in the
mount of elements in the eluate: brownmillerite, calcium alu-
inate and non-stoichiometric spinels could be associated with

r release. Barium oxide is a substitutional chemical compound
f CaO in calcium silicates whereas chromium (in both trivalent
r hexavalent form) could replace iron and aluminum oxide in a
rownmillerite-type phase [27] and in calcium aluminates [28]. The
ydration process facilitates the migration of species such as Ca, Mg
r Ba into water. In a basic environment, chromium oxide could be
asily dissolved into a hexavalent form, which is the most reactive
nd dangerous (it is classified as carcinogenic by the World Health
rganization).

Hydration process by a dissolution precipitation requires ample
ime to be completed: for example, pure larnite reaches 50% of the
ydrated ratio in 100 days [29]. Therefore, larnite hydration and
issolution is very difficult to be noted in EAF slag during the 24 h
f a standard leaching test (EN 12457-2 standard) because only a
mall amount of the slag, less than 1%, reacts with water. How-
ver, this amount is enough to solubilize a quantity of Ba, Cr and
that exceeds the limits imposed by environmental regulations.

ince the polluting elements are generally bound to the silicates,
educing their amount or reducing their solubility are two ways
o overcome the problem. This could be achieved by promoting
he transformation of the phases in which the aluminum is in the
etra-coordinated form and increasing the polymerization degree
f the structure, namely increasing the number of SiO4 tetrahedra.
pecifically, the resistance of a silicate to hydration and the hydrol-
sis processes increases with the degree of oxygen sharing between
iO4 polyhedra of the mineral structure [30]. These microstructural
ransformations should lead to the formation of more stable phases
eatured by high degree of condensation of structural tetrahedra,
.e. anorthite or gehlenite. Breaking the bonds is difficult due to an
nsufficient ion force of the mixing medium. In this case, the alu-

inum atoms are situated in tetrahedral coordination and behaves
ike silicon atoms [31]. Thus, a thermochemical inertization pro-
ess was developed to transform EAF slag into an absolutely safe
y-product useful for both aggregates and unbound applications.
he treatment consists in the addition of pure quartz into the fluid
lag during the deslagging operation, allows producing a contin-
ous flow of treated slag having specific chemical composition
nd properties. The dosing device consists in a sand storage con-
ainer equipped with automatic vibrating delivery table and with a
hute positioned downstream the delivery device, to continuously
arry the sand in the mixing zone. The admixed slag is collected
n a slag-pot, which helps to keep it stirred, thus homogenizing
he microstructure. This process is based on the same principle
dopted by Drissen et al. [32] to stabilize Basic Oxygen Furnace
BOF) slag. Being the slag treatment only possible at the liquid state,
he novelty of the proposed technique is to chemically modify the
lag, exploiting its residual heat without external heating source or
emelting operations. In this way, no modification inside the fur-
ace are provided, avoiding to compromise the steel quality, and
o additional investment’s costs are need to successfully treat the
lag.
The quartz addition should have a two-fold effect: it reacts
ith calcium aluminates to form gehlenite, inhibiting the forma-

ion of larnite, and simultaneously prevents its disintegration, thus

1 Refer to “LIST OF PHASES” for the chemical formula.
MS1 18.34 9.25 23.26 2.85 35.93 2.25 0.09 0.11 0.759
MS2 22.39 8.20 19.18 2.24 37.29 2.01 0.09 0.07 0.739

avoiding the “dusting effect” [33]. Larnite undergoes several phase
transformations [34], the most important of which is the inver-
sion from �-Ca2SiO4 (monoclinic) to �-Ca2SiO4 (orthorhombic).
This transformation is accompanied by a volume increase of around
12% [35]. � to � transformation causes disintegration of the slag,
the so called “dusting effect,” making slag handling and storage
problematic and the achievement of economic value for the slag vir-
tually impossible. Formation of only 4 wt.% of �-Ca2SiO4 is enough
to cause slag disintegration. A relatively small amount of SiO2
is enough to form a large amount of gehlenite [36]. Gehlenite,
together with akermanite, is the main crystalline phase in ground
granulated blast furnace slag, which is known to have very low
hydraulic activity and a low environmental impact [37–39].

