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Abstract In view of the EU’s circular economy strategy,

there is a need to develop treatments that may allow to

improve the management of industrial residues such as

steel manufacturing slag, for example by producing sec-

ondary products that may be used for different applications.

This work evaluates the performance of a combined car-

bonation and granulation treatment applied to basic oxygen

furnace (BOF) steel slag with the aim of producing sec-

ondary aggregates and of storing CO2 in a solid and

stable form. In order to improve the mechanical properties

of the product, a solution of sodium silicate and sodium

hydroxide was tested as binder instead of water in both the

granulation and combined granulation–carbonation tests.

The results showed that the granules produced using the

alkali activator with or without CO2 addition, presented a

mean size ranging from 1 to 5 mm and adequate

mechanical properties for use in civil engineering appli-

cations. The maximum CO2 uptake attained was of 4% wt.

for the alkali activated and carbonated granules after

60 min of treatment and 7 days curing. As for the leaching

behaviour of the produced granules, an increase in the

release of Cr and V was found for the product of the

granulation–carbonation treatment with alkali activation.

Instead, granulation with alkali activation or granulation

with carbonation showed to decrease the release of Ba and

Cr with regard to the untreated residues.

Keywords Steel slag � Granulation � Carbonation � Alkali

activation � CO2 storage � Leaching behaviour

Introduction

Manufacturing processes, such as steel production, are

typically characterized by the generation of large amounts

of solid residues, the recycling or reuse of which is not

always feasible, due to the variability of the material’s

characteristics, the lack of a suitable national legislation on

industrial by-product management, or the scarce avail-

ability of low-cost technologies for producing valuable

secondary products. As a result, despite a growing aware-

ness on the environmental impacts related to final disposal,

for a relevant fraction of these residues no well-established

management strategies apart from landfilling are currently

applied.

Specifically, among the residues produced during steel

manufacturing, Basic Oxygen Furnace (BOF) slag, a by-

product of the conversion of iron into steel in BOF units, is

the most abundant, amounting to 46% of the total European

steel slag production in 2012 [1]. BOF slag is typically

ground for metal recovery at the steel plant and limitedly

reused for low-end applications. However, a significant

part of it, approximately 25% at a EU level but consider-

ably more for Countries such as Italy, is landfilled [2].

These management practices need to be considerably

improved in view of the EU’s ambitious circular economy

strategy, which includes the introduction of a binding
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landfill target to limit final disposal to a maximum of 10%

of all waste by 2030 [3]. Several studies have focused on

the possibility of using BOF slag as a replacement of

natural aggregates in construction applications [4–6]; yet,

some of BOF slag’s characteristics constrain its potential

use. In fact, in order to be employed in construction, sec-

ondary aggregates should exhibit a specific grain size dis-

tribution, a low free lime content (preferably below 4%

[7]), and adequate mechanical strength. Due to the fact that

BOF slag is ground at the plant for metal recovery, it

generally presents an inadequate particle size and

mechanical strength for use as aggregate. In addition, many

EU countries have established specific limits for the reuse

of waste materials regarding the release of potential con-

taminants such as metals, metalloids or salts. In particular,

in Italy, these limits have been issued by Ministerial

Decree 186 (2006) [8]. Steel manufacturing slag generally

presents a limited release of regulated elements; never-

theless, non negligible leaching of elements such as Ba, Cr,

V and Mo has been reported [9]. Furthermore, according to

Italian reuse criteria, the pH of the eluate of the waste

material resulting from the leaching test should be lower

than 12; this is typically not the case for alkaline industrial

residues such as steelmaking slag [10]. The significant

improvement of the technical (specifically grain size and

mechanical strength) and environmental behaviour

(leaching of metals and metalloids and pH) of BOF slag is

hence the key to achieve its further valorisation as an

aggregate in civil engineering applications.

Granulation is one of the most adopted particle size

enlargement techniques. This process, generally applied in

wet or dry mode [11], has numerous applications in several

industrial sectors. Wet granulation is accomplished by

contacting a mixture of a dry powder and a liquid binder in a

dynamic device, such as a disc granulator or a rotating drum

[11, 12]. The key parameters affecting the process are

specific properties of the solid material (e.g. initial particle

size distribution), of the liquid binder (i.e. amount and

viscosity) and of the equipment used (e.g. rotating speed

and geometry) [13, 14]. Several studies have started to focus

on the application of disc granulation to waste materials,

such as fly and bottom ash from waste incineration and

contaminated soils, with the aim of producing aggregates to

be used as filling material or for concrete manufacturing

[15–18]. For these applications, binders such as lime or

cement [18], as well as chemical additives, such as super-

plasticizers [17], are typically added in order to improve the

mechanical characteristics of the final product. It should be

considered however, that these binders, cement in particu-

lar, typically present a high cost and significant CO2

emissions associated to their production, hence their use for

these types of applications may be considered questionable

from both an environmental and economic point of view.

