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Abstract

The main objective of the Integrated Waste Managgn&ystem is to consent an
environmentally and economically advantageous wasustain the continuous increasing
volumes of municipal waste products.

Nowadays thermal treatment of municipal solid wasfgresents the main option for
reducing the volume by up to 90 %; neverthelessctmabustion process generates solid
residues, as well as atmospheric emission, ther latintaining acid gases and about 12 %
of carbon dioxide which require proper treatment.

In particular, municipal solid waste (MSW) combaostiresidues, produced during the
waste to energy (WLE) process, are landfilled aseel. Landfill space limitations and EU
Landfill Directive (CEU 1999) push to adopt reuswl aecycling strategies. Recycling of
waste material is becoming the main objective anftbld of integrated waste management
system.

The material residues produced by thermal treatraemtrepresented by bottom ash
(BA), fly ash (FA) and flue gas cleaning ash. Bottash is the most significant product of
combustion, in fact it accounts for 85 %; FA angefas cleaning are commonly collected
together in electrostatic precipitators or fabiitef devices. This side product is normally
called air pollution control (APC) and represents + 2 % of the total waste mass
combusted.

In several European countries, BA is used as ansiacy building material; in fact the
sand and gravel fractions can be used in concratksh in road sub-bases or in
foundations, whilst APC might be used in cementpobion.

Municipal solid waste combustion BA and APC resi&laee considered respectively as
a non hazardous and a hazardous waste materialiseethey potentially release metals,
toxic organic substances and soluble salts into géheironment, thus landfilling or
recycling options require a pre-treatment.

Many treatments have been proposed and are useddtme the mobility of the
hazardous compounds, generally contained in allbcmtion residues, thus reducing the
impact of the landfilling or reusing of these maky. Among the different treatment
options, the ageing processes (weathering) andviter washing treatment have been

recently introduced.




Regarding the ageing process, carbonation is otieeahain reactions involved during the
process and seems to be one of the most interdsthgiques to reduce the metal release
by metals immobilization. The carbonation procdsbiises the material by changing its
mineralogical characteristics and, it has showrmsitiye effect on heavy metal mobility.
Nowadays, in France for 64 % of BA a period of agdreatment is required before reuse
and BA is stocked for several months in weathearens. In the case of BA, the source of
carbon dioxide in weathering areas could be théarardioxide contained in the air,
however, other flue gas rich in G@night be used, as well as the adoption of several
parameters during the process which help to imptegeinetics of the reaction, which are
generally quite slow.

Carbon dioxide (Cg) represents 0.039 % of the atmosphere and it nsidered a
greenhouse gas deriving largely from human activitys mostly released by the energy
production process which is based on the combusfidossil fuels and biomass, from the
burning of forests and by industrial and resourdeaetion processes. One of the ultimate
objectives of the United Nations Framework Convantof Climate change (UNFCCC) is
“the stabilisation of greenhouse gas concentrationshe atmosphere at a level that
prevents dangerous anthropogenic interference tivitltlimate system”. For this purpose,
the capture of Cg contained in stack gas, also produced by thetraatment of waste,
might contribute to decrease the emission of greesé gas.

In this contest, carbonation treatment of combustesidues might combine the clearly
positive effect caused on reduction of metal mopiiind, as a consequence, on metal
release, with the side effect of carbon dioxideiotidn.

When dealing with residues with high content olubté chlorides and sulphates, such
as APC ash, the water washing treatment seems tioebleest option in order to remove
soluble salts. Unfortunately, when ash is mixedwiater, not only chlorides pass into the
solution, but some heavy metals are leached outthis frame, a first carbonation
treatment, which might produce metals immobilisatidollowed by a water washing
treatment, that removes chlorides and sulphatestnfiglp to obtain a stabilized APC
residue and a wastewater deprived of heavy metals.

The main objectives of this doctoral thesis were(fpinvestigate the effects of the
direct aqueous accelerated carbonation procesedmm BA, its particle size fractions

and APC ash residues, in order to gain new insighthe chemical and mineralogical




changes for each type of material; (i) evaluate #ffect of a combined treatment
“carbonation + washing”, applied on APC ash in tewhchlorides and metal release; (iii)
evaluate the COsequestration capacity of residues under invdstigarl he first objective
was reached by applying the direct aqueous actetecarbonation on MSW combustion
BA and its particle size fractions. It was perfothi®y placing moistured (20 % by weight)
samples into a COincubator chamber. The temperature was set atC40'Re BA was
exposed to an atmosphere characterized by a 10 % 2§ volume CQ content. The
effects produced by carbonation treatment on th&alsenobility was investigated by
different leaching tests, performed on untreatetiGarbonated material.