This work presents the benefits of silica treatment on slag
release behavior. The efficiency of adding silica was experimen-
tally demonstrated by XRD, SEM and leaching test analyses, with
regards to liquid-on-solid ratio effects.

2. Experimental procedure

Two batches of carbon steel slag (S1 and S2) were investigated
and modified (MS1 and MS2) by the above mentioned inertization
process. The added quartz has an average particle size between 1
and 5 mm, with the 90% included in the 1–2 mm range. This size
assures the sand to completely melt and dissolve itself in the slag
flow. The quartz amount is comprised between 5% and 15% by
weight of the slag, with optimal values approximately between 8
and 12 wt.%, depending on the initial chemical composition of the
slag to be treated.

Slag chemical compositions were measured by XRF and checked
by SEM-EDS and are reported in Table 1 together with the sample
identification and optical basicity (�) (a basicity index formulated
by Duffy and Ingram using spectrographic information coupled
with the electronegativity data defined by Pauling [40]).

The analyzed slag are located on the phase ternary diagram
shown in Fig. 1.

The comparison between as-received (S1 and S2) and modi-
fied slag (MS1 and MS2) was performed from a morphological and
microstructural point of view with XRD and SEM analyses.

X-ray diffraction (XRD) data was collected using a Bruker D8
Advance diffractometer in a �–� configuration and employing Cu
K� radiation (� = 1.54 Å) with a fixed divergence slit size 0.5◦ and a
rotating sample stage. The samples of powder were obtained by
ring mill grinding (average diameter 15 �m) and were scanned
between 10◦ and 80◦ with the Vantec detector. The qualitative
analysis was performed with EVA software.

Morphological and microstructural characterization was per-
formed by Zeiss EVO50 Scanning Electron Microscopy (SEM)
equipped with an Oxford Inca EDS probe. The slag was moulded
in an araldite-based resin, grinded and polished. SEM analyses
were carried out in backscattered electrons mode (BSE) in order to
identify and check the different phases pointed out by XRD. Gen-

eral and local chemical compositions were measured using an EDS
probe.

The slag leaching behaviour was investigated by performing the
standard leaching test according to EN 12457-2 (24 h in 10 l/kg
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Fig. 1. Samples identification on (a) CaO–SiO2

eionized water stirred by a rotatory mixer at 10 rpm) on 4 mm
f granulated slag. The concentration limits taken as reference are
ndicated in the Italian legislative decrees (“D.M. 03 August 2005N.
01: definition of the criteria for waste acceptance at landfills”
nd “D.M. 05 April 2006N. 186: identification of non-hazardous
aste subject to simplified recovery procedures”). Because of the

lag dissolution rate is dependent on many parameters, i.e. surface-
o-volume (S/V) ratio, liquid-to-solid (L/S) ratio, time, temperature
nd flow conditions [41], beside the standard leaching test, three
ifferent experimental conditions were employed:

Powdered slag leaching behaviour was investigated varying the
L/S ratio (10, 100, 1000 l/kg). Weight loss was measured after each
test and the dried powders were investigated using XRD.
Crushed slag particles (average dimension 4 mm) were leached
under the same conditions as the standard leaching test and by
varying the L/S ratio (10, 100, 1000 l/kg). The slag was character-
ized by SEM before and after the elution tests conducted in the
same areas to detect morphological alterations.
A polished section of massive grains was leached under the same
conditions as the standard test and followed by SEM investigation
in order to detect which phases had dissolved. The same test was
repeated after 30 days of immersion in deionized water and in two
different pH aqueous solutions (pH 10 and pH 4). A pH 10 solution
was prepared with 3.5 mg of NaOH in 350 ml of deionized water
to simulate the effect of alkaline environment and to verify the
possibility to use the slag in concrete production. A pH 4 solution
was prepared by adding 3 drops of H2SO4 and 3 drops of HNO3 to
1 l of deionized water to simulate the acid rains.

Water analyses were performed by ICP-OES to determine the
hemical species concentration.

. Results and discussion

.1. Microstructural characterization
The XRD analysis performed on the slag powder enabled iden-
ification of the mineralogical phases featured in the different
amples (Fig. 2).
and (b) CaO–Al2O3–SiO2 phase diagram [42].

