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A B S T R A C T

Aqueous!carbonation!emerged!as!a!valuable!technique!to!easily!induce!carbon!capture!in!Basic!Oxygen!Furnace!
(BOF)!steel!slag.!Nevertheless,!there!is!an!increasing!need!for!novel!mineralisation!processes!that!are!aimed!at!
enhancing! the! reactivity!of!carbonated!powder! to!promote! their!employment!as! supplementary!cementitious!
materials! (SCM)! in!cement!blends.!This!paper! investigates!an! innovative!process! that! integrates! the! leaching!
behaviour!of!an!acetic!acid!suspension!with!the!CO2!mineralisation.!The!aim!is!to!develop!a!process!that!en-
hances! the!pozzolanic!reactivity!of!the!carbonated!particles,! improves! their!microstructure!and!promotes!the!
formation!of! calcium!acetate! contributing! to! the! strength!development.!The!analysis! is! conducted! through!a!
holistic!approach,!investigating:!the!calcium!extraction!capacity,!the!CO2!mineralisation!process,!the!hydration!
mechanisms!and!the!mechanical!performance!of!cement!blends!that!include!the!treated!powder.!The!results!are!
compared!with!studies!from!the!literature!as!well!as!with!the!performance!of!standardised!cement.!The!study!
shows! that! leaching!pre-treatment! in!acetic!acid!exerts!a! substantial! in"uence!on! the!hydraulic! reactivity!of!
carbonated! BOF.! It! induces! the! formation! of! less! compact! calcium! carbonate! layers!with! consequent! higher!
portlandite!consumption!and!bound!water.!Moreover,!it!results!in!the!formation!of!calcium!acetate!salt,!which!
promotes!the!reactivity!in!cement!blends.!In!fact,!the!compressive!strength!at!28!days!of!cementitious!samples!
including!20%!of!treated!powder!achieves!up!to!about!96%!of!plain!cement.!At!the!same!time,!the!carbonation!
degree!remains!relevant!with!CO2!uptake!of!16.2%!in!the!most!reactive!samples.

1. Introduction

The!cement!industry!is!currently!responsible!for!approximately!8%!
of!annual!global!anthropogenic!CO2!emissions![1].!The!primary!sources!
of!these!emissions!are!the!calcination!of!limestone!to!produce!clinker,!
accounting!for!approximately!two-thirds!of!the!total,!and!the!combus-
tion! of! fossil! fuels,! constituting! around!one-third.! The! combustion! is!
essential! for!maintaining! the! elevated! operating! temperatures! of! the!
kiln,!which!frequently!exceed!1400◦C![2].!As!asserted!by!the!Interna-
tional!Energy!Agency!(IEA),!the!approximate!quantity!of!CO2!generated!
per! ton! of! cement! is! 0.60! tons! [3].! Despite! the! relatively!moderate!
speci#c!emissions,!a!signi#cant!contribution!to!global!CO2!production!is!
nevertheless!made.!This!phenomenon!can!be!attributed!to!the!extensive!
utilisation!of!concrete!as!a!construction!material,!with!cement!consti-
tuting!approximately!10%!of!the!total!mass.!Indeed,!commencing!from!

1950,!cement!consumption!has!increased!tenfold![4] and!it!is!predicted!
to!increase!further!by!12–23%!by!2050!in!comparison!to!2018!levels![1].!
As!global!infrastructure!demand!continues!to!rise,!reducing!the!carbon!
footprint! of! cement! production! has! become! a! critical! challenge! for!
achieving!international!climate!targets.!In!an!effort!to!limit!the!contri-
bution!of!cement!to!global!warming!issue,!the!European!Cement!Asso-
ciation! has! devised! a! comprehensive! roadmap.! This! roadmap!
meticulously!delineates!the!potential!strategies!that!could!be!employed!
to!achieve!carbon!neutrality!within!the!cement!sector.!These!strategies!
encompass! a! range! of! approaches,! including! clinker! substitution! and!
carbon!capture!and!utilisation!(CCU)![5].

The! utilisation! of! natural! alternative! binders! or! industrial! by-!
products!exhibiting!hydraulic!and/or!pozzolanic!behaviour!in!cement!
blends!has!been!proposed!as!a!strategy!to!reduce!clinker!usage.!The!most!
widely! adopted! supplementary! cementitious! materials! (SCMs)! are!
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limestone,!ground-granulated!blast!furnace!slag!(GGBS)!and!coal!"y!ash!
[6].!A!number!of!other!materials!have!been!adopted!in!smaller!quanti-
ties.!These!include!silica!fume,!natural!pozzolans,!calcined!clay!and!a!
range! of! amorphous! or! poorly! crystalline!materials! containing! silica,!
alumina!and/or!lime![7].!Despite! the!fact! that!the!utilisation!of!SCM!
constitutes!an!effective!strategy!for!reducing!clinker!usage,!the!limited!
supply!of!materials,!particularly!GGBS!and!"y!ash,!represents!the!pri-
mary!constraint!to!further!reducing!the!CO2!emissions!of!the!sector.!In!
order! to! meet! the! increasing! demand! for! cement,! it! is! necessary! to!
explore!new!sources!of!SCM.!Industrial!residue,!such!as!the!slag!resulting!
from!steel!production,!may!be!considered!a!potential!SCM.!This!is!due!to!
the!chemical!composition!of!the!residue,!which!contains!a!signi#cant!
presence!of!free!lime!and!calcium!silicate.!Nevertheless,!the!presence!of!
heavy! metals! in! steel! slag! imposes! limitations! in! its! applications.!
Furthermore,!also!the!utilisation!of!slag!with!a!reduced!metal!content!is!
constrained!by!its!diminished!hydraulic!reactivity,!which!is!attributable!
to! the!slow!cooling!process! that!hinders! the! formation!of!amorphous!
phases![7].!In!addition,!a!signi#cant!concern!pertains!to!the!substantial!
presence! of! CaO/MgO,! which! has! been! observed! to! induce! volume!
instability!issues.!Consequently,!further!research!is!required!to!enhance!
the!reactivity!of!steel!slag!for!utilisation!as!SCM.

CO!"mineralisation!has!emerged!as!a!promising!strategy!to!support!
net-zero!emission!goals.!Mineralisation!enables! the! transformation!of!
gaseous!CO!"into!stable!carbonate!phases,!thereby!ensuring!permanent!
carbon! storage.! A! particularly! attractive! route! involves! the! aqueous!
carbonation!of!industrial!byproducts!in!the!form!of!powder,!such!as!steel!
slags! [8],! cement!by-pass!dust! [9],! and!other! alkaline! residues! [10].!
These! materials! are! rich! in! CO2! reactive! calcium-! and!
magnesium-related!compounds! that!can!be!easily!converted! into!car-
bonates!with!signi#cant!carbonation!degree!values!being!achieved!even!
under!mild! operational! conditions.! This! allows! to! permanently! store!
CO2,!and!to!remove!the!volume!instability!issues!related!to!the!presence!
of! free! lime.! The! study! from!Bonfante! et! al.! (2025)! reported! on! the!
mineralisation!ef#ciency!of!a!large!variety!of!industrial!wastes!processed!
via!aqueous!mineral!carbonation![11].!The!#ndings!demonstrate!that!
the!carbonation!degree!at!ambient!temperature!and!pressure!conditions!
can!reach!up!to:!45%!for!basic!oxygen!furnace!(BOF)!slag,!40%!for!ladle!
furnace!(LF)!slag,!29%!for!electric!arc!furnace!(EAF)!slag,!82%!for!argon!
oxygen!decarburization!(AOD)!slag,!66%!for!cement!b-pass!dust!(CBPD)!
[9,12–15].

In!addition!to!its!capacity!to!sequester!CO2,!mineralisation!has!been!
demonstrated!to!modify!the!mineral!composition!and!the!morphology!of!
the! particles.! These! alterations! may! have! direct! implications! on! the!
reactivity! of! the! powders.! Consequently,! recent! studies! have! investi-
gated!the!use!of!carbonated!industrial!by-products!as!a!partial!replace-
ment! in! cement! blends! [16–20].! The! #ndings! demonstrate! that!
reactivity! is! associated!with! the! composition!of! the!material! and! the!
extent!of!carbonation![21].!However,!the!capacity!of!the!carbonation!
process!to!enhance!hydraulic!or!pozzolanic!reactivity!has!been!demon-
strated![22].

Among!the!various!by-products,!BOF!slag!has!attracted!signi#cant!
attention!due!to!its!chemical!composition,!which!is!similar! to!that!of!
cementitious!materials![19,20].!Indeed,!in!addition!to!ferrous!phases,!
BOF!slags!primarily!comprise!calcium-related!phases,!including!calcium!
silicates,! free! lime,! and!portlandite.!However,! the! slow!cooling!often!
adopted! to! produce! the! waste! results! in! the! presence! of! calcium!
di-silicate,!often!in!the!crystalline!form!of!γ-C2S,!which!is!characterised!
by!low!hydraulic!reactivity![23].!The!utilisation!of!mineral!carbonation!
as!a!means! to!enhance! the!reactivity!of!BOF!slag! is!a!process! that! is!
gaining!attention.!Indeed,!the!process!of!extracting!calcium!from!sili-
cates!to!form!carbonates!has!been!shown!to!increase!the!availability!of!
silica,! thereby! facilitating! a! pozzolanic! effect! in! cementitious! blends!
[22].!Furthermore,!calcium!carbonate!has!been!observed!to!react!with!
calcium!aluminate! from!cements,! forming!monocarboaluminates! [21,!
24,25].! In! addition,! the! precipitation! of! carbonates! on! the! particle!
generates!a!rough!and!porous!structure!with!increased!surface!area.!This!

phenomenon!provides!additional!nucleation!sites!for!cement!hydrates!
[26],! and! it! may! also! induce! a! nano#ller! effect,! resulting! in! denser!
structures.! Li! et! al.! (2023)! [21] demonstrated! that! the! compressive!
strength! of! cementitious! pastes! incorporating! carbonated! steel! slag!
exhibited!an!increase!in!accordance!with!the!carbonation!degree!of!the!
powder.!However,!as!indicated!by!the!extant!literature,!even!subsequent!
to!carbonation,!the!BOF!slag!exhibits!a!low!amorphous!content,!being!
predominantly!characterised!by!stable!crystalline!phases![27].!There-
fore,!despite!the!con#rmation!of!the!capacity!of!carbonation!to!alter!the!
microstructure! and! chemical! composition! of! raw! steel! slag,! further!
research!in!this!#eld!is!necessary!to!enhance!the!reactivity!to!allow!the!
use!of!carbonated!BOF!as!a!cement!replacement![28,29].

The!treatment!of!the!steel!slag!in!acidic!suspensions!is!emerging!as!a!
possible!strategy!to!improve!the!reactivity!of!the!raw!material.!Recent!
studies!demonstrated!that!the!treatment!of!steel!slag!with!phosphoric!
acid! [30] or! formic! acid! [31] may! result! in! the!modi#cation! of! the!
microstructure!of!the!particles,!leading!to!an!increase!in!surface!area,!
and!consequently,!an!enhancement! in!hydration!reactivity.!Neverthe-
less,!the!utilisation!of!strong!acids!gives!rise!to!environmental!concerns!
and!safety!issues.!Moreover,!these!treatments!present!issues!related!to!
the!recovery!of!the!chemicals!utilised.!In!addition!to!the!other!chemicals,!
the!use!of!acetic!acid!was!investigated![32].!The!#ndings!emphasise!a!
bene#cial!effect!associated!with!the!alterations!in!the!morphology!of!the!
particle,!with! an! increase! in! super#cial! roughness! that! promotes! the!
growth!of! the!hydration!products.! In!addition! to!being!a!milder!acid!
when!compared!with!other!chemicals,! the!use!of!acetic!acid!has!also!
already!been!widely!adopted!in!indirect!carbonation!processes!of!steel!
slag.!The!purpose!of!this!use!is!to!promote!the!leaching!of!calcium!before!
the! exposure! to! CO2-rich! suspensions! [33].! These! processes! have!
demonstrated!the!capacity!to!enhance!the!extent!of!carbonation;!how-
ever,!the!effects!on!hydration!are!yet!to!be!thoroughly!investigated.

Recent!experimental!investigations!showed!that,!during!the!process,!
acetic!acid!may!react!with!the!leached!calcium!to!form!calcium!acetate!
[34].! It! has! been! demonstrated! that! the! presence! of! this! compound!
within!cement!blends!may!have!a!signi#cant!impact!on!the!hydration!
process.!In!fact,!the!mechanical!properties!of!mortar!samples!including!
the! steel! slag! treated!with!acetic!acid!were! found! to!be! enhanced! in!
comparison! to! the!samples! that!had!not!been! treated!with!acid.!This!
phenomenon!can!be!attributed!to!the!presence!of!calcium!ions!in!cal-
cium! acetate,! which,! during! the! hydration! process,! #ll! the! pores! in!
cement!paste.!Moreover,!a!sharp!increase!in!strength!has!been!observed!
after!28!days!of! curing! suggesting! that! calcium!acetate! strongly!pro-
motes!the!late-stage!reactions,!such!as!C2S!hydration!and!the!pozzolanic!
reactions![35].!It!has!also!been!emphasised!that!high!acidic!concentra-
tions!reduce!the!pH!of!the!cement!paste,!thereby!hindering!the!hydration!
process.! Therefore,! it! is! imperative! that! the! dosage! of! acetic! acid! is!
accurately! de#ned! in! order! to! ensure! that! the! bene#cial! effects! are!
optimised.