As for other types of treatments that may be applied to

improve the technical and environmental properties of

industrial by-products such as steel slag, several studies

have indicated that accelerated carbonation may be effec-

tive for improving the environmental properties of alkaline

residues [19], as well as their mechanical characteristics by

increasing their density [20]. In addition, carbonation,

which (see Eq. 1) involves the reaction of carbon dioxide

in gaseous form with oxides of alkaline earth metals or

metals (Me, i.e. Ca, Mg and Fe) contained in a mineral or

alkaline residue, leads to the formation of the respective

carbonate phase (MeCO3), permanently storing the reacted

CO2 in solid form [21, 22]. This process is hence being

investigated in the framework of carbon dioxide capture

and storage (CCS) techniques to reduce the emissions of

this greenhouse gas from point-sources, such as fossil fuel-

fired power plants, or cement or steel manufacturing plants

[23].

MeO sð Þ þ CO2 gð Þ ! MeCO3 sð Þ ð1Þ

Accelerated carbonation for CO2 storage has been

investigated using different process routes. The thin film

route, which is performed wetting the residues employing

liquid to solid ratios (L/S) between 0.1 and 0.5 l/kg, has

been tested at mild operating conditions (30–50 �C and

1–10 bar CO2) as a CO2 storage technique, but also to

improve the leaching behaviour and mechanical properties

of a wide range of residues [24], including stainless steel

manufacturing slag [9, 25–27] and BOF slag [28]. Fol-

lowing the process proposed by [29], in a previous study

our research group tested the combination of carbonation

with wet granulation using water as binder with the aim of

treating a BOF steel slag sample in order to produce

aggregates to use in construction. The residues, initially

presenting a fine particle size (d50 = 0.4 mm), showed to

granulate readily and already after 30 min of reaction,

coarse aggregates (d50 = 4 mm) and significant CO2

uptakes (120–144 gCO2/kg) were attained [30]. In addi-

tion, the pH and Ba concentrations measured in the lea-

chates of the uncrushed granules showed a noteworthy

decrease compared to those resulting from the untreated

slag, while conversely a slight increase of V leaching was

obtained [30]. However, the mechanical strength of the

granules, investigated applying the aggregate crushing

value (ACV) test [31], appeared to be quite poor and

inadequate for meeting the requirements for use in civil

engineering applications.

As for treatments that are effective in increasing the

mechanical performance of a material, alkali activation has

been widely investigated for those presenting high Ca and

Si (or Al and Si) contents, such as blast furnace slag or

pulverized coal fly ash [32]. In this process, the raw

material, usually amorphous and/or metastable, is mixed
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with a solution containing sodium or potassium hydrox-

ides, carbonates and/or silicates, in order to favour the

dissolution of the reacting species so to enhance hydration

reactions leading to the formation of a compact and strong

product [33, 34]. Recent studies tested the application of

alkali activation also on dicalcium silicate [35] and crys-

talline non-hydraulic steel manufacturing residues (i.e.

continuous casting slag and argon oxygen decarburisation

slag) [36]. In particular, the work of Salman et al. [36]

showed that treating slag by alkali activation coupled with

an initial period of steam curing at high temperature

allowed to achieve a dense and strong solid, consisting of a

calcium silicate hydrate matrix.

The objective of this study was to assess the perfor-

mance of a combined carbonation and granulation treat-

ment applied to basic oxygen furnace (BOF) steel slag with

the aim of producing secondary aggregates and of storing

CO2 in a solid and stable form. In order to improve the

mechanical properties of the product, the combination with

alkali activation was also tested in both the granulation and

combined granulation–carbonation tests. On the basis of

the results of tests performed on BOF slag pastes and

mortars employing different alkali activators [37], a

sodium hydroxide (NaOH) and sodium silicate (Na2SiO3)

solution was selected for the alkali activation experiments.

The effects of the treatments were assessed in terms of the

particle size distribution, CO2 uptake, mechanical strength

(as ACV) and leaching behaviour at native pH of the

produced granules. In addition, the reactivity of the BOF

slag sample towards CO2 was investigated performing

preliminary batch wet carbonation tests applying different

operating conditions. Furthermore, key operating parame-

ters such as the reaction time and the amount of liquid

agent used were varied and tested for the combined process

in order to investigate their effect on the final properties of

the granules and assess the conditions that may allow to

achieve the best technical and environmental performance.