As-received slag was characterized by a large presence of
wustite, larnite and a small amount of Mg-Cr-spinels. Traces of
gehlenite and brownmillerite were also detected in S1 and S2 sam-
ples, respectively (Fig. 3a). SEM analyses confirmed the results
of XRD and facilitated the characterization of each structural
constituent’s morphology and distribution (Fig. 3). As-received
samples featured a high percentage of larnite, approximately 37%
(S1 sample) and 31% (sample S2), which was estimated by selec-
tive dissolution in a methanol-salicylic acid solution [43]. In the S1
sample, Mg-Cr-spinels (Sp in Fig. 3a) and gehlenite islands (G) were
finely dispersed in the larnite matrix (L). The wustite (W) had the
typical dendritic form. In the S2 sample, the wustite (W in Fig. 3c)
appeared thinner and more dispersed than in the S1 slag and was
surrounded by brownmillerite-type phases (B). In both batches,
chromium was mainly bound in spinel-like phases even if signifi-
cant amounts were also detected in the brownmillerite, larnite and
wustite (Table 2). Vanadium and barium were mainly present in the
larnite, brownmillerite and gehlenite in the S1 sample. The pres-
ence of such dangerous elements in the hydraulic phases classified
the as-received slag as potential dangerous waste.

The thermochemical treatment modified the slag microstruc-
ture. As pointed out in the XRD pattern (Fig. 2b), the admixed
silica lead to another phase assemblage. In particular, the lar-
nite and brownmillerite reacted with SiO2 to form gehlenite.
In fact, diffraction patterns displayed very intense peaks, typi-
cal of gehlenite-akermanite phases, whereas no more reflection
of larnite and brownmillerite was detected. In the MS2 sample,
secondary peaks were also detected, probably associated with
kirschsteinite.

Morphologically, the microstructures appeared homogeneous
and were constituted by a gehlenite matrix (G in Fig. 3b–d) in which
wustite (W in Fig. 3b–d) and Mg-Cr-spinels (Sp) were dispersed.
The stirring effect of the slag-pot probably contributed towards
homogenizing the microstructure and completing the diffusive
reactions between the different phases. The wustite appeared finer
and thinner with pronounced dendritic structures. This aspect was
associated with the reduction of the slag melting temperature,

which was induced by the quartz addition. Specifically, the admixed
quartz significantly reduced the slag’s melting temperature, allow-
ing it to maintain the slag mass in a liquid state in the slag-pot for a
prolonged period of time. In this way, wustitic dendrites were able
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Fig. 2. XRD patterns of (a) a

o grow upwards, being surrounded by a totally molten phase. On
he contrary, in as-received samples, the wustite solidified within
he free spaces between the larnite blocks, which were already solid
uring the deslagging step.

In the modified slag, the spinels were now aggregated in
arger structures. Chromium was completely fixed in these oxides

hereas barium had totally migrated into the gehlenite matrix.
n this form, the slag should have been completely stable and the

elease of Ba, V and Cr hindered. Indeed, as reported in several stud-
es on cement and concrete chemistry, gehlenite has poor hydraulic
roperties, and some researchers consider it as a non-hydraulic
hase [29,44].
ived and (b) modified slag.

4. Standard leaching tests

Standard elution tests (Table 3) performed on 4 mm of gran-
ulated slag, confirmed the predicted slag behavior from the
microstructural analyses. Attention was focused on only the most
problematic environmental factors (Ba, V, Cr, pH) as the other
substances (requested by the EN 12457-2 standard) were in com-
pliance with the regulation limits. The as-received slag presented

barium and vanadium release but no Cr release was detected. In this
case, the spinel-like phases were most likely stable and had limited
the chromium leaching. Moreover, after the test the water pH had
reached values of more than 11.5, close to the upper limit. Under
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ig. 3. SEM-BSE micrographies of as-received and modified slag: (a) S1, (b) MS1, (
p = Mg-Cr-spinel; W = wustite).

hese conditions, the environment would be considered caustic,

otentially causing severe damage to vegetables, rocks and ani-
als. In this situation, use of the slag without appropriate treatment
ould be hazardous, including for such applications where the slag

s bound.

able 2
ocal chemical composition of phases pointed out by SEM-BSE analysis.