The!state!of!the!art!indicates!that,!despite!the!prevalence!of!research!
focusing! on! treatments! to! enhance! BOF! reactivity,! or!mineralisation!
processes! to! optimise! carbon! capture,! there! paucity! of! studies! that!
address! integrated! processes! capable! of! meeting! both! the! aforemen-
tioned! requirements.! In! order! to! address! this! gap,! the! present! paper!
proposes! an! innovative! carbonation! process,! with! the! objective! of!
enhancing! the! reactivity! of! BOF! steel! slag,! whilst! ensuring! that! the!
relevant!extent!of! carbonation! is!maintained.!The!process! entails! the!
utilisation!of!a!pre-treatment!in!acidic!conditions,!subsequently!followed!
by!aqueous!carbonation.!Acetic!acid!has!been!selected!for!use!in!this!
process,!as!it!allows!for!the!selective!leaching!of!calcium,!thus!avoiding!
the!environmental!concerns!associated!with!the!utilisation!of!stronger!
acids!that!are!associated!with!the!leaching!of!heavy!metals![36].!The!
novelty!of!the!study!lies!in!the!process!itself.!In!fact,!in!contradistinction!
to! the! conventional! indirect! carbonation!process,!which! involves! the!
separation!of!solid!residue!from!the!leached!suspension!to!yield!pure!
calcium!carbonate,!this!method!is!conducted!in!a!single!step!by!directly!
carbonating!the!acidic!suspension.
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The!present!study!employs!a!systematic!approach!that!encompasses!a!
range! of! techniques! of! investigation,! extending! from!microstructural!
levels!to!the!strength!of!hardened!products.!The!methodology!has!been!
established!with!the!objective!of!demonstrating!the!advantageous!effects!
associated!with!the!process.!These!include!the!enhancement!of!pozzo-
lanic!reactivity!of!the!particles!due!to!the!leaching!process,!which!re-
duces!the!calcium!content!of!silicates.!Simultaneously,!the!precipitation!
of!calcium!carbonate!during!the!carbonation!process!that!increases!the!
roughness! of! the! particles,! thereby! affecting! the! hydration! process.!
Furthermore,!the!formation!of!calcium!acetate!that!further!contributes!
to!the!enhancement!of!the!strength!of!the!processed!powder.!Concur-
rently,!this!process!promotes!the!partial!utilisation!of!the!acid!in!the!#nal!
product,!thereby!reducing!issues!related!to!recovery.

The! results! demonstrate! that! the! proposed! method! is! a! valuable!
process! to! valorise! the! steel! slag,! promoting! carbon! capture! and! hy-
dration!capacity!concurrently.!The!incorporation!within!cement!blends!
of!a!reused!material!represents!a!signi#cant!development,!paving!the!
way!for!a!comprehensive!strategy!that!is!aimed!at!reducing!the!envi-
ronmental!impact!of!the!entire!cement!value!chain.!In!this!sense,!the!
single-step!process!of!the!treatment!facilitates!its!applicability!in!existing!
industrial!systems.

The!study!is!conducted!through!the!investigation!of!the!acetic!acid!
concentration,!with!the!objective!of!ascertaining!the!quantity!that!will!
optimise!the!bene#cial!effects.!The!ef#ciency!of!the!process!is!investi-
gated!in!terms!of!calcium!leaching,!carbonation!and!hydraulic/pozzo-
lanic! reactivity.! The! investigation! is! concluded! with! a! focus! on! the!
mechanical!performance!of!mortar!samples,!incorporating!the!treated!
powder.

2. Raw!materials!characterization

The!Basic!Oxygen!Furnace!steel! slag!(BOF)!utilised! in! the!present!
study!originates!from!a!steelmaking!plant!located!in!Europe.!The!milling!
of!the!slag!was!undertaken!to!achieve!a!particle!size!distribution!anal-
ogous! to! that! of! conventional! cement.! The! cement! employed! in! the!
present!study!is!of!type!CEM!I!52.5!N.!The!chemical!reagent!utilised!is!
acetic!acid!(purity!≥ 99.5%),!supplied!by!Sigma-Aldrich.

Laser!granulometry!was!adopted!to!assess!particle!size!distribution!
(Malvern!Mastersizer! 3000E,! laser! diffraction! particle! size! analyser).!
Fig.!1 illustrates!the!#ndings!in!terms!of!both!volume!density!and!cu-
mulative!distribution.!The!D90,!D50! and!D10! characteristic!values!are!
respectively!equal!to!23.5!µm,!8.83!µm!and!1.06!µm!for!BOF!and!37.0!
µm,!11.70!µm!and!1.30!µm!for!cement.!X-ray!"uorescence!analysis!was!
adopted! to! assess! the! composition! of! the! raw! powders! (Rigaku!

Supermini!200),!which!is!expressed!in!terms!of!oxides!wt%!in!Table!1.!
The!classi#cation!of!the!steel!slag!is!determined!by!the!XRF!chemical!
composition,!and!the!resultant!classi#cation!is!then!con#rmed!by!means!
of!a!normalised!CaO(MgO)-SiO2(Na2O,!K2O)-Al2O3(Fe2O3)!phase!dia-
gram![37].!This!results!in!the!conclusion!that!the!steel!slag!is!of!the!Basic!
Oxygen!Furnace!(BOF)!steel!slag!variety,!in!consistency!with!the!infor-
mation!provided!by!the!producer.

X-ray!diffraction!was!adopted!to!identify!the!crystalline!phases!of!the!
materials! (Malvern! Panalytical! Empyrean,! X-ray! diffractometer).! The!
analysis!was!conducted!at!40 kV!and!40 mA!with!a!step!size!of!0.06◦ and!
23 s!per!step.!The!2θ range!was!from!5!to!70◦,!with!a!Bragg-Brentano!
con#guration!and!a!PIXcel!detector.!The!XRD!pattern!of!BOF!steel!slag!
is!reported!in!Fig.!2a.!In!accordance!with!the!XRF!composition!analysis,!
the! identi#cation! of! iron-related! compounds!was! undertaken,!with! a!
notable!presence!of!brownmillerite!and!wuestite.!The!presence!of!cal-
cium!di-silicate!has!also!been!observed.!Intense!peaks!have!been!iden-
ti#ed!in!the!calcium!hydroxide!spectrum.!The!presence!of!portlandite!
can!be!attributed!to!the!hydration!of!free!lime!as!a!result!of!the!weath-
ering!conditions! to!which!the!BOF!steel! slag!has!been!exposed!when!
land#lled!in!an!open!#eld.!Indeed,!adding!the!free!lime!to!the!oxygen!
furnace! during! steel! production! is! a! common! practice! aimed! at!
enhancing!the!slag's!capacity!to!incorporate!deleterious!elements!and!at!
providing! protection! for! the! refractory!walls! [38].! It! is! evident! that!
calcium!carbonate!is!present!in!a!negligible!amount.

The!chemical!analysis! indicates! that! the!BOF!steel! slag!exhibits!a!
substantial! abundance! of! Fe2O3.! It! has! been! demonstrated! that! iron-!
bearing!phases!exhibit!reduced!reactivity!to!CO!,!thereby!limiting!the!
carbonation!capacity!of!the!powder.!Furthermore,!the!presence!of!heavy!
metals!in!leachate!suspension!may!give!rise!to!environmental!concerns.!
In!this!regard,!acetic!acid!is!employed!as!a!reagent!during!the!leaching!
phase,!thereby!ensuring!the!selective!leaching!of!calcium![36].

Thermogravimetry!and!differential!thermal!analysis!were!carried!out!
by! means! of! TG-DTA,! LabSys! evo! machine,! Setaram.! The! thermal!
treatment!was!carried!out!with!a!heating!rate!of!10 ◦C/min!up!to!1050!
◦C,!with!N2!as!carrier!gas.!The!samples!mass!was!equal!to!50 mg.!The!
mass!losses!and!DTA!signals!in!the!temperature!ranges!400–500!◦C!and!
700–800! ◦C,!respectively,!con#rm!the!presence!of!calcium!hydroxide!
and! calcium! carbonate! (see! Fig.! 3).! It! is! estimated! that! the! calcium!
carbonate! content! of! the! raw! BOF! slag,!%CO2,initial,! is! equivalent! to!
1.1%.!The!mineralogical!composition!of!cement!has!been!identi#ed!as!
calcium! silicates,! aluminates! and! aluminoferrites,! in! conjunction! to!
calcium! sulphates! (Fig.! 2b).! Furthermore,! minor! peaks! indicative! of!
calcium!carbonates!were!identi#ed.

Fig.!1. Particle!size!distribution!of:!a)!as!received!steel!slag!powder;!b)!cement!powder!(CEM!I!52.5 N).
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3. Methods

3.1. Research!plan

The!research!plan!of!the!study!is!summarised!in!Fig.!4.!In!addition!to!
the!characterisation!of!raw!materials,!the!study!encompasses!the!various!
investigation!steps,!the!respective!adopted!testing!procedures,!and!the!
main!expected!outcome.!Step!1!is!a!preliminary!analysis!to!quantify!the!
calcium!leaching!capacity!of!the!acidic!suspension.!It!aims!at!de#ning!
the!adequate!acid!concentration!and!time!of!mixing!to!be!adopted!in!the!
next! step.! Step! 2! investigates! the! carbonation! process! and! aims! at!
assessing! the! carbonation!potential!of! the! treatment.!The!carbonated!
powders! are! then! adopted! in! the! Step! 3! to! analyse! the! effect! of! the!
carbonation! process! in! terms! of! hydraulic! and! pozzolanic! reactivity.!
Finally,!the!powders!are!adopted!to!partially!replace!cement!in!mortar!

samples! for! mechanical! characterisation.! Different! curing! ages! are!
investigated!in!order!to!analyse!the!strength!development.

3.2. Calcium!extraction

Given!a!steel!slag!feedstock,!the!calcium!extraction!capacity!of!the!
acidic!suspension!depends!on!the!acid!concentration!(herein!expressed!
in!wt%)!and!on!the!liquid-to-solid!ratio!(L/S)!of!the!suspension.!In!fact,!
another!important!parameter!is!the!ratio!between!the!acid!and!the!steel!
slag!(gAA/gBOF).!It!emerges!from!the!literature!that!gAA/gBOF!ratios!be-
tween!1!and!2.5!leads!to!calcium!leaching!rate!between!70%!and!100%!
[39–42].!This!range!of!concentration!also!correspond!to!2–5 vol%![39]
or!to!0.5–1 mol/l![42].!Based!on!the!literature,!and!considering!that!low!
pH!environments!hinder!the!carbonation!process,!the!acetic!acid!con-
centration! range!considered! in! the! study! reaches!up! to!20 wt%!(that!

Table!1!
Chemical!composition!of!as!received!steel!slag!(BOF)!and!cement!(Cem)!powders!(wt%).

Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 V2O5 Cr2O3 MnO Fe2O3 SrO LOI

BOF - 6.0 3.8 12.3 0.8 0.3 ! 42.6 0.3 0.1 0.2 4.1 24.8 - 4.4
Cem 0.4 1.3 4.2 17.9 0.1 4.3 0.9 64.5 0.4 0.0 - 0.1 3.5 0.1 2.1

Fig.!2. XRD!pattern!of:!a)!BOF!steel!slag!raw!powder;!b)!cement!raw!powder.
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corresponds!to!1 gAA/gBOF).
L/S!ratio!is!set!equal!to!5!to!remain!in!the!same!order!of!previous!

studies!from!the!authors!(equal!to!3![9,14,43]),!but!at!the!same!time!to!
enhance! the! suspensibility.! In! fact,! it!was!observed! that! signi#cantly!
higher!L/S!values!were!adopted!in!the!literature!(that!arrive!up!to!40–50!
[39–42]).!Time!of!leaching!is!set!equal!to!30 min

The!various!series!of!samples!that!have!been!adopted,!in!conjunction!
with! the! primary! parameters! considered! in! the! leaching! test,! are! re-
ported! in!Table!2.!The! label!of!each!series! is!characterised!by!“L” to!
indicate!leaching!test!and!“AAX%” to!indicate!the!wt%!of!the!acetic!acid!
adopted.

The!leaching!test!is!carried!out!at!ambient!temperature!and!pressure!
conditions.!Temperature!and!pressure!are!monitored!with!time!interval!
of!5 min.

After!the!test,!the!solid!fraction!is!extracted!from!the!liquid!suspen-
sion!by!means!of!centrifuge!(10 min!at!4000 rpm)!and!then!dried!for!
24 h!at!60!◦C.