Materials and Methods

Materials

The slag sample employed in this study was collected just

downstream of two different basic oxygen furnaces (BOF)

units of an integrated cycle steelmaking plant. The material

was crushed and subjected to magnetic separation for iron

and steel recovery at the plant. The particle size of the

untreated material (around 20 kg) resulted lower than

1 mm, with a mean diameter equal to 0.2 mm.

The elemental composition of the BOF slag was deter-

mined by alkaline fusion of the dried sample with lithium

metaborate (LiBO2) in platinum melting pots at 1050 �C

for 1 h, followed by dissolution of the molten material with

a 4% HNO3 solution and subsequent ICP-OES analysis of

the obtained solution, employing an Agilent 710-ES

spectrometer. This analysis was carried out in triplicate.

The results, reported in Table 1, showed that Ca and Fe

were the main constituents, with concentrations equal to

268 and 223 g/kg, respectively, followed by Mg (43 g/kg),

Mn (31.3 g/kg) and Si (16 g/kg). As for trace constituents,

similarly to what reported for other types of steelmaking

slags, noteworthy concentrations of Cr (0.73 g/kg), Ba

(0.7 g/kg) and V (0.47 g/kg) were retrieved. The mineral-

ogy of the slag resulted very similar to that of samples

analysed in a previous work, which were collected just

downstream of the BOF units of the same plant (termed in

that work as BOF1) [28]. The main phases detected were

silicates, i.e. larnite (Ca2SiO4) and hatrurite (Ca3SiO5), and

oxides, such as magnesium oxide (MgO), a mixed Ca–Al–

Fe oxide (Ca2Fe1.4Al0.6O5), a mixed Ca–Cr–Fe oxide

(Ca2Cr0.5Fe1.5O5), wüstite (FeO) and magnetite (Fe2O3).

The activating solution used in this study was a 50:50 by

weight mixture of a 2 M sodium hydroxide (NaOH) solu-

tion, prepared by dissolving NaOH pellets (Fisher Scien-

tific, 99.4% purity) in deionized water, and a commercial

sodium silicate solution in water (Sigma-Aldrich), the

concentration of silicates of which, evaluated by ICP-OES

analysis, resulted equal to 36%.

Methods

Granulation and Granulation–Carbonation Experiments

Both the granulation and granulation–carbonation experi-

ments were carried out in a lab scale disc granulator reactor

presenting a diameter of 0.3 m and a height of 0.23 m,

equipped with a blade and operated at 24 rpm applying a

tilt of 50� during all experiments [30].

In both types of tests, a sample of air-dried slag (ap-

proximately 500 g) was premixed in a plastic bag with

either deionized water or the alkaline solution, at set liquid

to solid ratios, following the procedure adopted in many

Table 1 Elemental composition of the untreated BOF slag expressed

on a dry weight basis

Element (g/kg) Element (g/kg)

Al 8 Fe 222.71

Ba 0.7 Mg 42.55

Ca 268.12 Mo \0.003

Cd 0.17 Mn 31.31

Cr 0.73 Si 15.77

Cu 0.14 V 0.47

Zn 0.15
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previous studies on granulation [38, 39]; then the mixture

was inserted into the granulator and left to react for a set

time. For the granulation–carbonation treatment a 100%

CO2 flow was maintained in the reactor for the entire

duration of the experiment, placing a custom made Perspex

lid equipped with a CO2 feeding system over the reactor

[30].

Table 2 reports a general overview of the performed

experiments and of the operating conditions applied. Each test

is identified with a code that is used to present and discuss the

results in the next section. As it may be observed, the duration

of the granulation tests was of 30 min, while for the combined

granulation–carbonation tests also a reaction time of 60 min

was adopted. The water to slag ratio (W/S) employed in most

experiments was of 0.12 l/kg, which was experimentally

proven to be the optimal value for granulating the analysed

BOF slag sample; for the granulation–carbonation tests car-

ried out on alkali activated slag a higher W/S (0.14 l/kg) was

also tested. The ratios of alkali activation solution to slag

(AA/S) employed were 0.16 l/kg (baseline condition) or

0.18 l/kg (for the 0.14 l/kg W/S). The product of each test

was cured in a controlled environment (room temperature and

100% relative humidity) for 28 d in order to allow the com-

pletion of hydration reactions. Given the relatively large

amount of slag treated in each test (500 g), not all experiments

were carried out in duplicate. However, the products resulting

from duplicate tests carried out under the same operating

conditions (e.g. GC600_AA_W/S = 0.14) presented quite

similar properties in terms of particle size and CO2 uptake,

indicating a fair reproducibility of the experimental procedure

adopted.