In the case of APC ash, the accelerated carbona#atment was applied on residue in
the slurry phase (L/S = 2.5) and by bubbling 10®byaolume of CQ. The temperature
was set at 20° - 25 °C. In order to asses thedwstitions to reduce metals mobility, the
process was interrupted at different levels offipld. A sample of the slurry phase was
collected, dried and the leaching test was perfdrme

The second objective was reached by applying théerwaashing treatment on
carbonated APC ash. The washing treatment wasestunly adopting several L/S ratio
(2.5, 5, 7 e 10) and several times of contact $1,3D, 60 e 120 min). The best conditions
were selected on the basis of the chlorides andlsetlease and by comparing from the
behaviour of fresh and carbonated APC ash.

The third objective focused on the application ofederated carbonation treatment on
residues under investigation in order to assesptitential of the process in terms of
sequestration of the G@mitted from WLE plant. To evaluate the £ptake of ashes,
thermal analysis and calcimetry were performedmneated and carbonated residues.

As for the effects of accelerated carbonation am rtietal leaching behaviour of the
studied alkaline residues, significant results wastained for both BA and APC residues.
In the case of BA residue, carbonation treatmenvgnt to be effective in reducing the
mobility of Pb and Cu, whilst increased the Mo nfibppiand did not show any significant
effect on Zn and Cr. When the single size fractiomse considered, the effects on Pb
(decreased mobility) and Mo (increased mobilityyeveairly homogenous for all the size
fractions, whilst the overall positive effect on @wbility seemed to derive mainly from
the particles having < 1.0 mm in size. The effdatarbonation on Cr mobility seemed to

be negative for fractions as above particle siZeO<mm. Carbonation treatment on APC




ash was able to reduce the release of Pb, Zn, €and Mo, with an optimal final pH,
identified on the basis of the demobilization effedtose to 10.5. Nevertheless, along the
whole studied pH range (13.17 < pH < 8.22), a nimdttion effect was noticed for Sh. No
effect was observed in chlorides release in thegide studied.

On the basis of the experimental findings, it cobkel assessed that the aqueous
accelerated carbonation treatment, applied on BA ARC ash residues, exerted a
immobilization effect on several elements, but teenbination with other process might
be necessary to immobilise some oxyanion metais G, Sb or Mo), as well as to reduce
the chloride release by APC ash. In this contdss, dpplication of a water washing
treatment could help to remove soluble chloride laadial from fresh and carbonated APC
ash. The process have shown good results in tefretdaride reduction in residue when a
L/S = 2.5 I/kg and a washing time between 1 — 18ut@s were used. When the treatment
was applied on carbonated APC ash (final pH= 9.8%9, metal release was reduced
respect to it showed for the fresh residue (ex&ptand Cr). The Sb and Cr mobility is
strongly influenced by the extent of carbonatidryst it implies that the first step of the
combined process should be opportunely performadexXample by a strict control of pH
during the process.

The CQ sequestration capacity of BA was about 5 - 9 %weygh of residue in the
finest particle fraction and between 3 - 4 % in tlharse fraction. In the case of APC ash,
the estimated CQuptake was close to 20 %. These results are ¢ensisith several other
experiences reported in the literature.

The carbonation treatment can be thus consideradpagentially viable option in order
to improve the environmental behaviour of combustiesidues and reduce €@missions
from Waste to Energy plants. In case of APC ash, application of the carbonation
treatment to reduce the G@®missions appears not a feasible process, bet@isearcity

of residue produced in spite of the high sequestratapacity.




Sommario

Il Sistema Integrato dei Rifiuti ha il fine sostemd@ continuo incremento dei volumi di
rifiuti prodotti attraverso che permetta di unatgese economicamente vantaggiosa e
rispettosa dell’ambiente.