The!solid!residue!is!then!analysed!by!means!of!XRD!analysis.!Ther-
mogravimetry!and!differential!thermal!analysis!are!also!carried!out!to!
complete!the!characterisation!of!the!leached!powder.

After!each!leaching!test,!a!sample!of!supernatant!was!extracted!for!
Inductively!Coupled!Plasma!mass!spectrometry!(ICP)!analysis!to!quan-
tify! the! leached! calcium!expressed! in!ppm.!The! sensitivity!of! the! in-
strument!to!detect!calcium!ions!is!in!between!0.1–2!ppm.!Therefore,!the!
supernatant!was!diluted!three!times!up!to!a!factor!of!1/125000,!and!the!
detected!value!was!opportunely!converted.!Each!ICP!test!provides!three!

repetitions.!The!average!value!is!considered!in!the!analysis.

3.3. Mineralisation!process

The! mineralisation! process! is! a! combined! leaching-carbonation!
procedure! that! comprises! a! pre-leaching! phase! in! acidic! conditions!
and!a!carbonation!phase!(Fig.!5).!During!the!pre-leaching!the!suspen-
sion,!with!the!speci#c!acetic!acid!concentration,!is!stirred!at!constant!
rate!without!CO2!injection.!The!operational!parameters!of!pre-leaching!
phase!are!those!de#ned!in!the!previous!section.!After!30 min!of!stirring,!
the!CO2!pipe!is!immersed!in!the!suspension!to!inject!CO2!gas!and!start!
the!carbonation!phase.!The!time!of!the!carbonation!phase!is!60 min.!The!
process!was!conducted!at!room!temperature!and!pressure!conditions.!
The!CO2!gas,!with!purity!of!99.9%!CO2,!was!injected!with!a!"ow!of!50 l/!
h.!In!the!course!of!the!carbonation!phase!temperature!and!pH!values!
were!monitored!at!regular!intervals!of!10 min.!The!entire!duration!of!the!
CO2! mineralisation! process! is! 1.5 h.! An! additional! measurement! is!
provided!at!5 min!from!the!beginning!of!the!carbonation!phase.!After!the!
test,! the! solid! fraction! is! extracted! from! the! liquid! suspension! by!
centrifugation!(10 min!at!4000 rpm)!and!then!drying!for!24 h!at!60!◦C.

The!carbonation! test! series!of! samples,! together!with! the!adopted!
proportions!of!materials,!are!reported!in!Table!3.!The!label!of!each!series!
is!characterised!by!“C” to!indicate!CO2!mineralisation!test!and!“AAX%” 

to!indicate!the!wt%!of!the!acetic!acid!adopted.!Based!on!the!results!from!
leaching!tests,!the!samples!with!acetic!acid!concentration!higher!than!
5 wt%! were! not! considered! as! characterised! by! low! pH! values,! not!
suitable!for!carbonation.

XRD! and!TGA! tests! are! carried! out! on! the! carbonated!powder! to!
investigate! the! effects! of! the! process! on! the!mineral! composition.! In!
addition,!Field!Emission!Scanning!Electron!Microscopy!(FE-SEM,!Hita-
chi!S4000)!was!employed!to!analyse!the!microstructure!of!the!materials!
before!and!after!the!carbonation.

The!ef#ciency!of! the!carbonation!was!assessed!by!quantifying!the!

Fig.!3. TG-DTA!curve!of!BOF!steel!slag!raw!powder.

Fig.!4. Overview!of!the!research!plan:!investigation!steps,!testing!procedures!and!outcomes.

Table!2!
Leaching!test!series.

water BOF L/S AA time Acetic!Acid!Concentration

[g] [g] [g] [min] [wt%] [gAA/gBOF]

L_AA0% 100 20 5 - 30 - -
L_AA1% 99 20 5 1 30 1 0.05
L_AA3% 97 20 5 3 30 3 0.15
L_AA5% 95 20 5 5 30 5 0.25
L_AA10% 90 20 5 10 30 10 0.50
L_AA20% 80 20 5 20 30 20 1.00
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CO2!uptake.!The!CO2!content!within!the!carbonated!powder!is!quanti-
#ed!via!thermogravimetric!analysis.!It!is!assumed!that!the!decomposi-
tion!of!calcium!carbonate!occurs!between!550!◦C!and!850!◦C![14],![44].!
The!CO2!uptake,!expressed!as!percentage!of!the!raw!material!before!the!
carbonation,!is!calculated!by!means!of!Eq.!1:!

CO2,uptake =
%CO2,content −%CO2,initial

1−%CO2,content
(1)!

where!%CO2,content!is!mass!loss!from!TG!curve!of!the!carbonated!sample!
in!the!temperature!range!550–850!◦C,!%CO2,initial!is!the!CO2!content!of!
the!raw!BOF!steel!slag.

Carbonated! samples! may! include! hydrated! calcium! acetate! as! a!
product! from! the! reaction! between! the! acetic! acid! and! the! calcium!
leached! from! the! steel! slag.! The! thermal! decomposition! of! hydrated!
calcium!acetate!occurs!in!three!steps:!dehydration!in!the!temperature!
range!75–187!◦C;!in!the!temperature!range!334–535!◦C!deacetonation!
(DTA!peak!at!424!◦C)!and!deketenation/demethanation!(DTA!peak!at!
497!◦C);!decarbonation!in!the!temperature!range!542–723◦C![45].!The!
corresponding!three!mass-loss!percentages!are!of!12%,!31%,!and!23%,!
respectively.!This!implies!that!in!presence!of!this!compound,!part!of!the!
CO2! content! estimated! from! TG-DTA! derives! from! calcium! acetate!
decomposition,!ΔCO2,AA.!This!contribution! is!assessed!by!quantifying!
the!calcium!acetate!content!from!the!mass!loss!in!the!temperature!range!
334–535! ◦C!and! then!considering! the!mass-loss!percentages! reported!
above.!The!mass!loss!was!assessed!via!tangent!method!in!order!to!ensure!
the!calculation!was!not!in"uenced!by!the!mass!loss!associated!with!the!
decomposition!of!hydrated!phases! in! the!same!range!of! temperature.!
Therefore,!in!case!of!presence!of!calcium!acetate,!the!term!%CO2,content!
in! Equation! 1is! corrected! by! subtracting! the! ΔCO2,AA.! Similarly,!
considering!the!mass!loss!in!the!temperature!range!334–535!◦C!corre-
sponding!to!31%!in!mass!of!the!present!calcium!acetate,!the!amount!of!
calcium!acetate!present!in!the!sample,!%Calc.Acet.,!is!calculated.

The!carbonated!powder! is!adopted!as!cement!replacement! to!cast!
mortar!samples!(Fig.!5).!In!addition!to!the!tests!described!in!Table!3,!for!
each! series! 3! further! tests!were! carried! out! in! order! to! produce! the!
adequate!amount!of!powder.!The!carbonation!ef#ciency!of!each!test!was!
assessed!via!thermal!decomposition!in!muf"e!furnace.!The!experimental!

procedure!involved!a!two-stage!process.!Initially,!the!sample!was!heated!
to!550◦C,!and!the!weight!was!recorded.!Subsequently,!the!sample!was!
heated! to!850! ◦C,!and! the!weight!was!recorded!once!more.!The!per-
centage!of!CO2!content!was!calculated!as!the!difference!between!the!two!
recorded!weights,! expressed! as! a! percentage! of! the! initial!weight! at!
25◦C.!The! initial!mass!of! the!samples! that!were!subjected!to!thermal!
decomposition! in! a! muf"e! furnace! was! approximately! 2.0 g.! Three!
replicates!were!conducted!for!each!analysed!powder.!The!assessment!of!
%CO2,content!and!%CO2,uptake!is!conducted!by!calculating!the!mean!of!all!
estimates! derived! from! the! same! series! of! samples! These! estimates!
encompass!both!TG-DTA!and!thermal!decomposition!in!muf"e!furnace!
analyses.

3.4. Hydration!and!pozzolanic!reactivity!tests

A!series!of!investigative!tests!were!conducted!with!the!objective!of!
determining!the!impact!of!mineralisation!on!the!process!of!reactivity.!
This!comprised!calorimetry,!bound!water!and!portlandite!consumption!
tests.!The!isothermal!calorimetry!was!conducted!on!samples!produced!
through!the!process!of!blending!cement!(CEM!I!52.5 N)!with!the!BOF!
slag!treated!with!the!operational!parameters!of!the!various!series.!The!
cement!replacement!rate!and!water-to-binder!ratio!were,!respectively,!
set! equal! to! 20%! and! 0.5! to! reproduce! the! conditions! of! a! possible!
application!of!the!cement!blend!to!cast!mortar.!The!test!investigates!the!
chemical! (pozzolanic!or!hydraulic)! reactivity!of! the!adopted!powder.!
The!objective!of!this!study!is!to!estimate!the!potential!contribution!of!
SCM!to!the!development!of!strength!when!used!with!Portland!cement.!
This!will!be!achieved!by!recording!the!heat!released!during!the!hydra-
tion!process!under!isothermal!conditions.!The!experimental!investiga-
tion!was!conducted!utilising!an!I-Cal!8000!HPC!isothermal!calorimeter!
(Calmetrix!Inc.).!The!instrument!is!equipped!with!eight!channels,!and!
two!replicates!are!reproduced!for!each!series.!Each!analysis!is!charac-
terised! by! a! reference! sample!with! 100%! cement! content,! and! three!
other! series.! Therefore,! two! analyses! were! carried! out! in! order! to!
reproduce!all!the!series,!including!reference!cement,!substitution!with!
raw!BOF,!and!substitution!with!carbonated!BOF!with!acetic!acid!con-
centration!varying!from!0%!to!5%.!The!details!pertaining!to!the!calo-
rimetry!test!series!are!documented!in!Table!4.!The!test,!in!consistency!

Fig.!5. Scheme!of!the!leaching-carbonation!set-up!and!post-treatment!to!extract!the!powder.

Table!3!
Carbonation!test!series.

water BOF L/S AA timeleach. timecarb. Acetic!Acid!Concentration

[g] [g] [g] [min] [min] [wt%] [gAA/gBOF]

C_AA0% 100 20 5 - 30 60 - -
C_AA1% 99 20 5 1 30 60 1 0.05
C_AA3% 97 20 5 3 30 60 3 0.15
C_AA5% 95 20 5 5 30 60 5 0.25
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with!bound!water!and!portlandite!consumption!test,!was!carried!out!for!
168 h!at!a!temperature!of!40!◦C!in!order!to!accelerate!the!rate!of!reaction!
of!slowly!reactive!SCMs![16,17].!Calculation!of!cumulative!heat!release!
started!at!75 min!after!mixing!to!allow!enough!time!for!the!paste!and!
container!to!equilibrate!at!40!± 5!◦C!inside!the!calorimetry![16].!Initial!
and!#nal!setting!times!were!determined!from!the!derivative!of!the!heat!
"ow!curve![17].

The!R3!method!was!utilised!to!conduct!the!bound!water!and!por-
tlandite!consumption!tests![46].!This!implies!the!creation!of!a!paste!that!
includes!portlandite,! calcite!and!potassium!solution!and! simulate! the!
conditions!a!cementitious!environment![47].!The!series!considered!for!
the!tests,!and!the!respective!proportions,!are!reported!in!Table!5.!The!
results!are!assessed!after!7!days!of!curing!at!40!◦C!in!sealed!bags,!and!
24 h!of!drying!in!vacuum!conditions!at!40!◦C!(Memmert!VO29).!Both!
tests!were!conducted!by!means!of!TG-DTA!test.

The!bound!water!was!assessed!as!the!mass!loss!at!a!temperature!of!
350! ◦C!(Eq.!2).! It!corresponds! to! the! loss!of! the!dihydroxylation!and!
interlayer!water!of!hydrated!calcium!silicates!(C-S-H).!

%H2Obound =
Δm40−350◦C

mdry
× 100 (2)!

where!%H2Obound!is!the!bound!water!at!7!days!as!percentage!of!the!
dried!paste,!Δm40–350◦C!is!the!mass!loss!in!the!temperature!range!40–350!
◦C,!mdry!is!the!initial!mass!of!the!dried!sample.

The!portlandite!consumption!test!is!carried!out!to!quantify!the!poz-
zolanicity!of!the!powder!as!the!capacity!to!react!with!calcium!hydroxide!
to!form!hydrated!phases.!The!R3!portlandite!consumption!test!is!carried!
out!on!a!paste!with!known!initial!amount!of!calcium!hydroxide.!The!
quantity!of!portlandite!consumed!is!determined!by!measuring!the!dif-
ference!between!the!initial!and!residual!calcium!hydroxide!levels!after!a!
period!of!seven!days!during!the!curing!process.!The!residual!Ca(OH)!"
content! was! evaluated! through! the! implementation! of! the! tangent!
method,! a! technique! derived! from! the! thermogravimetric-differential!
thermal!analysis!(TG-DTA)!curve.!This!process!provides!the!water!loss!
from!portlandite!hydroxylation,!which!is!then!converted!into!consumed!
portlandite! through! stoichiometric! calculation.! The! portlandite! con-
sumption!is!expressed!as!percentage!with!respect!to!100 g!of!SCM,!%Ca!
(OH)2,cons,SCM,!and!calculated!by!means!of!Eq.!3:!