Batch Carbonation Experiments

Batch accelerated carbonation tests were performed

employing 100% CO2 on the as-received BOF slag sample

at mild operating conditions (T = 20 �C, p = 1 bar,

L/S = 0.3 l/kg), close to those applied in the granulation

tests, in order to evaluate possible changes in the CO2

uptake resulting from the different reaction mode adopted

(batch or granulation–carbonation). In addition, carbona-

tion tests were also performed applying the same operating

conditions reported above but using the alkali solution

tested in the granulation–carbonation experiments to wet

the samples, in order to assess if the alkali solution

employed in the granulation–carbonation tests may exert

an effect on the CO2 uptake of the residues.

Moreover, batch carbonation tests were carried out on

the as received slag and on a milled sample

(d\ 0.125 mm), at enhanced operating conditions

(T = 50 �C, p = 10 bar, L/S = 0.3 l/kg). These specific

conditions were selected since in previous works carried

out on steelmaking slag they allowed to achieve significant

CO2 uptakes applying the wet carbonation route

[25, 26, 29]. In this case, the aim of the test was to assess

the maximum reactivity of this residue towards CO2, in

order to compare it with those obtained in previous works

and with the value obtained from the granulation–carbon-

ation tests. In each test, carried out in a pressurized stain-

less steel reactor equipped with a 150 ml internal Teflon

jacket and placed in a thermostatic bath for temperature

control, three 1 g slag samples were mixed with water at

the set L/S and exposed to a 100% CO2 flow for different

reaction times, ranging from 0.5 to 8 h. The humidity of

the gas was maintained at 75% using a saturated NaCl

solution in the reactor. Considering that for each set of

operating conditions multiple reaction times were tested

and that the results showed to be quite consistent, in

agreement also with previous findings [26–29], one test

was performed for each reaction time.

Characterization of Treatment Products

The particle size distribution, CO2 uptake, mechanical

strength and environmental behaviour of the cured samples

Table 2 Summary of the main

parameters adopted for the

experiments (W/S: water to slag

ratio; AA/S: alkali activation

solution to slag ratio)

Experiment code Reaction

time (min)

Binder type W/S ratio (l/kg) AA/S

ratio (l/kg)

Granulation tests

G_W 30 Deionized water 0.12 –

G_AA 30 Alkaline activator 0.12 0.16

Granulation–carbonation tests

GC_W 30 Deionized water 0.12 –

GC600_W 60 Deionized water 0.12 –

GC_AA 30 Alkaline Activator 0.12 0.16

GC600_AA 60 Alkaline Activator 0.12 0.16

GC_AA_W/S = 0.14 30 Alkaline Activator 0.14 0.18

GC600_AA_W/S = 0.14 60 Alkaline Activator 0.14 0.18
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were then assessed and compared (where applicable) to the

properties of the untreated slag.

Specifically, the particle size distribution was deter-

mined by applying the ASTM D422 standard procedure.

The CO2 uptake of the treated slag was assessed on the

basis of the results of Inorganic Carbon (IC) analysis that

was performed with a Shimadzu TOC VCPH analyser

equipped with a SSM-5000A solid sampler. The CO2

uptake was then calculated by applying Eq. (2), in which

CO2final and CO2initial represent respectively the CO2 con-

tent of the treated and as received sample derived by the

results the IC analysis. In particular, the initial IC content

of the slag resulted equal to 0.03%, which corresponds to

an initial CO2 concentration of 0.1%. The CO2 uptake of

the granules was assessed immediately after the test and

also after 7 and 28 d of curing to evaluate the degree of

carbonation occurring during the curing treatment (per-

formed under atmospheric air at ambient temperature).

CO2uptake %ð Þ ¼ CO2final %ð Þ � CO2initial %ð Þ
100 � CO2final %ð Þ 100 ð2Þ

The mechanical strength of the granules was evaluated

by performing the aggregate crushing value (ACV) test,

following the British standard BS 812-110 [31]. This test

gives a relative measure of the resistance of an aggregate to

crushing under a gradually applied compressive load. The

ACV is the ratio (expressed in %) between the amount of

fines formed upon crushing and the total mass of the test

specimen.