Attualmente, il trattamento termico dei rifiuti esenta I'opzione principale per
ottenere una riduzione del volume del materiale &h90 %; tuttavia la combustione e un
processo che produce residui solidi, cosi comesonische contengono gas acidi, e circa
il 12 % di anidride carbonica, contribuendo allimgamento atmosferico.

| residui solidi prodotti durante il processo drn@valorizzazione dei rifiuti solidi
urbani (frazione secca residua) possono esserditsmaliscarica o riutilizzati/riciclati. La
Direttiva del’lUE (CEU 1999), insieme alla diffidal di reperire spazi disponibili per la
realizzazione di nuove discariche, spingono adtadotle strategie del riutilizzo e del
riciclo. Riciclare i materiali di scarto € infattino dei principali obiettivi del sistema
integrato di gestione dei rifiuti.

I residui solidi prodotti dalla combustione deiutf sono sostanzialmente le scorie di
fondo, le ceneri volanti e le ceneri prodotte daithmento dei gas acidi.

Le scorie di fondo rappresentano il residuo piuaaiolante, circa I'85 %; le ceneri
volanti e le ceneri prodotte dal trattamento des ga&idi sono generalmente raccolte
insieme nei sistemi filtranti. Il materiale residottenuto € denominato ceneri APC (air
pollution control) e rappresenta I'1,5 — 2 % dellassa totale combusta.

In diverse nazioni della Comunita Europea, le &cali fondo sono spesso utilizzate
come materie prime seconde per costruzioni, infattiazioni sabbiosa e ghiaiosa possono
essere adoperate per produrre mattoni, nei sattdi &iradali o nelle fondazioni; le ceneri
volanti possono essere utilizzate nella produzaireemento.

Le scorie di fondo e le ceneri APC sono consideregettivamente un rifiuto non
pericoloso e pericoloso a causa del rilascio nelfente di metalli pesanti, sostanze
organiche tossiche e sali solubili; inoltre i cloragontenuti nelle ceneri APC possono
corrodere I'acciaio. Date queste considerazionmardi smaltire il residuo in discarica o
di riutilizzarlo/riciclarlo, € quasi sempre necessan pre-trattamento.

Sono stati messi a punto molti trattamenti perrriglla mobilitd di composti tossici e

pericolosi contenuti nei residui da combustione rifeiti. Tra questi processi rientrano




I'invecchiamento artificiale delle scorie di fond® il lavaggio delle ceneri APC. La
carbonatazione € la principale reazione chimicawmia nel processo di invecchiamento
naturale e sembrerebbe la tecnica attualmentenpitiessante ai fini della riduzione del
rilascio dei metalli dai residui da combustione. ¢arbonatazione determina variazioni
chimiche e mineralogiche del residuo che spessondiamome conseguenza
'immobilizzazione di metalli tossici.

In Francia il 64 % delle scorie di fondo é sottdposd un processo di carbonatazione
della durata di alcuni mesi, realizzato attravestezcaggio delle scorie in specifiche aree.

Nel caso delle scorie di fondo, per realizzarerdlcesso di carbonatazione, la sorgente
di anidride carbonica puo essere l'aria; tuttavidérgbbe anche essere utilizzata la stessa
corrente gassosa emessa in atmosfera in segutcatibustione. Il processo puo inoltre
essere condotto in modo da migliorare la cinetiedadreazione, abbastanza lenta in
condizioni naturali.

L’anidride carbonica (Cg) costituisce lo 0.039 % dell'atmosfera ed €& comsith un
gas serra, prodotto soprattutto da attivita umghano dei gas rilasciati dalla combustione
del carbone fossile e delle biomasse, dalla conunestprovocata dagli incendi delle
foreste, da processi industriali ed estrattivi. Wiegli ultimi obiettivi della United Nations
Framework Convention of Climate Change (UNFCCC) la Stabilizzazione delle
concentrazioni dei gas serra nell’atmosfera allitai da prevenire pericolose interferenze
antropogeniche con il sistema climatico”. A talepe, il sequestro della G&ontenuta
nella corrente gassosa prodotta dal trattamentaider dei rifiuti, potrebbe portare al
duplice vantaggio di ridurre le emissioni del g&sra e migliorare il comportamento
ambientale dei residui attraverso la riduzioneadeibbilita dei metalli.