%Ca(OH)2,cons,SCM =
%Ca(OH)2,iniz •

1
%mdry

−%Ca(OH)!2,final

%mSCM • 1
%mdry

+%Ca(OH)2,raw (3)!

where!%Ca(OH)2,iniz! is! the! portlandite! content! of! the! R
3!mixture!

expressed!as!percentage!of! the!total!mass!of! the! initial!mixture;!%Ca!
(OH)’2,#nal!is!the!portlandite!consumption!of!the!dried!powder!assessed!
via!tangent!method!from!TG-DTA!test!after!7!days!of!curing!and!24 h!of!
drying;!%mdry!is!the!ratio!between!the!powder!after!7!days!of!curing!and!
24 h!of!drying!and!the!initial!mass!before!curing;!%mSCM! is!the!ratio!

between!the!SCM!mass!and!the!total!mass!of!the!mixture;!%Ca(OH)2,raw!
is!the!portlandite!content,!if!present,!of!the!raw!powder.

In!the!case!of!carbonated!powder!including!calcium!acetate,!due!to!
the!decomposition!of!this!compound!in!the!same!temperature!range!of!
calcium! hydroxide,! a! correction! is! needed! to! properly! estimate! por-
tlandite! consumption.! In! such! case! the! portlandite! consumption! is!
calculated!by!adding! to! the!value!calculated!via!Eq.!3 the!correction!
value!assessed!via!Eq.!4:!

%Ca(OH)2,AA = %Δm334−535,AA •
%mSCM

%mdry
(4)!

where! %Ca(OH)2,AA! is! the! calcium! hydroxide! content! associated!
with!calcium!acetate!from!acetic!acid!reaction;!%Δm334–535,AA! is!mass!
loss!in!the!temperature!range!334–535!◦C!calculated!via!TG-DTA!curve!
of!the!carbonated!BOF!samples!that!include!calcium!acetate!(samples!
C_AA_3%!and!C_AA_5%).

Bound!water!and!portlandite!consumption!results!of!the!study!were!
compared!with! results!assessed!on!conventional!SCMs.!These! include!
quartz! (Q),! three! different! siliceous! "y! ashes! (SFA_R,! SFA_I,! SFA_E),!
natural!pozzolan! (Po),! two!different! calcareous!"y!ashes! (CFA_P!and!
CFA_S),!two!samples!of!ground!granulated!blast!furnace!slags!(S1!and!
S8).!The!data!are!extracted!from!a!study!carried!out!by!the!technical!
committee!RILEM!TC!267-TRM!that!has!been!developing!new!reactivity!
tests!for!SCMs![48].

3.5. Mechanical!characterisation

The!mechanical!properties!of!the!mortar!samples!were!assessed!in!
accordance!with!BS!EN!196–1![49].!The!compressive!strengths!of!mor-
tars!were!determined!by!employing!a!hydraulic!press!machine!(FOR-
M+TEST! Prüfsysteme! MEGA! 100–300–30! DM1,! Riedlingen).! A!
compressive!test!was!conducted!utilising!a!load!cell!with!a!capacity!of!
300 kN.!The!test!involved!the!application!of!force!at!a!rate!of!1.5!kN/s,!
ensuring!consistent!and!controlled!conditions.!Prior!to!conducting!the!
compression!test,!prisms!were!cut!into!two!halves.

Each! series!of! samples! comprised! three!40×40×160!mm3! prisms,!
which!were!cured!in!controlled!temperature!and!humidity!conditions!of!
20! ◦C! and! 100%!RH,! respectively.! The! reference! series! incorporated!
100%!CEM!I!52.5 N!cement!as!the!binding!agent,!while!all!the!other!
series!utilised!BOF!slag!with!a!20%!substitution!in!weight!of!cement.!The!
complete! set! of! samples! that! were! given! full! consideration! is! docu-
mented!in!Table!6.

The!fresh!mixture!properties!were!evaluated!through!the!"ow!table!
test,!which!involved!measuring!the!consistency!of!each!batch.!This!was!
expressed!in!terms!of!the!mean!spreading!diameter!of!the!fresh!mortar!
obtained!after!jolting!the!table!15!times![50].!The!objective!of!the!pre-
sent!study!was!to!monitor!the!strength!development!of!each!series,!and!
for!this!purpose,!a!range!of!curing!times!were!considered.!The!duration!
of!the!period!under!consideration!is!3!days,!7!days,!28!days!and!56!days.

In!light!of!the!experimental!#ndings,!the!activity!index!is!determined!
as! the! ratio! between! the!mean! strength! of! the! series! and! the! mean!
strength!of!the!reference!CEM100%_ref!series.

Table!4!
Calorimetry!test!series.

$!
samples

water CEM!
I

Tested!powder Time Temp.

[g] [g] type [g] [h] [◦C]

CEM100%!
_ref

4 20 40 - - 168 40

BOF20%!
_raw

2 20 32 RawBOF 8 168 40

BOF20%!
_C_AA0%

2 20 32 C_AA0% 8 168 40

BOF20%!
_C_AA1%

2 20 32 C_AA1% 8 168 40

BOF20%!
_C_AA3%

2 20 32 C_AA3% 8 168 40

BOF20%!
_C_AA5%

2 20 32 C_AA5% 8 168 40

Table!5!
Bound!Water!and!Portlandite!Consumption!test!series.

K*solution Ca!(OH)2 CaCO3 Tested!powder Time Temp.

[g] type [g] [h] [◦C]

RawBOF 10.8 6 1 RawBOF 2 168 40
C_AA0% 10.8 6 1 C_AA0% 2 168 40
C_AA1% 10.8 6 1 C_AA1% 2 168 40
C_AA3% 10.8 6 1 C_AA3% 2 168 40
C_AA5% 10.8 6 1 C_AA5% 2 168 40

*Ksolution!:!500!ml!H2O!+ 2!g!KOH!+ 10!g!K2SO4.
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4. Results!and!discussion

4.1. Leaching

Leaching!tests!refer!to!the!#rst!step!(depicted!in!Fig.!6)!of!the!min-
eralisation!process!in!which!the!BOF!stell!slag!is!mixed!for!30 min!in!acid!
suspension.!Fig.!6 shows!the!leached!calcium!expressed!as!function!of!
the!acetic!acid!concentration!and!assessed!via!ICP!analysis.!It!emerges!a!
linear!correlation!between!the!acetic!acid!concentration!and!the!leached!
calcium.!The!absence!of!a!plateau!indicates!that!the!adopted!conditions!
do!not!allow!the!complete!extraction!of!calcium.!In!fact,!the!leaching!
yield,!expressed!as!the!ratio!between!the!extracted!calcium!and!the!total!
calcium!present! in! the! slag! (from!XRF! analysis),! attains! a!maximum!
value!of!35.4%.!This!value!is!achieved!in!L_AA20%!sample!in!which!the!
amount!of!acetic!acid!equals!the!amount!of!BOF!slag!(gAA/gBOF!= 1).!
Literature!studies!show!that!for!acetic!acid!concentration!of!1–1.2!gAA/!
gBOF! a!much! higher! leaching! yield! is! obtained! in! the! range! 70–80%!
[39–42] (Table!7).!This!enhanced!extraction!capacity!may!be!ascribed!to!
the! elevated! liquid-to-solid! ratio! employed.! Indeed,! in! the! aforemen-
tioned!studies,!L/S!values!ranged!between!40!and!50,!while!the!present!
study!adopted!L/S!equal!to!5.!As!demonstrated!by!Mei!et!al.!(2023),!a!
signi#cantly!higher!acetic!acid!concentration,!approximately!7.5%,!is!
required!to!achieve!a!higher!leaching!yield![40].!A!comparable!outcome!
to!this!study!was!instead!reported!by!Klug!et!al.!(2022)![41],!irrespective!
of! the! elevated! L/S! ratio! employed.! It! is! important! to! note! that! the!
leaching!yield!is!calculated!based!on!the!total!calcium!content!from!XRF!
analysis!(%CaO!in!Table!8).!However,!it!should!be!noted!that!not!all!
calcium-related! compounds! demonstrate! equivalent! tendencies! to!
leachate! calcium! ions.! It! is! noteworthy! that! the! dissolution! of!
iron-bearing!phases!requires!severe!acidic!conditions,!whereas!calcium!
silicates!have!been!observed! to! release!calcium!ions! in!milder!condi-
tions.!Therefore,!the!discrepancies!of!the!results!from!the!literature!may!
also!be!attributed!to!the!variability!in!composition!of!the!raw!material.

The!pH!evolution!was!monitored!during!the!leaching!test!shown!in!
Fig.!7a.!The!suspension!with!BOF!slag!(L_AA0%)!is!characterised!by!a!

high!pH!value!due!to!the!formation!of!calcium!hydroxide,!and!conse-
quent!release!of!OH-!ions,!related!to!the!large!amount!of!alkaline!oxide,!
such! as! CaO,! present! in! the! slag.!When! acetic! acid! is! present! in! the!
suspension,! the! initial!pH! is! lower!due! to! the! release!of!H+ ions.!By!
increasing!the!acetic!acid!concentration,!the!pH!of!the!suspension!de-
creases.!The!acetic!acid!immediately!reacts!with!steel!slag!inducing!a!
sudden!increase!in!the!temperature!(Fig.!7b).!Under!weak!acidic!con-
ditions,!as!those!created!by!acetic!acid!with!an!acid!dissociation!constant!
of!4.76,!calcium!extraction!is!promoted!over!Fe!extraction!from!iron-!
bearing!compounds!of!steel!slag![51].!Calcium!oxide!and!calcium!sili-
cates!react!with!acetic!acid!to!form!calcium!ions!(Eq.!5,!Eq.!6)![52].!

CaO+ 2CH3COOH→ Ca2++2CH3COO
− +2H2O (5)!

Ca2SiO4 + 4CH3COOH→ 2Ca2++4CH3COO
− + SiO2+ 2H2O (6)!

As!the!reaction!progresses,!acetic!acid!is!gradually!consumed,!and!
calcium!slowly!dissolves.!This!calcium!reacts!with!H+ ions!to!form!Ca2+

and!H2O.!This!results!in!an!increase!in!the!pH!value.!In!the!event!of!an!
excess!of!acetic!acid,!i.e.!in!L_AA10%!and!L_AA20%,!the!high!concen-
tration!of!unreacting!H+ ions!reduces!the!pH!of!the!suspension.!It!should!
be!noted!that!up!to!a!concentration!of!5%,!the!calcium!released!almost!
compensates!for!the!H+ ions!resulting!from!the!dissolution!of!acetic!acid.!
Consequently,!when!the!#nal!pH!is!compared!with!that!of!the!reference!
L_AA0%!sample,!a!moderate!decrease!is!observed.!Conversely,!the!#nal!
pH!of!the!L_AA10%!and!L_AA20%!samples!was!signi#cantly!lower!than!
that! of! the! L_AA0%! reference! sample.! These! conditions! are! not!

Table!6!
Mechanical!test!series.

Proportions!per!batch

$!batches $!samples Sand water CEM!I Replacement Curing!time

[g] [g] [g] type [g] [days]

CEM100%_ref 4 3 1350 225 450 - - 3,!7,!28,!56
BOF20%_raw 4 3 1350 225 360 RawBOF 90 3,!7,!28,!56
BOF20%_C_AA0% 4 3 1350 225 360 C_AA0% 90 3,!7,!28,!56
BOF20%_C_AA1% 4 3 1350 225 360 C_AA1% 90 3,!7,!28,!56
BOF20%_C_AA3% 4 3 1350 225 360 C_AA3% 90 3,!7,!28,!56
BOF20%_C_AA5% 4 3 1350 225 360 C_AA5% 90 3,!7,!28,!56

Fig.! 6. Leached! calcium! and! leaching! yield! as! function! of! acetic! acid!
concentration.

Table!7!
Comparison!with!the!literature!in!terms!of!calcium!leaching!yield!of!steel!slag!
powders.

Study %!
CaO

L/S Temp. time AceticAcid/!
BOF

Ca!Leaching!
Yield

[%] [◦C] min [gAA/gBOF] [%]

This!study 42.6 5 Amb. 30 1.0 35.4
Song!et!al.!
(2017)[39]

43.4 50 30 60 1.0 ~70
2.5 ~100

Mei!et!al.!
(2023)[40]

46.2 125 Amb. 120 ~7.5 85

Klug!et!al.!
(2022)[41]

42.2 50 Amb. - 1.5 28.2

Liu!et!al.!
(2024)[42]

38.0 40 60 30 1.2 76.3
2.4 ~95

Table!8!
%CO2!content!and!%calcium!acetate!for!the!different!series.