The leaching behaviour of the granules was evaluated

following the EN 12457-2 standard compliance test that

involves grinding the fraction of the material presenting a

grain size above 4 mm. In addition, the leaching behaviour

of the granules obtained after each treatment was also

assessed by applying the EN 12457-2 procedure without

grinding, so to analyse the behaviour of the material under

more similar conditions to the foreseen application sce-

nario. Specifically, for each experiment, the leaching test

was performed on a subsample of the product presenting a

particle size distribution representative of the overall one of

the granules reported in Fig. 1. The eluates obtained from

each test were analyzed by ICP-OES analysis, employing

an Agilent 710-ES spectrometer. Leaching tests were car-

ried out in duplicate.

Results

Particle Size Distribution

The particle size distribution (PSD) of the granules pro-

duced applying the different types of treatments is reported

in Fig. 1, together with that of the untreated BOF slag. As

can be observed, the granules produced by granulation with

water (G_W) or the sodium silicate solution (G_AA) pre-

sented a similar PSD with a mean diameter of 10 and

13 mm respectively, over 50 times greater than that of the

untreated slag.

In accordance to the findings of our previous study on

granulation–carbonation of BOF slag [30], the aggregates

produced from the combined treatment applied using water

(GC_W) or the alkali activator (GC_AA) as binder pre-

sented a smaller particle size compared to those resulting

from granulation carried out under atmospheric air; this

effect may be probably ascribed to the different conditions

established in the reactor (e.g. temperature and relative

humidity) under a continuous flux of CO2.

However, an increase in the reaction time from 30 to

60 min resulted in a decrease of the mean diameter of the

water-based granules, passing from 3 to 2 mm, differently

from what found in our previous work [30]. This slight

decrease in mean particle size may be tentatively ascribed

to a breakage phenomenon occurring during the granula-

tion process as a result of friction between particles [40]. In

the combined granulation–carbonation tests, mixing the

slag with the activator produced smaller granules, with a

mean diameter slightly above 1 mm. This behaviour is

consistent with the results of a previous study [38] that

indicated that a more viscous binder generally produces

stronger granules that tend to deform less during the

granulation process leading to a reduction of the consoli-

dation rate and subsequently of their growth. For this type

of test the W/S appeared to exert a stronger influence than

reaction time. In particular, increasing the W/S value from

0.12 to 0.14 l/kg led to a maximum final mean diameter

around four times higher than the one obtained at a lower

liquid content. For the W/S of 0.14 l/kg, a slight decrease

of the mean diameter of the granules occurred for a reac-

tion time of 60 min, in accordance to the results of the
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Fig. 1 PSD of the untreated slag and of the granules obtained after

the tested treatments (see Table 2 for the explanation of the

experiment codes reported in the legend)

Waste Biomass Valor (2017) 8:1381–1391 1385

123



granulation–carbonation tests carried out with water, sug-

gesting also in this case that breakage may occur during the

treatment for prolonged reaction times.

CO2 Uptake

The CO2 uptake obtained as a result of the different types

of tested treatments is reported in Fig. 2. It can be observed

that regardless of the type of binder used the CO2 uptake of

the granules achieved after the granulation treatment was

very low. The average CO2 uptake of the granules pro-

duced by the combined granulation–carbonation treatment

was significantly higher, with values equal to almost 2.3

and 3% for the granules containing water (GC_W) and the

alkali activator (GC_AA), respectively. The CO2 uptake of

both types of tests showed to increase for a 60 min reaction

time,. As for the influence of the W/S, for the tests carried

out with the higher value (0.14 l/kg) a lower CO2 uptake

(especially for the 30 min test) was obtained.

To assess if there could be a possible effect of curing on

the CO2 sequestration yield of the material, the CO2 uptake

of the granules obtained from each of the performed tests

after 7 and 28 days of curing was also analyzed and the

results are reported in Fig. 3. As can be noted, for all of the

samples obtained after a treatment time of 30 min,

including those from granulation tests carried out under

atmospheric air (G_W and _AA), the CO2 uptake showed

to slightly increase after 7 days. For higher curing times

instead, the CO2 uptake showed not to increase. These

results suggest that the BOF slag phases that can be car-

bonated under ambient conditions react completely either

after a carbonation-granulation time of 60 min or after

30 min and a few days of curing at ambient conditions.