SEM-EDS Analysis (atomic%)

Sample Phase Mg Al Si Ca Ti

S1

W 14.66 0.78 2.12
L 33.38 64.31
Sp 16.78 18.30 1.28
G 2.58 31.98 17.15 29.85

S2

W 15.99 0.84 3.69
L 4.00 30.43 62.60 0.
B 20.57 4.66 49.08 4.
CA 38.44 7.09 49.59

MS1

W 5.77 0.89 1.19 0.
Sp 9.52 24.03 0.83
G 2.71 24.28 28.35 39.38
G′ 2.58 21.07 22.26 32.89

MS2

W 6.40 1.68 1.14 0.
Sp 9.12 20.88 0.53
Sp′ 9.22 22.48 0.77 0.
G 2.08 13.70 31.08 35.03 0.

: brownmillerite; CA: calcium aluminate; G: gehlenite; L: larnite; Sp: Mg-Cr-spinel; W:
nd (d) MS2 (B = brownmillerite; CA = calcium aluminate; G = gehlenite; L = larnite;

After the quartz treatment, the pH had decreased significantly

and the Ba and V concentrations in the water were below the limit.
The results obtained after the standard tests provided evidence of
the inertization technique’s efficiency. However, to better under-
stand which phases were responsible for elements leaching and to

V Cr Mn Fe Sb Ba

0.03 1.51 9.43 71.36 0.10
0.11 0.17 0.88 1.11 0.04
0.09 42.80 4.18 16.50 0.07

0.34 2.29 15.65 0.15

0.05 3.20 7.01 69.22
30 0.05 0.15 1.68 0.76 0.03
14 0.34 0.59 0.52 19.86 0.25

0.01 0.03 0.32 3.89 0.54 0.10

40 0.10 0.53 8.52 82.59
0.08 36.92 3.82 24.76 0.04
0.07 0.03 0.51 3.67 0.90 0.11

2.20 18.97 0.04

21 0.09 0.80 6.83 82.85
0.18 39.12 3.95 26.21

33 0.10 38.50 3.91 24.68
43 0.04 2.85 14.66 0.14

wustite



Table 3
Standard elution test results for as-received and modified slag.

Standard leaching test (EN 12457-2) on 4 mm slag: 24 h deionized water 10 l/kg

Element Units S1 MS1 S2 MS2 Limits

Ba mg/l 0.80 0.68 4.97 0.14 1
V �g/l 136 48 <5 33 250
Cr �g/l <5 <5 <5 <5 50
pH 11.9 10.7 11.4 10.6 5.5–12
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Conductibility �S/cm 487

CP-OES detection limit for Cr and V = 5 �g/l.

onfirm the complete stability of the modified slag, further investi-
ation was performed on the slag powder by varying the water/slag
atio.

.1. Leaching tests with different liquid-to-solid ratios

The liquid-to-solid ratio is one of the fundamental factors in the
nteraction between slag and the environment. The concentration
f elute substances depends on the solution’s pH, the solubility of

he substances and the kinetics of dissolution. An increase in the
/S ratio should help maintain the pH far from basic values while
ontemporaneously working in conditions far from the saturation
imit [45].

Fig. 4. Elution test result on powdered slag (a) weight lo

ig. 5. Elution test results on powdered slag as a function of the water/slag ratio: (a)
oncentration in water.
1.800 206

The analyses were not only focused on dangerous heavy metals,
but also on the main elements constituting the different phases (Al,
Ca, Mg, Si) in order to correlate them with the leaching behavior of
the slag. Fig. 4 reports the leaching tests results in term of dissolved
amount of slag after the test (defined as weight loss, Fig. 4a) and
water pH at the end of the leaching test (Fig. 4b) for the different
L/S ratios. The effects of the liquid/solid ratio were quite evident
for all of the samples: increasing the water volume caused a cor-
responding increase in the amount of dissolved slag. However, the

effect on the modified slag was slightly less than that seen on the
as-received samples. In fact, the modified slag weight loss was an
order of magnitude lower than the as-received samples. Moreover,
increasing the L/S ratio, the water pH also decreased. With the

ss and (b) water pH as a function of the L/S ratio.

magnesium, (b) aluminum, (c) silicon, (d) calcium, (e) barium and (f) vanadium
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to-liquid ratio increased, no modification in peaks intensity was
evident.
ater being less caustic at a high liquid-to-solid ratio, compared to
he standard condition, the release of dangerous chemical species
ould potentially be enhanced (i.e. Ba) if the slag were not properly
reated.