Nel caso delle ceneri APC, il trattamento piu vggtaso per rimuovere i cloruri e i
solfati é il lavaggio con acqua, adottato. Sfortanmeente, quando la cenere e miscelata con
I'acqua, in soluzione passano anche alcuni mgtabianti. Cid suggerisce una potenziale
integrazione tra i due trattamenti di carbonatazierwashing, il primo inteso a ridurre la
mobilita dei metalli, il secondo, applicato a vatlel primo, volto alla rimozione dei sali
solubili, con produzione di un’acqua di rifiuto cdrassi livelli di contaminazione da
metalli pesanti.

| principali obiettivi di questa tesi di dottorasono stati: (1) valutare gli effetti causati

della carbonatazione accelerata in fase acquoseappalle scorie di fondo (distinguendo




anche la risposta delle diverse frazioni granuloitiet) e alle ceneri APC, attraverso lo
studio delle trasformazioni chimiche e mineralogiatei materiali; (2) valutare I'effetto
del trattamento combinato “carbonatazione + lavaiggipplicato alle ceneri APC in
termini di rilascio di cloruri e metalli; (3) valate la capacita di sequestro della,@a
parte dei residui oggetto di indagine.

Il primo obiettivo é stato raggiunto trattando darcarbonatazione accelerata le scorie
di fondo e le relative frazioni granulometrichetrittamento e stato effettuato all'interno
di un incubatore ad anidride carbonica, operanteradtemperature di 40 °C, su campioni
di scoria umidificati al 20 % e con un’atmosferaatterizzata dal 10 — 20 % in volume di
CO..

Nel caso delle ceneri APC, il trattamento di cadiamione accelerata e stato eseguito
in fase slurry (L/S = 2.5 I/kg), insufflando il 180 in volume di CQ.

La temperatura di esercizio é stata mantenuta a 28®C. Con il fine di individuare le
migliori condizioni che consentissero la riduziatedla mobilita dei metalli, il processo &
stato interrotto al raggiungimento di differentiosd prefissati di pH.

Gli effetti prodotti dalla carbonatazione accelaratilla mobilitd dei metalli sono stati
verificati tramite prove di lisciviazione su campiai scorie e ceneri APC non trattati e
cartonatati.

Il secondo obiettivo e stato raggiunto applicardavaggio con acqua alle ceneri APC
carbonatate. Il lavaggio con acqua delle ceneri AP§tato eseguito utilizzando diversi
rapporti L/S (2,5 -5 - 7 e 10 I/kg) e diversi terdpcontatto (1, 15, 30, 60 e 120 minuti).
Le condizioni migliori sono state selezionate sudkse del rilascio di cloruri e metalli
pesanti e confrontando il comportamento delle gelhBC fresche e carbonatate (eccetto
per Sb eCr). La mobilta del Sb e Cr é notevolmeimituenzata dal livello di
carbonatazione, cosi il primo passaggio del tragtdaon combinato dovrebbe essere
opportunamente controllato, per esempio attravéirsoo stretto controllo del pH.

Il terzo obiettivo poneva l'attenzione sull'applmane della carbonatazione accelerata
ai residui oggetto di studio per valutare la caadi sequestro della G@messa dagli
impianti di termovalorizzazione.

Per valutare la C@Ocaptata da scorie e ceneri, € stata eseguitdifadal contenuto di
carbonato tramite la termogravimetria e la calcrragetsia su campioni freschi che

carbonatati.




Con riferimento agli effetti provocati dalla carlz@azione accelerata sulla lisciviazione
dei metalli pesanti da parte dei residui da comobnststudiati, sono stati ottenuti risultati
significativi, sia nel caso delle scorie di fond@ nel caso delle ceneri APC.

Nel caso delle scorie di fondo, il trattamento @itonatazione accelerata ha effettivamente
provocato la riduzione della lisciviazione di Pbdafu, mentre si e verificato un
incremento della lisciviazione del Mo e nessuntadfsignificativo sulla lisciviazione di
Zn and Cr.

Considerando le singole frazioni granulometricHeffdtto sul Pb (riduzione della
mobilitd) e sul Mo (aumento della mobilitd) é ristib omogeneo su tutte le frazioni
considerate, mentre I'effetto positivo mostrato ddbtto rilascio del rame da parte delle
scorie, € sembrato dipendere principalmente dalltigelle con dimensione < 1,0 mm.
L’effetto della carbonatazione sulla mobilita del &a mostrato risultati negativi per le
frazioni di scoria con dimensione < 1,0 mm.

Il trattamento di carbonatazione accelerata s@teed APC, considerando un pH di fine
trattamento prossimo a 10,5, ha permesso di riduriasci di Pb, Zn, Cr, Cu e Mo.
Tuttavia all'interno del campo di pH studiato (184 pH < 8,22), si € verificato un effetto
di mobilizzazione dell'Sb. Nessun effetto provocd#dla carbonatazione é stato osservato
nel rilascio dei cloruri nel campo di pH adottato.