It should be noted that the BOF slag employed in this

study presented a significantly lower CO2 uptake at the

operating conditions of the granulation reactor compared to

that exhibited by the slag sampled from the same plant and

tested in our previous work on granulation–carbonation

[30]. The differences in the degree of reactivity with CO2

were attributed to the different mineralogy of the two types

of slag; as previously mentioned, the ones analyzed in this

work were characterized by a prevalence of Ca silicate-

based phases, while the others presented a relevant content

of portlandite, that is well known to present a high reac-

tivity with CO2 also at mild operating conditions.

In order to compare the CO2 uptakes achieved for the

BOF slag analyzed in this study with those reported pre-

viously for steel slag samples carbonated applying the wet

route, batch carbonation tests were also carried out. The

main results of these tests, reported in Fig. 4, revealed low

differences in the carbonation yield attained at mild and

enhanced operating conditions for the as received slag (i.e.

not milled). Grain size instead appeared to significantly

affect the slag’s reactivity with CO2, in agreement with

findings reported in a previous work on stainless steel slag

carbonation [41]. Indeed, the carbonation test carried out at

enhanced conditions on the milled slag allowed to achieve

a maximum uptake of almost 15% already after 2 h of

reaction, comparable to that reported for a similar type of

BOF slag, milled below 0.15 mm [28]. In addition, it is

interesting to observe, see Fig. 4a, that the results of car-

bonation tests carried out at ambient conditions on milled

slag using the alkaline solution as a wetting agent were

similar to the ones obtained for the samples treated under

the same conditions without the alkaline additives; how-

ever, the values obtained at low treatment times (up to

60 min) were slightly higher, in agreement with the results

of granulation–carbonation tests. Comparing the results of

the batch tests with those of granulation–carbonation, it can

be noted that for the same operating conditions, the CO2

uptake in the latter tests was almost double than that
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Fig. 2 CO2 uptake of the granules obtained after the tested

treatments (see Table 2 for the explanation of the experiment codes
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achieved in the former ones (around 3% compared to

1.5%). This is noteworthy, considering that in the granu-

lation–carbonation tests a considerable amount of material

(&500 g) was tested compared to the 1 g-BOF samples

treated in the batch reactor. This difference may be due to

the fact that the granulation–carbonation tests were carried

out in a dynamic device, which may improve the kinetics

of CO2 diffusion and carbonation reactions, with respect to

static conditions.

Mechanical Strength

The results in terms of the ACV of the produced granules

are shown in Fig. 5, in which the average values typically

reported for mixed gravel and blast furnace slag [31] are

also indicated. The mechanical resistance of the granules

showed to be affected both by the type of binder used and

by carbonation. Namely, the granulation treatment with

alkali activation allowed to enhance the strength of the

obtained granules, leading to an ACV value of 15%, con-

siderably lower than the one obtained using only water as

binder (around 45%) and also below the one for mixed

gravel. Instead, for the granules resulting from the com-

bined granulation–carbonation treatment with a W/S of

0.12 l/kg, the ACV remained above 35% even for the alkali

activated slag, indicating a rather poor mechanical perfor-

mance. However, an increase in the amount of alkali binder

showed to significantly improve the resistance of the

granules; in fact, the granules obtained from test

GC_AA_W/S = 0.14 were characterized by an ACV about

half the value achieved using a W/S of 0.12 l/kg. It is also

interesting to note that an increase of the reaction time

showed to reduce the granules strength for both of the W/S

tested for alkali activated slag and also for the tests carried

out with water. The lower strength of the granules obtained

at 60 min reaction time may explain their lower particle

size compared to those obtained at 30 min, as they were

more amenable to breakage due to friction. Hence, on the

basis of the results achieved, also in comparison to the

values reported for mixed gravel or blast furnace slag, it

may be inferred that the granules produced with granula-

tion and alkali activation, or granulation–carbonation and

alkali activation at a W/S of 0.14 l/kg, exhibited adequate

strength for use as aggregates for treatment times of

30 min.

Leaching Behaviour

Table 3 reports the results of the leaching test performed

according to the standardized EN 12457-2 leaching test

(which foresees the crushing of material with a particle size

[4 mm) on the products attained from the different treat-

ments tested in comparison to those of the untreated slag.