Fig. 5 summarizes the obtained results expressed in mg/kg in
rder to compare the different L/S ratios. The leaching test results
btained on the slag powders were compliant with the standard
est result. Even if the concentration in elute water was higher
or the powdered slag than the granulated one, the same leach-
ng behavior was revealed. Samples belonging to batch #2 did
ot show vanadium release (Fig. 5f), as shown previously. In fact,
he observed concentrations were close to the detectable limits in
CP-OES. The same conclusions should be stressed for chromium
elease. As for the standard test, including the powder test, Cr did
ot pose a problem for these slag.

Compared to treated samples, as-received samples showed
igher concentrations for all of the investigated elements. Some dif-

erences between S1 and S2 slag were identifiable in regard to the
g, Al and Ca leaching (Fig. 5a, b and d). Specifically, in Fig. 5a, the

urve of S1 and MS1 samples are overlapped. Slag S2 had a higher
oncentration of those particular elements in the leachate than the
1 slag. In particular, Ca and Al release could be associated with
rownmillerite dissolution since the S1 sample’s composition did
ot contain this phase. The high Mg concentration in water seems
ssociated to brownmillerite dissolution, too. Since brownmillerite
orms close to wustite (Fig. 3c), brownmillerite dissolution could
ead to Mg removal from wustite/brownmillerite interfaces, due
o erosion phenomena. In the silica treated slag, the calcium was
ompletely bound in gehlenite and its low concentration in the elu-
te acted as an index of the poor hydraulicity of gehlenite [46]. In
he modified slag, aluminum was found in both Mg-Cr-spinel and in
he gehlenite. The low concentration of Al in the water was synony-

ous with high spinel stability (and this behavior was confirmed
y an undetectable concentration of Cr in the water). The tendency
o retain Ba was confirmed in the treated slag: in the eluted solution
he Ba concentration was one third that of the as-received samples
Fig. 5e).

The hypothesis, stressed on the basis of the elution tests results,
as confirmed by an XRD analysis performed on leached pow-
ered slag (Fig. 6). In order to compare the different spectra,
ormalization on a more intense wustite peak was performed.
ustite was selected because it should not react with water; in

ther words its dissolution rate is so low that it can be consid-
red insoluble [47]. In as-received samples (in particular S2), the
ntensity of the larnite and brownmillerite peaks decreased as the
/S ratio increased (Fig. 6a). Spinel peaks also underwent inten-
ity reduction. The different XRD spectrum showed that, by using a
tandard L/S ratio (10 l/kg), the interaction between slag and water
as only cortical and pertained to only a limited portion of the
aterial.
Effectively, during the standard leaching test, the water was

uickly saturated by dissolved di-calcium silicate (and other
ydraulic substances). Increasing the L/S ratio permitted work far

rom the larnite dissolution curve, allowing for the exacerbation
f the slag and water contact conditions in order to clearly iden-
ify which phases were involved in the dissolution process. Fig. 7
hows the comparison between the di-calcium silicate dissolution
urve and Si and Ca concentration in the leachate solution for the
ifferent slag investigated in this work. Slag tested at 10 l/kg had
concentration of Si and Ca close to the larnite dissolution curve.

or this reason, no difference in XRD spectrum was noted before
nd after the leaching test. Then again, working with a high L/S

atio made it possible to maintain a leaching solution capable of
issolving a higher quantity of slag mass than at 10 l/kg. In fact,
s reported by Nicoleau et al. [45], larnite undergoes a dissolu-
ion of approximately 60% after 30 min in water at 10,000 l/kg and
Fig. 6. XRD patterns of (a) S2 and (b) MS2 leached slag at different L/S ratios.

the dissolved fraction reaches almost the 100% with a L/S equal to
50,000 l/kg.