%CO2!content,! tot ΔCO2,!AA %CO2!content RSD %Calc.Acet.
[%] [%] [%] [%] [%]

RawBOF 1.1 - 1.1 - -
C_AA0% 16.9 - 16.9 3.1 -
C_AA1% 16.9 0.1 16.8 2.8 0.6
C_AA3% 15.5 0.6 14.9 6.3 5.2
C_AA5% 15.0 1.4 13.6 3.4 11.0
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favourable!for!carbonation!reactions,!since!the!dissolution!of!CO2! into!
water!is!promoted!in!alkaline!suspensions.!Therefore,!acetic!acid!con-
centrations! of! 10%! and! 20%! are! not! considered! in! the! subsequent!
carbonation!stage!of!the!study.

Fig.!7 shows!that!leaching!time!of!30 min!is!enough!to!achieve!the!
completion!of!the!reactions!as!quite!stable!values!of!pH!and!temperature!
are!obtained.!Fig.!8 shows!the!XRD!pattern!of!the!residue!powder!from!
leaching!test.

The!peaks!of!higher!intensity!of!calcium!silicate,!in!correspondence!
of!2θ angles!of!32.1◦ and!32.6◦,!signi#cantly!reduce!their!intensity!with!
the!increase!in!acid!content,!showing!the!dissolution!of!the!compound!
with!release!of!calcium!ions!(Eq.!6).!This!con#rms!the!capacity!of!the!
acetic!acid!to!leachate!calcium!ions.!The!peaks!associated!with!wuestite!
and! brownmillerite! do! not! show! signi#cant! changes,! con#rming! the!
poor!capacity!of!the!adopted!weak!acid!to!dissolve!iron-bearing!phases.!
The!peak!in!correspondence!of!2θ angles!of!18.0◦,!associated!with!cal-
cium!hydroxide,!exhibits!a!reduction!in!intensity!by!increasing!the!acetic!
acid!concentration!up!to!5%!and!it!disappears!at!higher!concentrations.!
The!results!are!corroborated!by!TG-DTA!analysis.!In!fact,!the!presence!of!
portlandite,!emphasised!by!the!signal!II!in!DTA!curve,!is!identi#ed!only!
in!samples!with!acetic!acid!concentration!lower!than!5%!(Fig.!9).!The!
samples!treated!with!high!concentrations!of!acetic!acid,!L_AA10%!and!
L_AA20%,!clearly!show!the!presence!of!hydrated!calcium!acetate.!Under!
these!conditions,!the!calcium!ions!extracted!from!the!crystalline!matrix,!
reacts!with!acetate!ions!to!form!soluble!calcium!acetate![42].!In!fact,!the!
centrifugation!process!does!not!completely!separate! the!solid! residue!
from!the!suspension.!As!consequence,!part!of! the!calcium!acetate!re-
mains!in!the!slurry,!and!precipitate!in!the!form!of!salts!during!the!drying!
process.!The!presence!of!calcium!acetate!is!also!emphasised!by!TG-DTA!
curves.! In! samples! L_AA10%! and! L_AA20%,! DTA! signals! IV! and! V!
respectively! indicate! the! dehydration! and! deacetonation! of! hydrated!

calcium!acetate![42].!In!Fig.!9 DTA!signal!I!indicates!the!presence!of!
hydrated!silicates,!while!DTA!signal!III!indicates!the!presence!of!calcium!
carbonate.!This!may!derive!both!from!the!carbonation!of!residual!cal-
cium!ions!in!the!slurry!during!drying!process!and!from!the!decomposi-
tion!of!calcium!acetate!if!present.

4.2. Carbonation

The!dissolution!of!CO2!gas!into!aqueous!solution!generates!CO3
2-!ions!

that!react!with!Ca2+ ions!to!form!stable!solid!calcium!carbonate.!The!
main!compounds!of!BOF!steel!slags!involved!in!the!reaction!are!calcium!
hydroxide!(Eq.!7)!and!calcium!silicates!(Eq.!8).!Hydrated!calcium!sili-
cates!may!also!react!with!CO2! to!form!calcium!carbonate!(Eq.!9)![53].!
Additional!reaction!products!are!silica!gel!(SiO2)!and!water!(H2O).!

Ca(OH)2 +CO2→CaCO3 (7)!

2(2CaO • SiO2)+ (2− x)CO2 + yH2O→xCaO • SiO2

• yH2O+(2− x)CaCO3 (8)!

CaO • SiO2 • xH2O+CO2→ CaCO3 + SiO2 • xH2O (9)!

The! XRD! pattern! of! carbonated! steel! slag! C_AA0%! shows! a! clear!
reduction!in!calcium!silicate!peaks,!and!the!complete!absence!of!calcium!
hydroxide!peaks,!compared!to!raw!BOF!slag!(Fig.!10).!A!signi#cant!in-
crease!in!calcium!carbonate!peaks!is!observed.!This!indicates!the!com-
plete! carbonation! of! portlandite! and! partial! consumption! of! calcium!
silicates.!Conversely,!iron-related!phases!are!not!signi#cantly!involved!
in!the!carbonation!process!as!their!presence!remains!quite!unchanged!in!
XRD!pattern,!con#rming!their!low!reactivity.

The!XRD!pattern!associated!with!the!samples!carbonated!in!acidic!
conditions! does! not! signi#cantly! differ! from! carbonated! sample!

Fig.!7. a)!pH!and!b)!temperature!evolution!along!the!time!of!leaching!tests.
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C_AA0%.!A!fair!reduction!in!the!intensity!of!the!main!peak!of!calcium!
carbonate,!at!2θ of!29.5◦,!is!observed!in!C_AA3%!sample.!This!reduction!
becomes!more! pronounced! in! C_AA5%! sample.! A!minor! presence! of!
calcium!acetate!is!also!observed!in!C_AA3%!and!C_AA5%!samples.

The!pH!and!temperature!values!were!monitored!during!the!carbon-
ation!test!(Fig.!11,!Fig.!12).!The!#rst!30 min!concerns!the!mixing!of!the!
slurry!in!acidic!conditions,!the!next!60 min!represents!the!carbonation!
phase.!In!consistency!with!the!results!from!the!leaching!study,!the!higher!
the! acid! concentration,! the! lower! is! the! pH! at! the! beginning! of! the!
carbonation!phase.!When!the!CO2!is!injected!in!the!suspension!(at!time!
of! 30 min)! the! carbonation! reactions! immediately! take! place.! This!
generates!a!sudden!decrease!in!the!pH!and!an!increase!in!temperature!
due!to!the!exothermic!carbonation!reactions.!These!variations!in!pH!and!
temperature!appear!to!accelerate!with!the!increase!in!acetic!acid!con-
centration.!This!is!due!to!the!higher!concentration!of!calcium!ions!after!
the! leaching! process! (Fig.! 6)! that! are! immediately! available! for!
carbonation.! In!all! the!series!at!around!60 min!of! treatment!the!tem-
perature!stops!increasing!and!the!pH!value!stabilises.!This!indicates!that!
a!time!of!30 min!of!CO2!suf#cient!to!complete!the!carbonation!reactions.

TG-DTA!curves!of!carbonated!samples!are!shown!in!Fig.!13.!Peaks!I!
and! III! in! DTA! curve! respectively! indicate! the! presence! of! hydrated!
calcium!silicates!and!calcium!carbonate.!Samples!C_AA3%!and!C_AA5%!
presents!a!mass!loss!in!TG!curve!between!around!300!◦C!and!500!◦C.!This!
mass! loss! con#rms! the! presence! of! calcium! acetate! salts,! as! already!
observed!in!XRD!pattern.!The!content!of!CO2!from!calcium!carbonate,!%!
CO2,content,! is!calculated!and!reported!in!Table!8.!The!value!has!been!
corrected!contribution!of!calcium!acetate,!as!reported!in!Section!3.3,!for!
samples!C_AA1%,!C_AA3%!and!C_AA5%.!For!these!samples,!the!amount!
of!calcium!acetate,!%Calc.Acet.,!was!also!quanti#ed.!CO2,uptake!average!
values,!calculated!by!means!of!Eq.!1,!are!expressed!as!a!function!of!the!
acetic!acid!concentration!in!Fig.!14.!It!can!be!observed!that!the!acidic!
conditions!reduce!the!carbonation!potential.!This!phenomenon!can!be!
attributed!to!a!dual!effect.!The!reaction!of!acetate!ions!with!calcium!ions!
results!in!the!formation!of!calcium!acetate,!thereby!reducing!the!avail-
ability!of!calcium!to!form!calcium!carbonate.!The!#ndings!demonstrate!a!
linear!correlation!between!CO!"uptake!and!acetic!acid!concentration,!as!
well! as! a! substantial! linear! correlation! between! calcium! acetate! and!
acetic!acid!concentration!(see!Table!8).!Indeed,!the!utilisation!of!acetic!

Fig.!8. XRD!pattern!of!raw!BOF!and!samples!of!leaching!tests.
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acid!has!been!demonstrated!to!result!in!a!modest!reduction!in!the!ab-
sorption! of! carbon! dioxide,! accompanied! by! an! augmentation! in! the!
presence!of!calcium!acetate!salt.

However,!the!C_AA3%!and!C_AA5%!samples!evidently!demonstrate!a!
reduction!in!reacted!calcium!when!the!contributions!of!carbonation!and!
the! formation! of! calcium! acetate! are! summed! (%CO2,content,tot! in!
Table! 8).! Consequently,! in! addition! to! the! competition! between!
carbonation!and!calcium!acetate!formation,!a!second!effect!exists!that!
serves!to!reduce!mineralisation!ef#ciency.!The!lower!pH!associated!with!
the!use!of!acetic!acid!(see!Fig.!11)!creates!less!favourable!conditions!for!
carbonation!reactions.!Indeed,!carbonation!is!promoted!in!an!alkaline!
environment,!as!a!lower!pH!value!results!in!reduced!dissolution!of!CO!"
into!water![42].

4.3. Microstructure

Raw!BOF! slag! particles! exhibit! a!microstructure! characterised! by!
irregular!shapes!with!sharp!edges!(Fig.!15a).!The!structure!is!created!by!
the!grinding!process!adopted!to!produce!the!powder!particles.!The!size!
of!the!particle!in!the!order!of!ten!microns!agrees!with!the!granulometric!
analysis.!Higher!magni#cation!shows!few!crystallised!compounds!on!the!
"at!surface!of!the!particle!(Fig.!15a).!SEM!images!of!carbonated!samples,!
C_AA0%,!are!showed!in!Fig.!15c!and!Fig.!15d.

The!surface!of!carbonated!particles!is!completely!covered!by!a!layer!
of!precipitates,!corresponding!to!calcium!carbonate!presumably!in!the!
form!of!calcite,!as!indicated!by!the!literature![14,18,20,54].!The!image!
emphasises!that!the!carbonation!process!signi#cantly!affects!the!struc-
ture!of!the!particles,!increasing!the!roughness!of!the!surfaces.

The! surface! of! particles! carbonated! after! the! leaching! process! in!
acidic! conditions,! C_AA3%,! is! also! analysed.! Similar! to! C_AA0%!

Fig.!9. DT-TGA!curves!of!samples!subjected!to!leaching!tests.
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particles,!Fig.!15e!shows!the!presence!of!a!shell!of!calcium!carbonate!
crystals!that!cover!the!surface!of!the!particles.!However,!the!distribution!
of!these!formations!is!less!compact!over!the!surface.!At!higher!magni-
#cation,!Fig.!15f,!it!is!possible!to!observe!that!in!some!parts!of!the!sur-
face!there!is!no!evidence!of!calcium!carbonate!precipitation.!This!may!be!
attributed!to!the!leaching!process!that!has!released!calcium!ions!from!
the! particles! before! the! carbonations,! therefore! leaving! some! parts,!
presumably!rich!in!silica,!not!covered!by!carbonate!precipitates.

EDX!analysis!provides!a!deeper!understanding!of!the!alterations!in!
the!morphology! of! the! surface! of! the! particles.! Fig.! 16,! Fig.! 17 and!
Fig.! 18 respectively! report! EDX! results! of! RawBOF,! C_AA0%! and!
C_AA3%!samples.!The!elemental!composition!of!the!surface!is!investi-
gated!using!maps!created!from!a!representative!area!of!the!particle.!In!
addition,!the!elemental!composition!at!speci#c!points!is!reported.!For!
each! analysis,! the! EDX! spectrum! and! the! elemental! composition,!
expressed!as!an!atomic!weight!percentage,!are!reported.!The!RAWBOF!
sample!map!shows!a!signi#cant!presence!of!calcium!and!silica!(Fig.!16b).!
This!may!be!related!to!the!calcium!silicates!identi#ed!by!XRD!analysis!
(Fig.!2).!This!evidence!is!corroborated!by!the!elemental!analysis!of!point!
1!(Fig.!16c).!The!EDX!analysis!carried!out!on!C_AA0%!sample!con#rms!

the!distributed!presence!of!calcium!carbonate!(Fig.!17a).!The!elemental!
identi#cation!of!the!map!(Fig.!17b)!and!of!point!2!(Fig.!17c)!shows!a!
minor!negligible!presence!of!silica.!This!indicates!that!the!carbonation!
creates!a!shell!of!calcium!carbonate!precipitate!that!impedes!the!avail-
ability! of! silica-bearing! phases.! Conversely,! C_AA3%! shows! different!
formations!on!the!surface!(Fig.!18a).!The!map!shows!that!some!parts!of!
the!surface!are!characterised!by!the!precipitation!of!calcium!carbonate.!
The! remaining! regions! are! instead! rich! in! silica,! as! indicated! by! the!
presence!of!the!yellow!colour.!The!elemental!analysis!of!point!3,!which!is!
located!in!an!area!without!calcium!carbonate!precipitates,!shows!a!much!
higher!silica!concentration!(Fig.!18c).!Conversely,!the!elemental!analysis!
of! point! 4,!which! is! located! in! an! area!with! calcium! carbonate! pre-
cipitates,!shows!negligible!presence!of!silica!(Fig.!18d).