Specifically, the table exhibits the pH values and eluate

concentrations of major constituents (Al, Ca, Na and Si)

and regulated elements that proved higher than instru-

mental quantification limits (Ba, Cr, V and Zn) along with

the Italian limits for waste reuse [7]. For the granulation–

carbonation with alkali activation treatment, based on the
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ACV results, it was decided to analyze the leaching

behaviour of the granules obtained from the test carried out

at a W/S of 0.14 l/kg, which appeared to be the most

suitable for construction applications; in addition, to ana-

lyze the effect of the duration of the treatment, the product

obtained for the same conditions after 60 min

(GC600_AA_W/S = 0.14) was also analyzed. As shown in

Table 3, the untreated material was characterized by an

alkaline pH (13.1), which exceeded the upper Italian limit

for reuse, and limited leaching of regulated elements,

which showed to comply with reuse requirements. The

product of the granulation treatment carried out with water

(G_W) presented a similar leaching behaviour to the

untreated slag. Instead, for the granules obtained from the

test performed with the alkali solution (G_AA), the pH

slightly decreased (remaining above the Italian limit for

reuse), Ca, Ba, and Cr release decreased, while Si and Na

leaching increased. The higher concentration of Na was

obviously due to the addition of the Na hydroxide/silicate

solution, while the effects on both major and trace con-

stituents’ release may be related to the hydration reactions

occurring in the material. As for the effects of carbonation,

the treatment without alkali activation (GC_W) appeared to

exert a similar effect on pH, Ca, Ba and Cr release com-

pared to G_AA, although a higher mobilization of Al and

Si was observed. The coupling of granulation–carbonation

with alkali activation appeared to affect even greatly the

leaching behaviour of the BOF slag. In particular, the

effects noted for test GC_W on major element release (i.e.

Ca decrease and Si increase) were even more pronounced;

regarding regulated elements, Ba release further decreased,

while instead Cr and V leaching increased, exceeding the

reuse limit values for the 60 min treatment.

As mentioned in ‘‘Characterization of Treatment Prod-

ucts’’ section, the same type of leaching test was applied

also to the uncrushed granules obtained after all of the

tested treatments in order to evaluate the behaviour of the

product at its final particle size (since this parameter is

known to significantly affect leaching) and also to verify if,

as indicated by the results of our previous study on gran-

ulation–carbonation, the effects of carbonation are more

appreciable for unground samples due to the formation of a

calcite layer on the treatment product. The results of these

tests are reported in Fig. 6. In terms of pH values, see

Fig. 6a, results were quite comparable to those obtained

from the standard EN 12457-2 test. The influence of the

carbonation-granulation treatment on the pH values was

not relevant, except for the test carried out for 60 min, for

which the pH was lower than 12, i.e. over one unit lower

than the untreated slag and complying with the threshold

value set by the Italian legislation for waste reuse.

As for major element release, see Fig. 6b, the release of

Al showed to increase after all the treatments tested with

respect to the untreated slag. Moreover, it can be observed

that after the carbonation-granulation treatment, the release

of aluminium showed to decrease for increasing reaction

time, regardless the type of binder used. With regard to the

leaching of Ca, the alkali-based carbonated granules were

characterized by a one order of magnitude lower concen-

tration than the granules mixed with water; besides,

increasing the amount of the alkaline binder further

reduced the concentration of calcium in the eluates. The

concentration of Na was obviously affected by alkali

activation with a more than two orders of magnitude

increase compared to experiments carried out using only

water as binder. The concentration of Si in the eluates of

the granules obtained from the granulation treatment in the

presence of the alkali activator resulted over one order of

magnitude higher than that of the untreated slag and also

notably higher than that of the granules obtained with

water. In addition Si release further increased after gran-

ulation–carbonation treatment of alkali activated slag.

Previous studies that analysed the effects of carbonation on

the leaching behaviour of steel slag by geochemical mod-

elling also found similar effects on Ca and Si leaching and

indicated calcite, the reaction product, and amorphous

SiO2, resulting from calcium silicate dissolution, as solu-

bility controlling phases for the carbonated slag [9, 10].

Table 3 EN 12457-2 leaching test results for the untreated slag and the crushed granules obtained from the different tests compared to the Italian

limits for reuse (Italian Ministerial Decree 186, 2006)

pH Al mg/l Ca mg/l Na mg/l Si mg/l Ba mg/l Cr mg/l V mg/l Zn mg/l

Untreated 13.13 0.11 915.2 1.67 0.13 0.36 0.01 \0.003 0.03

G_W 13.09 0.07 1001.3 2.97 0.24 0.4 0.01 \0.003 0.03

G_AA 12.85 0.11 480.62 510.2 0.35 0.18 0.003 \0.003 0.02

GC_W 12.75 0.48 401.39 2.02 1.11 0.17 0.004 \0.003 0.02

GC_AA_W/S = 0.14 12.89 0.48 69.17 667 2.49 0.03 0.05 \0.003 0.03

GC600_AA_W/S = 0.14 12.29 0.52 14.59 503 101.8 0.003 0.11 1.26 0.07

Limit for reuse (It. D.M. 186/2006) 5.5–12 – – – – 1 0.05 0.25 3
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Anyhow, in this case, we cannot rule out solubility control

by hydration phases (e.g.: CSH).