Sulla base dei risultati sperimentali ottenuti, &i potuto evidenziare che la
carbonatazione accelerata in fase acquosa, agphcascorie e ceneri APC, e in grado di
provocare effetti positivi in termini di riduziongella mobilita di alcuni metalli pesanti;
tuttavia l'utilizzo di un processo aggiuntivo pdibee comunque essere necessario per
immobilizzare alcuni metalli presenti come ossieani(e.g. Cr, Sb or Mo), cosi come per
ridurre il rilascio di cloruri da parte delle cenAPC. In questo ultimo caso, applicando il
lavaggio con acqua alle ceneri APC precedentenmarteonatate a pH ~ 10, il risultato
migliore, in termini di rimozione del cloruro e camo di acqua di lavaggio, é stato
ottenuto utilizzando un rapporto L/S = 2.5 L/kg.

Il sequestro di Cg valutato per le scorie di fondo, € stato del % % in peso nelle
frazioni piu fini ed ha assunto valori inferioriggp al 3 - 4 %, nelle frazioni grossolane. Nel
caso delle ceneri APC, la G®equestrata ¢ risultata pari al 20 % in pesooirtardo con i

dati ottenuti da altre sperimentazioni.




La carbonatazione accelerata pud dunque esseradeia una tecnica capace di
migliorare il comportamento ambientale dei residai termovalorizzazione e ridurre le
emissioni di CQ prodotte dalla combustione dei rifiuti. Nel casellel ceneri APC,
I'applicazione della carbonatazione sul residuofimi del sequestro di COrende |l
processo non realizzabile, infatti la quantitaeliere prodotto &€ scarsa sebbene la capacita

di sequestro sia alta.




Introduction

Nowadaysthe necessity to reduce the negative effects ddumgehe increasing amount of
waste produced by human activities is the main lproldo take into account in the waste
management system. The Integrated Waste ManageBysiem represents the best
opportunity to improve the cycle of waste and redubeir negative impact on the
environment. It is based on the reuse or recycthgeveral waste materials, such as
plastic, glass, aluminium, paper and organic foactvhich are separated from municipal
solid wastes.

In particular, the recycling option involves tharisformation of a waste material into a
new product, reducing the consumption of fresh naaterial, as a consequence, it brings
about better use of available resources. Furtherniess solid residues need to be treated
and landfilled, thus the energy usage, the airugiolh (from thermal treatment) and water
pollution (e.g. from landfilling) decrease, reduginthe costs of water and air
decontamination.

However, after the recycling option, a residual t@asaction remains and it must be
treated before reusing or landfilling. The residualste fraction can be mechanically-
biologically pre-treated (MBT) or combusted duritige waste to energy (WtE) process.
The first option is often considered as an alteveawaste treatment to incineration and it
consists in mechanical sorting and biological tre;att (composting, stabilization and
anaerobic digestion) stages. Nevertheless, newl sefiidues are produced during both
processes. In the case of thermal treatment, s@igrials (such as bottom ash, fly ash and
gas flue cleaning) and acid gases (&@x, NOx, halogenidric acids and carbon dioxide)
are produced.

The solid residues, produced after thermal treatmesguire a treatment before
landfilling or recycling, overcominghe potential release of toxic organic compounds,
metals (e.g. Pb, Zn, Cu, Cd, Cr, Mo and Sb) andidelsalts into the environment. These
elements are always present in the initial soliGdteaand, after the combustion process,
their contents in residue material increases. Tiiemralogical alterations which occur as a
consequence of the combustion reaction are anafipact to consider. For example, after
the quenching process of BA, new mineralogical phage formed which are metastable

under atmospheric condition. In a short time, tHelmity of these combustion solid
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residues brings about the leach out of these congsoand elements. The extent of the
release is largely dependent on the mineralogiltatadions which naturally occur as a
consequence of the contact with atmospheric ag@ntsther very important aspect is the
necessity of predicting the pH change in a longntg@eriod for the management of a
landfill site, after it is closed.