The! results! show! that! the! leaching! treatment! with! acetic! acid!
signi#cantly!affects! the!microstructure!of! the!particles!promoting! the!
leaching!of!the!calcium.!Evidence!of!this!can!be!seen!in!the!change!in!the!
calcium-to-silica!ratio.!The!Ca/Si!ratio!is!equal!to!6.3!at!point!1!of!the!
RAWBOF!sample!(Fig.!16c)!decreasing!to!0.18!at!point!3!of!the!C_AA3%!
sample!(Fig.!18c).!This!con#rms!that!the!acetic!acid!promotes!calcium!
leaching,! increasing! the! silica! phase! amount.! Conversely,! aqueous!

Fig.!10. XRD!pattern!of!raw!BOF!and!samples!of!carbonation!tests.
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carbonation! in! the!absence!of!acetic!acid! leads! to! the! formation!of!a!
carbonate!shell!that!completely!covers!the!silica!phases,!impeding!their!
availability!in!hydration!processes!(Fig.!17c).

4.4. Hydration!mechanisms

Isothermal!calorimetry!analysis!of!cement!blends!including!20%!of!
treated!steel! slag!were!carried!out! to! investigate! the! in"uence!of! the!

mineralisation!process!on!the!hydration!mechanisms.!The!evolution!of!
the!speci#c!heat!rate!at!early-stage,!normalised!with!respect!to!the!grams!
of!cement,!along!the!#rst!16 h!of!test!are!showed!in!Fig.!19.!The!curves!
are! characterised!by! the!acceleration!period! followed!by!a!#rst!peak!
associated!with!the!dissolution!of!calcium!silicates,!C3S,!and!precipita-
tion! of! C-S-H.! The! second! peak! is! associated!with! the! dissolution! of!
aluminate!phases,!and!it!is!followed!by!the!deceleration!period![52,55].!
The!BOF20%_raw!curve!clearly!shows!that!the!presence!of!as-received!

Fig.!11. pH!evolution!along!the!time!of!carbonation!tests.

Fig.!12. Temperature!evolution!along!the!time!of!carbonation!tests.
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steel!slag!in!the!blend!signi#cantly!affects!the!heat!rate!slowing!down!

the!hydration!process!of!the!cement!at!early-stage.!This!#nding!aligns!
with!similar!studies!in!which!15–30%!of!cement!is!substituted!with!steel!
slag,!and!it!may!be!attributed!to!the!increase!in!Al!concentration!hin-
dering!C3S!dissolution,!with!consequent!delay! in! the!onset!of! the!ac-
celeration!period![56,57].!This!implies!a!higher!hydration!heat!in!the!
late-stage! cement! hydration,! with! total! cumulative! heat! comparable!
with!the!value!of!the!other!series!(Fig.!20).!This!is!also!emphasised!by!the!
values!of!the!total!cumulative!heat!normalised!to!the!reference!cement!
(Fig.!21).

The!speci#c!heat!rate!curves!at!early-hydration!of!carbonated!sam-
ples! show!an! acceleration!period! slightly! anticipated!with! respect! to!
reference!cement.!This!acceleration!may!be!attributed!to!nucleation!sites!
provided!by!CaCO3!particles!which!may!promote!the!precipitation!and!
growth! of! C-S-H! [58].! However,! it! has! been! demonstrated! that! the!
nucleation!effect!is!more!pronounced!with!smaller!carbonate!particles!
formed!during!short!carbonation!duration!(0–20 min).!On!the!contrary,!
at!high!degree!of!carbonation!(exceeding!40 min)!the!thicker!outer!layer!
of!carbonates! formed!on! the!steel! slag!particles! limits! this!effect!and!
leads!to!minimal,!or!even!negative,!impact!on!the!total!hydration!heat!
released! [58].! The! carbonated! samples,! although! showing! an! earlier!
appearance!of!the!#rst!peak!intensity!compared!to!reference!cement!(see!
initial!setting!time!in!Fig.!22),!do!not!show!signi#cant!increase!in!total!
cumulative!hydration!heat!values!(Fig.!21).!In!addition,!the!carbonation!
does!not!seem!to!particularly!affect!the!#nal!setting!time!(Fig.!22).!It!can!
be!concluded!that!the!rougher!surface!of!the!carbonated!particles!gen-
erates!a!nucleation!effect!that!is!however!limited!by!the!high!carbon-
ation!degree.

Regarding! the! use! of! acetic! acid! as! leaching! agent! it! is!worth! to!
emphasise!that!the!speci#c!cumulative!heat!curve!of!samples!including!
the! slag! carbonated! with! the! acid! (BOF20%_C_AA1%,! BOF20%!
_C_AA3%,!and!BOF20%_C_AA5%)!is!higher!than!the!BOF20%_C_AA0%!

Figure!13. DT-TGA!curves!of!samples!subjected!to!carbonation!tests.

Fig.! 14. %CO2,uptake! vs! acetic! acid! concentration! (trendline! equation:!
y = −0.03987x2! -!0.78965x!+ 19.256;!R²!= 0.9654).
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Fig.!15. SEM!images!of!powders!surface!at!2000X!magni#cation!of!a)!RawBOF,!c)!C_AA0%!and!e)!C_AA3%!samples!and!at!10000X!magni#cation!of!b)!RawBOF,!d)!
C_AA0%!and!f)!C_AA3%!samples.
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sample! (Fig.! 20).! In! fact,!while! the! normalised! total! speci#c! heat! of!
BOF20%_C_AA0%!is!only!4%!higher!than!the!reference!cement!sample,!
this!increase!is!of!around!10%!in!all!the!other!samples!carbonated!with!
acetic!acid.!This!outcome!aligns!with!the!fact!that!higher!carbonation!
degrees! may! limit! the! hydration! development.! In! fact,! as! shown! in!
Fig.! 14,! the! samples! carbonated! with! acetic! acid! attained! lower!
carbonation!degrees.

Another!fundamental!aspect!to!understand!the!hydration!mechanism!
is!the!effect!of!the!carbonation!treatment!on!the!pozzolanic!reactivity!of!
the!particles.!The!pozzolanic!activity!mainly!consists!in!the!formation!of!
calcium-silicate-hydrate!(C-(A)-S-H)!gel!from!the!reaction!between!Ca-!
leached! alumina-silicate! layer! and! portlandite.! It! has! been! observed!
that!elevated!carbonation!degrees!enhance!the!production!of!silica-rich!
phases!with!potential!increase!in!pozzolanic!reactivity![58].!In!consis-
tency! with! these! observations,! the! portlandite! consumption! of! the!
carbonated! sample,! C_AA0%,! is! higher! with! respect! to! the! value!
exhibited! by! the! raw!BOF! (Fig.! 23).! Similarly,! an! increase! in! bound!
water!is!also!observed!(Fig.!24).!This!is!due!to!the!formation!of!hydrated!
calcium! silicates! associated! with! the! pozzolanic! reactions.! A! further!

increase!in!pozzolanic!reactivity!is!observed!along!with!the!increase!in!
acetic! acid! adopted! up! to! an! acid! concentration! of! 3%,! despite! the!
reduction! in! carbonation! degree.! This! is! explained! with! a! detailed!
analysis!of!the!microstructure!of!the!carbonated!particles.!As!known,!in!
carbonated!particles!the!silica-rich!phases!are!encapsuled!under!a!cal-
cium!carbonate!barrier![14,18,20,54].!With!the!progression!of!the!hy-
dration! process,! the! barrier! layer! may! partially! dissolve!making! the!
silica-rich! phases! available! for! pozzolanic! reactions.! The! higher! the!
carbonation!degree,!the!higher!the!leached!calcium!and!consequently!
the! higher! will! be! the! silica! content! in! the! residual! particles! core.!
However,!an!opposite!effect!can!be!obtained!with!elevated!carbonation!
degree.!The!formation!of!thick!calcium!carbonate!barrier!may!impede!
the!reaction!of! silicon!and!alumina! ions! from!the!particles!core!with!
portlandite,! resulting! in! lower!pozzolanic! reactivity! [58].!The!higher!
pozzolanicity!of!C_AA1%!and!C_AA3%!is,!therefore,!associated!with!the!
formation! of! a! less! compacted! calcium! carbonate! layer.! In! fact,! as!
observed! in! a! representative! image! of! C_AA3%! carbonated! surface!
(Fig.!15),!the!particle!is!not!completely!covered!by!calcium!carbonate.!
This!may!reasonably!promote!the!reaction!of!silica-rich!phases,!that!are!

Fig.!16. a)SEM!image!of!RAWBOF!powder!surface!at!15000X!magni#cation!with!map;!b)!EDX!spectrum!and!elements!identi#cation!of!the!map;!c)!EDX!spectrum!and!
elements!identi#cation!of!point!1.
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present!in!the!sample!due!to!the!calcium!leaching!associated!with!the!use!
of!acetic!acid!and!to!the!carbonation!reactions.!As!matter!of!fact,!the!
partial!reaction!of!calcium!ions!with!acetic!acid!to!form!calcium!acetate!
instead! of! calcium! carbonate,! promotes! the! availability! of! silica-rich!
phases,!and!at!the!same!time!it!facilitates!their!reaction!due!to!a!less!
relevant!CaCO3!barrier!layer.

The!bene#cial!effect!of!the!acidic!process!is!however!limited!when!
high!concentrations!of!acetic!acid!signi#cantly!lower!the!pH!of!the!paste,!
creating!not!favourable!conditions!for!the!development!of!calcium!sili-
cate! hydrates! [34].! This! justi#es! the! reduction! in! portlandite! con-
sumption!observed!in!C_AA5%!sample!that!exhibited!a!pH!value!at!the!
end!of! the! carbonation!process! lower! than!6! (Fig.! 11).!Based!on! the!
portlandite!consumption!and!bound!water!results,!the!acetic!acid!con-
centration!of!3%!is!optimal!value!for!the!hydration!process.!It!is!worth!to!
observe!that!the!evolution!of!bound!water!with!acetic!acid!concentration!
(Fig.!24)!follows!the!same!trend!of!portlandite!consumption!(Fig.!23).!
This! con#rms! that! the! effects! of! the! carbonation! in! the! hydration!
mechanism!mainly!affect!the!pozzolanicity!of!the!particles!that!seems!
predominant!compared!to!nucleation!effect.

It! is! important! to!mention! that!a! signi#cant! role! in! the!hydration!
mechanisms!is!played!by!the!calcium!acetate.!In!fact,!as!demonstrated!in!
the!literature,!the!presence!of!calcium!acetate!releases!Ca2+ ions!that!
promote!the!hydration!of!calcium!silicates![34,35].!This!bene#cial!effect!
is!not!detected!in!portlandite!consumption!and!bound!water!test,!as!the!
R3!method!is!carried!out!with!a!mixture!that!does!not!include!cement.!It!
is!evident!that!R3! testing!exclusively!considers!the!bene#cial!contribu-
tion!of!reactivity! in!relation!to!alterations! in!the!morphology!of!BOF!
particles.!Conversely,!the!calorimetry!test,!conducted!on!cement!blends,!
encompasses!all!the!phenomena.

4.5. Mechanical!strength

The! behaviour! at! fresh! state! of! cementitious! mortar! mixtures!
including!20%!in!weight!of!raw!or!treated!BOF!steel!slag!are!showed!in!
terms! of! spreading! diameter! in! Fig.! 25.! The! considered! series! are!
compared!with!the!reference!plain!cement!mortar,!CEM100%_ref.!The!
incorporation!of!raw!BOF!does!not!signi#cantly!affect!the!consistence!of!
the!mortar.!On!the!contrary,!the!carbonated!BOF!steel!slag!signi#cantly!