As for the effects of the applied treatments on the

leaching of regulated elements, see Fig. 6c, it may be noted

that for Ba, the alkali activated granules obtained from both

granulation and granulation–carbonation, displayed a more

than one order of magnitude lower release than the corre-

sponding granules obtained at the same conditions by

mixing the material with water; this effect appeared to be

more remarkable for a 60 min reaction time. As far as Cr is

concerned, it can be observed that while granulation,

granulation with alkali activation or granulation–carbona-

tion showed to reduce its release compared to the untreated

slag, the coupling of alkali activation with carbonation led

to an increase in concentration above the limit for reuse

(0.05 mg/l) for all of the tested conditions. A similar

behaviour was observed also for the release of vanadium,

with the exception of the granules obtained from test

GC_AA_W/S = 0.14. It is interesting to note that the

leaching pattern resulting for V for all of the different

experimental tests was very similar to that found for Si. In

a previous study on BOF slag carbonation V was shown to

be incorporated in Ca silicate phases such as larnite that

react during carbonation leading to a significant increase in

both Si and V release [42]. It is hence possible that also in

this case V was bound to phases that react during the tested

treatments, granulation–carbonation with alkali activation

in particular.

Assessment of the Overall Performance

of the Tested Treatments for Aggregate Production

The results of the different types of tests performed on

BOF slag to produce secondary aggregates for use in

construction applications are schematically reported in

Fig. 7. As can be noted, none of the treatment combina-

tions investigated allowed to attain all of the 5 targeted

conditions, related to requirements for use as aggregates

(particle size, eluate pH, release of regulated elements and

mechanical strength) and additional environmental benefits

in terms of potential reductions of greenhouse gas emis-

sions due to CO2 storage. Specifically, while all of the

tested treatments appeared to be effective in increasing the

material’s particle size, only the addition of alkali activa-

tion allowed to attain granules with a suitable mechanical

strength. Carbonation proved necessary for achieving sig-

nificant CO2 uptakes and also for attaining a relevant

reduction in eluate pH. Finally, the coupling of the three
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treatments appeared to exert positive effects for all of the

analyzed properties of the product except for the leaching

of regulated elements such as Cr and V.

However, considering only the requirements for use as

secondary aggregates, the treatment that appears to be the

most effective for the investigated BOF slag is granulation

coupled with alkali activation, also considering that the

requirement of eluate pH below 12 established by the

Italian legislation may not be in force in other countries.

Conclusions

The main outcome of this work was that alkali activation

proved to be an effective treatment for improving the

mechanical properties of the granules obtained applying

granulation or granulation–carbonation processes. In fact,

differently from the tests performed using only water as

binder, when a Na hydroxide and silicate solution was

employed, the ACV of the granules obtained at specific

conditions was close to the one typically exhibited by

natural aggregates such as gravel. Notably, the best per-

formances were achieved for the granulation treatment and

the combined granulation–carbonation process performed

with a W/S of 0.14 l/kg for 30 min. The latter type of

treatment allowed also to achieve a significant uptake of

carbon dioxide, with a maximum value of 4% wt.,

achieved after 60 min and 7 days curing with the alkali

activated slag at a W/S ratio of 0.12 l/kg. Moreover, the

granules obtained from of all of the tested treatments, and

in particular granulation and granulation coupled with

alkali activation, showed a remarkable increase in particle

size with respect to the starting material. Finally, regarding

the environmental behaviour of the produced granules, an

increase in the release of Cr and V was observed for the

product of the granulation–carbonation treatment with

alkali activation. Instead, granulation with alkali activation

or granulation with carbonation showed to decrease the

release of Ba and Cr with regard to the untreated residues.

Hence, the results of these preliminary combined tests

indicate the potential feasibility of applying the proposed

treatments on BOF slag to obtain a product with enhanced

mechanical properties. However, the amount and type of

binder used, as well as treatment time appear to be critical

parameters for the mechanical properties and also envi-

ronmental behaviour of the product. Future studies will

also need to assess the overall environmental, as well as

economical, sustainability of these treatment processes for

secondary aggregates production, since the production of

chemical agents such as sodium hydroxide has non negli-

gible environmental impacts. With this regard, it could be

interesting to investigate the performance of alternative

alkali activating reagents obtained from waste streams.
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