Several pre-treatments are applied on BA and ARCaasl they are included in the
following classes: (a) physical separation, (b) nociwal separation, (c) chemical
stabilisation and (d) thermal treatment. Some efrttare carried out in the full scale (e.qg.
size separation, magnetic separation, washing,disignwith cement), while others are
more innovative (natural weathering and carbonatidrhe effect produced by some
processes studied till now is to move contamin&ots the residue to other phases, which
have to be treated because they are polluted. ¥amm@e, with respect to the washing
treatment, water soluble salts, such as chlorides salphates, are easily removed from
residues; furthermore a wastewater riches, not amlgoluble salts, but also in heavy
metals and organic compounds, is produced thuswapmeblem, linked to wastewater
treatment, will require a solution in order to sothe problem.

The ideal solution might be to find treatment cdpab immobilise contaminants in
residue and producing an environmentally stableenatin a short and long time scale.

Regarding to innovative processes, tieatheringof alkaline residues is the result of
several reactions (e.g. hydrolysis, oxidation/réidug carbonation) which cause chemical
and mineralogical changes, affecting the leachielgalbiour of contaminants from solid
residue. One of the most well-known weathering esses is the one based on the
carbonation reaction. After carbonation treatm#érg, most evident effect produced is the
decrease of pH which affects the compounds mobllityhis respect, several studies have
shown, as consequence of treatment, a positivetdfieterms of metal immobilisation.
Another beneficial aspect is that the treated tesichaintains or increases the buffering
capacity, thus it is more stable when it is expdseehvironmental conditions.

As a result, in several European Countries, thenggerocess has already been used at a
full scale to stabilise BA; for example, in Frarad@out 64 % by weigh of residue is stocked
several months on a weathering area, before iterguroad construction.

Regarding the carbon dioxide (@@mission produced by thermal treatment, according

to Intergovernmental Panel on Climate Change (IR@®@st of the warming observed is
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attributable to human activities and €@ the greenhouse gas which makes the largest
contribution. The ultimate objective of the UN Framork Convention on Climate Change
is to achieve the reduction of greenhouse gas otrat®on by adopting several
technological options. These include: reducing gneonsumption, increasing the use of
renewable energy source, sequestering G® biological adsorption, as well as €0
capture and storage (CCS), chemically or physicdllye CQ capture takes place by
separating the gas under investigation from a ¢y@ars, adopting solid materials (e.g.
biological or waste solid material) rich in calciu(portlandite, Ca-silicates such as
wallostonite and ettringite). Several studies weaeied out to evaluate the potential use of
the MSW combustion residues to achieve the Capture and storage (CCS). In the case
of MSW combustion APC ash residues, a high, Qftake potential was observed, as well
as MSW combustion BA and stainless steel slag, ibuthis case, the maximum
sequestration capacity was dependent on its pagize fractions. The maximum value of
CO, was measured in the finest fractions whilst it veager in coarse fractions.

The objective of this doctoral thesis was to inkgege the effect of the direct aqueous
accelerated carbonation process on chemical anérabigical property of both MSW
combustion BA and APC ash and to evaluate the @@ential sequestration of these
residues. In Chapter 1 and 2 the accelerated catibonprocess and carbon dioxide
sequestration are discussed. In particular, the maplications of accelerated carbonation
on different alkaline residues and the generalcesf@roduced on the metal leaching are
reported.

In Chapter 3, the effects of the agqueous accebtbiceoonation applied on BA and its
particle size fractions is discussed in terms oftainéaching and COsequestration
capacity. In order to better understand the eftactsed on metal release by carbonation
treatment, several leaching tests, a geochemicalelmgy and a sequential extraction
procedure were adopted.

In Chapter 4, the results obtained by performirgdbcelerated carbonation process on
APC residue are reported and discussed. In paatictile optimum pH of the carbonated
APC ash, in terms of reduced metal leaching, miighin a limited range of pH, probably
between 10.0 — 10.5, thus the study of effects etahnrelease from APC residue, was
performed by stopping the process at fixed pH, narege between 8.2 — 13.0. Leaching

tests were performed on fresh and carbonated raktesilected during treatment to
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evaluate the metal mobility. Generally, carbonatteeatment applied on APC residue
seems not to decrease significantly the chlorisieiphates and fluorides leaching and their
release appears to be pH independent. In this sioritee washing process the residue
represents the main option used to decrease salslit;m In Chapter 5, results of
preliminary water washing tests is reported. Expental tests were carried out to asses
the effectiveness of the single step process atid the time and liquid-solid (L/S) ratio
were varied, respectively from 2.5 to 10 I/kg amahf 60 to 120 minutes. Furthermore, by
applying the washing treatment, other contaminasish as heavy metals, are dissolved.
In this contest a combined pre-treatment of APUdtess appeared to be interesting, by
using both carbonation and washing process. Thicapipn of the carbonation treatment,
such as first step of a pre-treatment, and of wasprocess, as second step, might be an
optimum solution to achieve a selective removaadfible salt during the water washing.
In this doctoral thesis, the influence of severatameters on the previewed combined
treatment was evaluated in order to achieve infatomaon the optimal operative
conditions, which might improve the metals andsskaching.