This conjecture was confirmed by SEM observation on the
crushed slag surface (Fig. 8). By increasing the L/S ratio, the frac-
tion of larnite dissolved increased rapidly whereas brownmillerite
dissolution was clearly evident only at high water ratios (white
arrows and circle in Fig. 8a–c). On the modified slag, diffraction
patterns demonstrated the stability of the slag. Although the solid-
Fig. 7. Comparison between the larnite dissolution curve (Ksp = 40.3 × 10−8 [45]) and
the Si and Ca concentration in leachate solution for the investigated slag [29,48].



Fig. 8. SEM micrographies of leached slag at different L/S ratios: sample S1 at (a) 10, (c) 100, (e) 1000 l/kg and sample MS1 at (a) 10, (d) 100, (f) 1000 l/kg. White arrows and
circle indicate the areas dissolved; G = gehlenite; white dendrites = wustite.

Fig. 9. SEM micrographies of leached slag (24 h) on polished section: (a) S1 and (b) MS1 samples. G = Gehlenite; Sp = Mg-Cr-spinel; W = wustite. White arrow indicates the
dissolved larnite.
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The SEM analyses were congruent with the diffraction analy-
es and confirmed the absolute integrity of the gehlenite matrix
Fig. 8d–f).

.2. Leaching test on a polished section

In order to more precisely identify which phases were sus-
eptible to water attack, a leaching test simulation was also
erformed on a polished section (Fig. 9a and b). This procedure
as required because BSE probe contrast alone was insufficient

o unambiguously identify the different phases on massive slag
rains.

The polished slag was immersed in 350 ml of deionized water for
4 h and then observed by SEM in the same areas investigated dur-

ng the morphological characterization (Fig. 2). In this case, the L/S

atio was extremely high (probably over 10,000 l/kg, since almost
ll the larnite features the slag was dissolved [45]) likely helping to
aintain the water under saturated, with respect to the hydraulic

hases, and thus avoiding pH modification.
s in water: (a) before, (b) after leaching test; MS2 sample 24 h in pH10 acqueous
efore,(f) after leaching test. G = gehlenite; Sp = Mg-Cr-spinel; W = wustite.

These analyses clearly indicated that larnite was the most
soluble phase in the water. However, a high amount of water
was required to completely dissolve it (Fig. 9a). Brownmillerite
was only partially eroded by water even if it seemed dis-
solved enough to release amounts of chromium and barium
that had contributed to an increase in the water’s total leachate
content.

On the other hand, modified slag remained completely unal-
tered despite the very high liquid ratio, demonstrating the
reliability of the inertization process (Fig. 9b).

Further tests on the polished section were conducted to stress
the modified slag in the worst possible environmental conditions.
Treated slag durability was investigated by submerging the modi-
fied samples in 350 ml of deionized water for 1 month. This test was
a good indicator of the stability and the inertness of the gehlenite
matrix and provided a qualitative indication about long-term slag

behavior. In addition, two other experiments were carried out on
modified slag evaluating them at different water pH values, in order
to estimate their resistance far from the neutral conditions present
in fresh water.
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After 30 days in the water (Fig. 10a and b), the slag surface did not
ppear altered except in certain points corresponding with voids or
orosity or where the chemical composition differed (white arrow

n Fig. 10b). The obtained result was a clear indication of the very
ow hydraulicity of gehlenite. Moreover, wustite and spinel were
lso unaltered.