Fig.!17. a)SEM!image!of!C_AA0%!powder!surface!at!15000X!magni#cation!with!map;!b)!EDX!spectrum!and!elements!identi#cation!of!the!map;!c)!EDX!spectrum!and!
elements!identi#cation!of!point!2.
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increases!the!consistence!of!the!mixture!(BOF20%_C_AA0%).!This!result!
aligns!with!the!literature!showing!that!the!incorporation!of!carbonated!
steel!slag!increases!the!water!demand!of!the!mixture,!and!that!this!de-
mand!increases!with!dosage!and!CO2!uptake![20,58].!This!can!be!related!
to! the! higher! speci#c! surface! area! of! the! carbonated! particles.! The!
mineralisation! causes! rough! structures! on! the! particles! surface! (see!

Fig.! 15)! leading! to! higher! yield! stresses! and! viscosities! and,! subse-
quently,!lower!workability![58].

The!series!including!BOF!steel!slag!treated!in!acid!acetic!suspensions!
exhibit!a!higher!"owability!compared!to!the!BOF20%_C_AA0%!mixture.!
The!same!behaviour!was!observed!in!the!literature!with!the!addition!of!
calcium!acetate!in!the!mixture![34].!The!increased!"owability!of!fresh!

Fig.!18. a)SEM!image!of!C_AA3%!powder!surface!at!15000X!magni#cation!with!map;!b)!EDX!spectrum!and!elements!identi#cation!of!the!map;!c)!EDX!spectrum!and!
elements!identi#cation!of!point!3;!d)!EDX!spectrum!and!elements!identi#cation!of!point!4.
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mortars!may!be!attributed!to!the!adsorption!of!additional!calcium!ions!
from!calcium!acetate!solutions!onto!cement!particle!surfaces,!driven!by!
the!calcium!concentration!gradient!between!the!solid!and!liquid!phases,!
which! enhances! interparticle! repulsion! and! dispersion! [34].! Conse-
quently,! using! acetic! acid! in! the! carbonation! process! mitigates! the!
thickening!effect!associated!with!mineralisation.!In!fact,!the!reduction!in!
the! average! spreading! diameter! decreases! from! about! 20%! in! the!
BOF20%_C_AA0%! series! to! about! 10%! in! the! BOF20%_C_AA3%! and!
BOF20%_C_AA5%!series.

Fig.!26 shows!the!average!compressive!strength!at!different!times!of!

curing!of! the!mortar!series.!As!expected,!at!all!curing!ages,! the!plain!
cement! reference! series,! CEM100%_ref,! exhibits! the! highest! values,!
whilst!the!mortar!incorporating!the!raw!slag,!BOF20%_raw,!shows!the!
lowest!values.!All! the!mortar! incorporating!carbonated! slag! show! in-
termediate! values,! con#rming! that! the! mineralisation! treatment! en-
hances!the!properties!of!the!steel!slag.!It!is!noteworthy!that!within!the!
time!interval!28–56!days,!the!BOF20%_raw!series!demonstrates!the!most!
signi#cant!increase!in!strength,!while!the!remaining!series!of!samples!
exhibit! a! substantial! degree! of! hydration! already! after! 28! days.! This!
#nding! indicates! that! the! BOF20%_raw! hydration! process! is! not!

Fig.!19. Speci#c!heat!rate!of!samples!by!isothermal!calorimetry!(a)!test1;!b)!test2).

Fig.!20. Cumulative!heat!of!samples!by!isothermal!calorimetry!(a)!test1;!b)!test2).

G.!Ferrara!et!al.!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!



complete!after!28!days!of!curing,!thereby!con#rming!that!the!incorpo-
ration!of!raw!steel!slag!within!the!cement!blend!results!in!a!delay!in!
strength!development.!The!use!of!carbonated!steel!slag!mitigates!this!
delaying!effect![24].

Within!the!time!interval!7–28!days,!BOF20%_C_AA1%!and!BOF20%!
_C_AA3%!series!exhibited!the!highest!increase!in!strength.!This!can!be!
attributed!to!their!enhanced!pozzolanic!reactivity,!in!consistency!with!
the!results!in!Fig.!23 and!Fig.!24.

Fig.!27 shows!the!compressive!strength!activity!index!as!function!of!
the!acetic!acid!concentration!adopted!in!the!treatment.!The!chart!is!re-
ported!at!each!curing!time.!The!dashed!line!represents!the!average!value!
associated!with!the!BOF20%_raw!samples.!At!a!curing!time!of!3!and!7!
days!an!increase!in!the!activity!index!is!observed!with!the!carbonation!
(BOF20%_C_AA0%).! However,! the! activity! index! value! slightly! de-
creases!with!the!acetic!acid!concentration!in!the!carbonation!treatment.

At!longer!curing!times,!28!and!56!days,!a!parabolic!trend!is!observed!
with!maximum!value!of!the!activity!at!an!acetic!acid!concentration!of!
about!3%.!This!trend!is!consistent!with!the!results!from!the!study!of!the!
hydration! mechanisms.! In! addition,! a! signi#cant! role! may! also! be!
attributed!to!the!presence!of!calcium!acetate!in!the!carbonated!powder!
that!in"uences!the!strength!development!of!the!cement!blend.!In!fact,!
based!on!the!calcium!acetate!content!in!the!treated!powders!(Table!8),!
the!calcium!acetate!content!in!the!mortar!samples!BOF20%_C_AA1%!and!
BOF20%_C_AA3%!is!estimated!respectively!equal!to!around!0.1%!and!
1.0%.!This!#nding!aligns!with!the!literature.!Similar!studies!show!0.6%!
[35] and!1%!(added!as!a!2%!calcium!acetate!concentration!solution!with!

w/c!of!0.5)![34] as!optimum!values!of!calcium!acetate!content!in!cement!
blends.!The!strength!increase!may!be!attributed!to!the!presence!of!cal-
cium!ions!and!acetic!acid!radicals!which!contribute!to!the!formation!of!
complex!that!#ll!the!internal!pores!of!the!cement!paste!during!the!hy-
dration!process![34].!As!consequence,!the!hydration!of!C2S,!as!well!as!
pozzolanic!reactions!of!active!minerals!are!promoted![35].

The! activity! index! shows! a! decrease,! both! at! 28! and! 56! days! of!
curing,!when!higher!concentrations!of!acetic!acid!are!adopted!during!the!
carbonation!treatment!(see!sample!BOF20%_C_AA5%!in!Fig.!27).!This!
trend,! con#rmed! by! similar! studies! [34,35],! is! related! to! the! acidic!
conditions!created!using!the!acetic!acid.!In!fact,!lowering!the!pore!so-
lution!pH!has!a!negative!effect!on!the!calcium!silicates!hydration.!In!fact,!
as!showed!in!Fig.!11,!the!sample!with!an!acetic!acid!concentration!of!5%,!
C_AA5%,!attained!the!lowest!pH!after!the!carbonation,!measuring!below!
6.

Overall,!the!#ndings!in!terms!of!mechanical!strength!corroborate!the!
experimental! evidence! from! the! study! of! the! hydration! mechanisms!
presented!in!the!previous!section.!Speci#cally,!portlandite!consumption!
(Fig.! 23)! and! bound!water! (Fig.! 24)! tests,! conceived! to! describe! the!
hydration!properties!at!a!curing!time!equivalent!to!28!days,!provides!a!
trend!that!is!fully!consistent!with!the!activity!index!at!28!days!(Fig.!27c).!
The! overall! #ndings! con#rm! that! the! mineralisation! process! signi#-
cantly!affects!the!reactivity!of!steel!slag!particles!increasing!its!pozzo-
lanicity.!Moreover,!the!use!of!adequate!amount!of!acetic!acid!during!the!
treatment,!affects!the!microstructure!of!BOF!particle!surface!and!pro-
vides! calcium! acetate! with! consequent! further! enhancement! of! the!
cement!blend!hydration.!It!is!important!to!note!that!while!the!effects!of!
surface!alteration!can!be!observed!through!R3! tests,!the!speci#c!bene-
#cial!effect!of!calcium!acetate!in!promoting!calcium!silicate!hydration!
cannot!be!discerned! from! the! results.! Further! research! is! required! to!
explore!this!aspect,!perhaps!by!mixing!treated!powder,!purged!from!the!
salt,!with!pure!calcium!acetate.

It! is!worth! to!mention! that! the! strength!enhancement!of! strength!
observed! in! the! BOF20%_C_AA3%! specimen! is! accompanied! by! a!
decrease!in!CO2!uptake!of!2.8%.!In!contrast,!the!increase!in!strength!of!
the!BOF20%_C_AA1%!specimen!occurs!without!any! reduction! in!CO!"
uptake.!This!consideration,!in!conjunction!with!the!burdens!associated!
with! the! use! of! acetic! acid,! should! be! considered!when!de#ning! the!
optimum!reagent!content!for!industrial!application!of!the!process.

5. Comparison!with!the!literature

5.1. Reactivity

The!results!in!terms!of!bound!water!and!portlandite!consumption!of!
all!the!series!are!compared!with!the!reactivity!values!associated!with!

Fig.!21. Total!speci#c!heat!normalized!to!the!reference!cement!sample.

Fig.!22. Initial!and!#nal!setting!time!obtained!from!calorimetry!test.
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conventional! SCMs! (Fig.! 28 and! Fig.! 29).! The! dataset,! described! in!
Section!3.4,!comprises!various!"y!ashes,!GGBS!and!natural!pozzolan.!

Quartz!is!also!considered!as!reference!inert!material.!The!slag!adopted!in!
the!study,!RawBOF,!shows!values!higher!than!quartz.!This!indicate!that!
the!material!is!not!characterised!by!a!fully!inert!behaviour.!However,!
comparing! both! bound!water! and! portlandite! consumption! with! the!
conventional!SCMs,!the!RawBOF!sample!is!collocated!among!the!ma-
terials!with!low!reactivity.!Only!few!"y!ashes!exhibit!lower!values!of!
bound!water,!but!with!higher!portlandite!consumption.!This!is!related!to!
the!nature!of!the!"y!ash,!typically!characterised!by!amorphous!silica-!
rich!phases.

The! carbonation! treatment,! in! all! the! series,! increase! both!bound!
water!and!portlandite!consumption.!This!results!in!a!reactivity!behav-
iour! in! carbonated! BOF! steel! slag! that! is!more! analogous! to! that! of!
conventional! SCMs.!More! in! details,! the! series! that! showed! the! best!
performance,!C_AA1%!and!C_AA3%,! exhibit! a! behaviour! comparable!
with!GGBS.!It!is!noteworthy!that!this!by-product,!similarly!to!"y!ash,!is!
extensively!utilised!in!the!production!of!standardised!cement,!such!as!
CEM!II.!From!this!standpoint,!the!suggested!mineralisation!process!en-
hances!the!value!of!BOF!steel!slag,!rendering!it!suitable!for!utilisation!as!
SCM.

5.2. Reduction!in!CO2!emissions

A!simpli#ed!assessment!of!the!impact!of!the!use!of!carbonated!BOF!
slag!in!cement!blends!on!the!carbon!footprint!is!herein!proposed.!The!
results! are! compared! with! the! CO2! emissions! associated! with! the!
standardised!cements.!The!dataset!includes!different!cement!types!(CEM!
I,!CEM!II!and!CEM!III)!and!of!different!strength!class!(42.5!and!52.5).!
The!data!are!collected!from!Environmental!Product!Declarations!(EPD)!
of!cements!produced! in!Europe.!Table!9 reports! the!Global!Warming!
Potential!(GWP)!representing!the!equivalent!kg!of!CO2!emitted!for!each!
ton!of!cement!produced,!and!the!cement!replacement!percentage!(R),!for!
each!considered!cement.!It!also!reports!the!nature!of!the!adopted!cement!
replacement!material,!which!are!limestone,!"y!ash,!blast!furnace!slag,!
ground!granulated!blasty!furnace!slag!(GGBS),!gypsum!and!other!minor!
byproducts.!More!details!concerning!the!dataset,!including!the!cement!
company,! the! country! and! the! year! of! production,! the! operator!
executing!the!EPD!are!reported! in!a!previous!study!from!the!authors!
[16].

The!carbon!emissions!associated!with!the!cement!blend!adopted!in!
the!experimental!activity!of!this!study!are!calculated!by!subtracting!the!
emissions!related!to!the!cement!replacement!(R)!and!to!the!CO2!uptake!
of!the!adopted!BOF!slag!to!those!of!reference!cement!(avg!CO2,emissions!
CEMI)!(Eq.!10).!

CO2,emissions = avgCO2,emissions CEMI[
kgCO2

ton of cement
]

• (1− R) − CO2,uptake[
kgCO2

ton of carb slag
] • R (10)!

It!is!worth!to!mention!that!this!is!a!simpli#ed!approach!that!does!not!

Fig.! 23. Portlandite! consumption! vs! acetic! acid! concentration! (trendline!
equation:!y = −2.1146x2!+ 12.515x!+ 66.331;!R²!= 0.9905).

Fig.! 24. Bound! water! vs! acetic! acid! concentration! (trendline! equation:!
y = −0.2236x2!+ 1.2651x!+ 3.2842;!R²!= 0.9635).

Fig.!25. Spreading!diameter!of!the!mortar!series!at!fresh!state.
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consider!the!emissions!associated!with!the!treatment!of!the!slag!and!with!
the! carbonation! process.! In! fact,! in! a! possible! scenario! in!which! the!
technology! is! implemented! in! a! cement! plant,! these! emissions! are!
related!to!the!speci#c!site!conditions.!A!more!comprehensive!life!cycle!
assessment!analysis!is!needed!to!take!into!account!these!aspects.

The!emissions!associated!with!the!reference!cement,!are!calculated!
as!the!average!of!the!data!reported!in!Table!9 referring!to!CEM!I!52.5,!
and!correspond!to!an!average!value!of!791 kg!CO2!eq/ton!of!cement.!The!
cement! replacement,! R,! corresponds! to! 20%.! CO2! uptake! values! are!
those!reported!in!Fig.!14.

Fig.!30 represents!the!relationship!between!the!percentage!of!cement!
replacement!and!CO2!emissions!for!the!different!classes!of!standardised!
cements!considered!in!the!study.!Cements!of!type!CEM!I,!notably!not!
including!SCMs,!are!characterised!by!the!highest!emissions.!The!other!
classes!of!cement!considered!shows!a!clear!trend!of!reduction!of!the!CO2!
emissions! with! the! increase! in! cement! substitution.! The! data! point!
showing!the!lowest!CO2!emissions,!associated!with!cement!of!typology!
CEM!III,!are!characterised!by!percentage!of!cement!substitutions!higher!
than! 80%.! Two! representative! data! of! the! study,! BOF20%_raw! and!
BOF20%_C_AA3%,!are!reported.!The!graph!shows!that!the!series!adop-
ted!in!the!study!aligns!with!the!standard!requirements!of!CEM!II!in!terms!
of!cement!substitution!percentage!and!CO2!emissions.

Fig!31 shows!the!different!strength!classes!of!cement!as!function!of!
the!equivalent!CO2!emissions.!The!different!region!marked!in!the!chart!
are!de#ned!considering! the!compressive!strength!requirements!of!ce-
ments!of!strength!class!of!425.5!and!52.5.!All!the!data!point!associated!
with! the!series!of! samples!considered! in! this! study!are!reported.!The!
chart!shows!that!also!in!terms!of!strength!class!the!series!of!samples!can!
be!associated!with!standardised!cement!of!typology!CEM!II.!However,!
while!BOF20%_raw!sample!is!associated!with!CEM!II!42.5!type,!all!the!
samples! including! carbonated! BOF! also! comply! with! the! strength!
requirement!of!CEM!II!52.5.!More!in!particular,!the!series!of!samples!
showing!the!best!strength!performance!(BOF20%_C_AA1%!and!BOF20%!

_C_AA3%),! completely!#t!with! their! standard!deviation! in! the! region!
associated! with! cement! of! strength! class! 52.5.! This! is! particularly!
important!when!comparing!the!performance!of!cement!of!type!CEM!I!
52.5! having! the! same! strength! class! but!with! a!much!higher! carbon!
footprint.

All!in!all,!the!results!show!that!the!formulation!adopted!in!the!study!
provides!cement!blends!that!are!comparable!with!standardised!cements!
both! in! terms! of! cement! substitution! percentage! and! strength! re-
quirements.!The!aqueous!carbonation!process,! improved!by!means!of!
the!acidic!pre-treatment,!strongly!affects!the!overall!performance!of!the!
material!leading!to!an!upgrade!in!terms!of!class!strength!from!42.5!to!
52.5.! At! the! same! time,! the! gain! in! terms! of! carbon! footprint! is!
emphasised!when!comparing!the!optimised!samples!(BOF20%_C_AA1%!
and!BOF20%_C_AA3%)!with!standardised!cement!with!similar!perfor-
mance!(i.e.!CEM!I!52.5).

6. Conclusions

The!present!study!investigates!the!use!of!acetic!acid!in!CO2!miner-
alisation!process!to!enhance!the!hydraulic!reactivity!of!the!carbonated!
BOF! steel! slag.! With! a! holistic! approach! it! analyses! the! leaching!
behaviour! of! the! acidic! suspension,! the! alterations! in! the! chemical!
composition! and! in! the! morphology! of! the! particles,! the! hydration!
mechanisms!and!the!mechanical!properties!of!cement!blends!incorpo-
rating!the!treated!powder.!Finally,!a!comparison!with!the!extant!liter-
ature!and!with!standardised!cement!in!provided.!The!main!#ndings!of!
the!study!are!reported!as!follow:!

− The!leaching!of!BOF!slag!in!acetic!acid!suspension!induces!calcium!
extraction!from!calcium!silicates.!The!extraction!capacity!increases!
with!the!acid!concentration!up!to!a!rate!of!35.4%!with!20 wt%!acid!
content.! The! pH! of! the! suspension! is! stabilised! after! 30 min! of!

Fig.!26. Compressive!strength!development!of!the!mortar!series.
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treatment.! Part! of! the! extracted! calcium! reacts!with! acid! to! form!
calcium!acetate!salt.

− The!carbonation!process!induces!the!conversion!of!dicalcium!silicate!
and!calcium!hydroxide!into!calcium!carbonate.!In!presence!of!acetic!
acid,!part!of!the!calcium!reacts!with!the!acid!to!form!calcium!acetate,!
with!a!content!of!the!salt!up!to!about!11%!in!sample!with!5 wt%!
acetic!acid!concentration.!As!consequence,!the!carbonation!degree!
linearly!decreases!with!the!acetic!acid!content.!Despite!this,!the!CO2!

uptake,! of! approximately! 19%! in! the! sample! carbonated!without!
acetic!acid,!remains!relevant!with!a!value!of!approximately!14.4%!in!
samples!carbonated!with!5 wt%!acetic!acid!concentration.

− The!carbonation!process!signi#cantly!alters!the!microstructure!of!the!
particles!with!the!formation!of!calcium!carbonate!precipitates!on!the!
surface!of!the!particles.!The!distribution!of!the!carbonate!layer!re-
sults!less!compact!over!the!surface!in!samples!carbonated!in!presence!
of!acetic!acid.!This!indicates!that!the!leaching!process!promotes!the!

Fig.!27. Activity!index!of!mortar!series!at!curing!age!of:!a)3!days!(trendline!equation:!y = −0.0273x2!−0.8491x!+ 87.304;!R²!= 0.613);!b)7!days!(trendline!equation:!
y = −0.149x2!+ 0.2226x!+ 89.755;!R²!= 0.9813);!c)28!days!(trendline!equation:!y = −1.1088x2!+ 5.5847x!+ 90.282;!R²!= 0.9532);!d)56!days!(trendline!equation:!
y = −0.5218x2!+ 2.7775x!+ 90.768;!R²!= 0.9975).
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extraction! of! calcium! from! the! particles! before! the! carbonation,!
signi#cantly!reducing!the!Ca/Si!ratio!on!the!particle!surface.

− The!acetic!acid!affects!the!hydration!heat!of!cement!blends!incor-
porating!the!treated!powder!with!a!slight!increase!in!cumulative!heat!
compared!to!the!carbonated!BOF!without!acid.!Similarly,!bene#cial!
effects!are!observed!in!terms!of!bound!water!and!portlandite!con-
sumption.!These!parameters!are!related! to! the!acetic!acid!content!
following!a!parabolic!trend!with!maximum!value!at!a!concentration!
of!approximately!3 wt%.!This!can!be!associated!with!the!to!partial!
reaction!of!calcium!with!acetic!acid!to!form!calcium!acetate!instead!
of!calcium!carbonate,!that!leads!to!the!formation!of!less!compacted!
calcium!carbonate!layer.!This!promotes!the!reactivity!of!the!silica-!
rich!phases.

− The! bene#cial! effect! in! terms! of! hydration! is! limited! at! elevated!
acetic!acid!concentrations,!as!the!associated!decrease!in!pH!generates!
conditions!that!are!not!favourable!to!the!formation!of!calcium!sili-
cate!hydrates.!This!is!consistent!with!the!reduced!portlandite!con-
sumption!observed!in!the!C_AA5%!sample,!which!exhibited!a!#nal!
pH!below!6!after!the!carbonation!process.

− The! acetic! acid! strongly! affects! the!mechanical! behaviour! of! the!
treated!powder!adopted!to!produce!mortar!samples!in!cement!blends!

with!20%!substitution.!A!parabolic!trend,!similar!to!those!observed!
from! the! study! of! the! hydration! mechanisms,! is! observed! with!
compressive! strength! activity! index! at! 28! days! that! achieves! the!
maximum!value!in!BOF20%_C_AA3%!sample.!The!presence!of!cal-
cium!acetate,!equal!to!approximately!1%!in!BOF20%_C_AA3%!sam-
ple,! showed! to! contribute! to! the! hydration! enhancement! of! the!
cement!blend.

− The!comparison!with!the!literature!shows!that!the!treated!powders!
exhibit!portlandite!consumption!and!bound!water!values!in!line!with!
the!values!of!conventional!SCMs.!In!fact,!the!cement!blends!incor-
porating!the!carbonated!BOF!are!comparable!with!standardised!ce-
ments!in!terms!of!both!cement!replacement!percentage!and!strength!
requirements.!All!the!samples!incorporating!carbonated!BOF!comply!
with!the!strength!requirement!of!CEM!II!52.5.

The! overall! results! show! a! clear! correlation! among! CO2! uptake,!
bound!water,!portlandite!consumption!and!mechanical!strength,!clearly!
de#ning!the!bene#cial!role!of!the!acetic!acid.!Based!on!the!#ndings,!an!
acetic! acid! concentration! of! 3 wt%!may! be! considered! an! optimised!
amount!for!the!hydration!process.!This!leads!to!a!compressive!strength!
activity! index! of! approximately! 96.4%! at! 28! days,!while! adopting! a!

Fig.!28. Comparison!with!literature!data!in!terms!of!Bound!Water.

Fig.!29. Comparison!with!literature!data!in!terms!of!Portlandite!Consumption.
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carbonated!BOF!with!CO2!uptake!of!approximately!16.2%.

Furthermore,!the!use!of!acetic!acid!showed!to!strongly!enhance!the!
reactivity! of! the! treated! powder,! with! considerable! increase! of! the!
compressive!strength!activity!index!at!28!days!with!respect!to!blends!
incorporating! raw! BOF! and! carbonated! BOF! without! acetic! acid,!
attaining!values!of!84.3%!and!89.8%!respectively.

Nevertheless,!further!investigation!is!needed!to!improve!the!overall!
ef#ciency!of! the!process.! In! fact,!while!part!of! the!acetic!acid! reacts!
within! the! process! to! form! calcium! acetate! employed! in! the! cement!
blend,! the! remaining! chemical! is!wasted!during! the! centrifuge! treat-
ment.!In!this!regard,!solutions!are!needed!to!implement!the!recovery!of!
the!chemical!and!to!promotes!its!reuse!in!the!process.

Furthermore,!the!investigation!of!the!individual!role!of!calcium!ac-
etate! in! the! strength!development! remains! a! limitation! of! the! study.!
Further!research!is!required!to!investigate!this!aspect,!for!example!by!
adding!pure!calcium!acetate! to! the! treated! slag!purged! from!the! salt!
formed!during!the!carbonation.

The!#ndings!of!the!study,!showing!a!signi#cant!enhancement!of!the!
conventional!aqueous!carbonation!process,!paves!the!way!for!possible!
industrial!applications!in!cement!industry!to!produce!innovative!blends!
with!reduced!environmental!impact.!In!this!regard,!life!cycle!assessment!
analysis!is!envisaged!to!quantify!the!overall!environmental!bene#ts!of!
the!proposed!process.
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Table!9!
Standardised!cement!dataset!(extracted!from![16]).

CEM!type R GWP
[%] [kg!CO2!eq]

CEM!I!52.5 Other!< 5% 773
Limestone!< 5%!
Other!< 0.5%

681

Other!< 5% 803
Other!< 5% 664
Other!< 5% 793
Other!< 5% 960
Other!2.57% 864

CEM!II!52.5 Limestone!6−20%!
Others!< 5%

633

Limestone!5−15%!
Slag!5−15%!
Others!< 0.5%

620

Others!0−5%!
Fly!ash!6−20%

636

Blast!furnace!slag!21−35% 641
GGBS!31.4% 564
Limestone!9.5%!
Others!4.8%

761

GGBS!21−35% 524
CEM!II!42.5 Gypsum!0−5%!

Fly!ash!6−20%
662

10.3% 527
10.5% 709
4.8% 788
Slag!21−35% 656
Byproducts!6.5% 741
Byproducts!6.1% 672

CEM!III!42.5 Byproducts!38% 561
Slag!63.5%!
Clinker!32%

392

Slag!63.1%!
Clinker!31.5%

379

Slag!77% 272
BF!36−65% 382
Slag!50% 358

Fig.! 30. CO2! equivalent! emissions! of! different! cement! types! based! on! their!
replacement!rate!integrated!with!the!results!of!this!study.

Fig.! 31. CO2! equivalent! emissions! of! different! cement! types! based! on! their!
compressive!strength!integrated!with!the!results!of!this!study.
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