Different test results were obtained at different pH levels. In
basic environment (Fig. 10c and d), the slag seemed to resist

uite well, even if the surface appeared consumed and some cracks
ere detectable (white arrows in Fig. 10d). However, the slag

onsumption only applied to the surface layer and the dissolu-
ion of the gehlenite matrix was limited. EDS analysis supported
his hypothesis: the chemical composition of the investigated
rea differed less than 5% in the Si and Ca concentration before
nd after the elution test. This behavior corresponded with other
esearch studies showing a limited release of the major chem-
cal species constituting the slag when in contact with a basic
nvironment [49,50]. On the contrary, the elution test in a pH
aqueous solution (Fig. 10e and f) showed nearly total dissolu-

ion of the gehlenite matrix. Contrariwise, also in this situation,
ustite and spinels remain unaltered. This behavior confirmed the

nsolubility of wustite, and thus, its complete abnormality in the
eaching process of dangerous chemical species. In this specific case,
hromium spinels also seemed unaffected by the acidic environ-
ent.
The quartz addition, which maintained the slag in liquid form for

longer period of time, most likely caused the formation of spinels
ith stoichiometric composition, thus limiting the dissolution

henomena. Although the silica addition acidified the slag, it sub-
tantially remained basic. For this reason, the gehlenite matrix
as completely dissolved when it came in contact with the acidic
ater. As reported by Yokohama et al. [49] and by Takahashi et al.

50], the calcium, magnesium and aluminum dissolution rates were
igher in an acidic environment. Since these three elements are the
ajor constituents of gehlenite, its dissolution was expected. These

ualitative tests, under extreme environmental conditions, helped
dentify the lower and upper limit of modified slag applicability. On
he basis of these results, we can assume that the use of such mod-
fied slag in environmental conditions ranging from between pH 8
nd 6 should be exempt from environmental pollution and human
ealth risks. Moreover, the experimental trials further demon-
trated the efficiency of the slag treatment. The slag’s structure
emained intact in extreme conditions without disaggregation and
usting.

. Conclusions

Phase Definition

Akermanite Calcium-magnesium silicate
Anorthite Calcium-aluminum silicate
Bredigite � di-calcium silicate
Brownmillerite Tetra-calcium aluminate ferrite
Gehlenite Calcium-aluminum silicate
Kirschsteinite Calcium olivine
Larnite � or � di-calcium silicate
Mayenite Calcium aluminate
Mg-Cr-spinel Magnesiochromite (spinel)
Wustite Iron oxide
In conclusion, the efficiency of the inertization treatment
hrough the addition of quartz to EAF slag was experimentally
emonstrated.

[

- XRD and SEM analyses provided identification for the untreated
slag of the more reacting phases with water regulating the release
of dangerous chemical species. Larnite is the most soluble phase
followed by brownmillerite. The insolubility of wustite has been
confirmed whereas gehlenite-type phases were proved to be
completely insoluble in basic and neutral environments.

- Slag use without any stabilization treatment could have danger-
ous environmental consequences, even when leaching limits are
observed. In fact, in a long term scenario, the pH alteration due
to cyclical carbonation phenomena could enhance the leaching
of dangerous heavy metals, due to larnite and brownmillerite
dissolution.

- The reaction between added SiO2 and other silicates charac-
terizing the slag microstructures promotes the formation of a
gehlenite-type phase.

- Gehlenite is completely stable and assures safe and inert behavior
in modified slag. If the slag chemical composition (wt%) is MgO:
2–4%; Al2O3: 7–10%; SiO2: 15–25%; CaO: 15–25%; FeO: 35–40%
stable gehlenite will be obtained.

- Modified slag releasing stability was demonstrated through
leaching tests with variable L/S ratios, environmental pH levels
and water exposure times.

- The modified slag can be considered a safe by-product and no
more as hazardous waste. They could be used for both unbound
applications and as aggregates without harming humans or
polluting the environment, reducing the total amount of this by-
product disposed in landfill.

List of phases

Formula Symbol

Ca2MgSi2O7 (2CaO·MgO·2SiO2) A
CaAl2Si2O8·(CaO·Al2O3·2SiO2) An
Ca7Mg(SiO4)4·(7CaO·MgO·4SiO2) Br
Ca2(Al,Fe)2O5·(4CaO·Al2O3·Fe2O3) B
Ca2Al(AlSi)O7·(2CaO·Al2O3·SiO2) G
CaFeSiO4·(CaO·FeO·SiO2) K
Ca2SiO4·(2CaO·SiO2) L
Ca12Al14O33·(12CaO·7Al2O3) CA
MgCr2O4/(Mg,Fe)(Al,Cr)2O4 Sp
(Fe, Mg, Mn)O/MgO-FeO W
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