The experimental work of this research was carpetl in the laboratories of the

Geoengineering and Environmental Technologies Dejat of the Cagliari University
(Italy).
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Chapter 1. Accelerated carbonation and technical ggications

1.1 Mineral carbonation

Mineral carbonation or mineral sequestration isedasn the reaction of GQvith metal
oxides, normally contained in natural raw minerasy. silicate, and in many waste
materials, to form the corresponding insoluble oadies. The products of mineral
carbonation are stable solids that would provideagfe capacity on a geological time
scale. Carbonation is recognised as one of the mm®irtant reactions occurring during
theageingprocess of alkaline materials, when they are eeghds atmospheric conditions.
Moreover, magnesium and calcium silicate deposéssafficient to fix the Cethat could
be produced from the combustion of all fossil fudls fix a tonne of C@about 1.6 to 3.7
tonnes of rock is required (IPCC, 2005). From artfuelynamic point of view, inorganic
carbonates represent a lower energy state thay) K¥hce the carbonation reaction is
exothermic and can theoretically yield energy.

Several studies (Sabbesal, 2003; Freyssinedt al, 2002; Meimeaet al,, 2002) pointed
out the chemical and mineralogical alterations Whare involved during the ageing
process and in particular, after the carbonatiosadd residues obtained by combustion
process.

Solid residues obtained by thermal treatment ansidered strongly alkaline materials
because of their high amount of calcium and magnesoxides content. A typical

composition of residues is shown in Table 1.1.

Table 1.1. Chemical composition of alkaline resgltested for carbonation treatment (%
by weigh of each oxide) (Johnson 2000).

Sample Ca0 5107 MgO AlO; Fe 03
OPC 65.04 20.71 1.03 4.83 277
PFA 3.36 46.96 1.76 2371 11.33
Deinking Ash 37.69 33.76 3n 20.12 0.03
MSWI-b 22.62 10.32 1.61 3.30 0.95
MSWI-£ 35.89 15.29 1.29 6.25 1.11
GGBS 41.38 34.59 6.84 14.02 1.51
Stainless Steel Slag 46.66 2792 9.75 291 1.22
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During the mineral carbonation process, metal-axid®O) are easily carbonated,
according to the following chemical reaction:

MO (s) + CQ (g) » MCOs3 (s) + heat AH <0) [1]

where M is a divalent metal, e.g. Ca, Mg or Fe. phaducts of mineral carbonation are
carbonates, which are stable solid compounds tleaidvprovide storage capacity on a
geological time scale. The amount of heat produnedeaction depends on the bivalent
metal contained in oxide compounds. In the cas€afhydro)oxide, e.g. portlandite,

calcite is the solid product, according to the tieac

Ca(OH) (s) + CQ (g) — CaCQ (s) + BHO (I) + 178 kd/mdlo, [2]

Others classes of compounds, generally containaddunstrial residues, are Ca-silicates,
such as wollastonite and ettringite. These minpteses were found in many waste
materials derived from thermal process (Johnso@QR@arbonation of Ca-silicate can be

written as:

CaO-nSImH,0 + CG (g) — CaCQ (s) + nSiQ (s) + mHO [3]

In the case of ettringite, the reaction can be esgmted by the following chemical

equation:

3Ca0-A}0O3-3 CaSQ 32H,0O (ettringite) + CQ (g) — 3CaCQ (s) + 3CaS@H,O
(gypsum) + A}O3-xH,O (alumina gel) + (26 - x) $D [4]

Carbonation process might take place in differemddions: at low pressure, by bubbling
CGO; into the residue in slurry phase or exposing tloéstared residue to a stream rich in
this gas and or high pressure, in a closed redctdne first case, only soluble Ca minerals
and ettringite can be carbonated; in the seconé, @so Ca-silicates can react with £O
gas. Considering the different carbonation processtes used to mineral GO
sequestration, such as tk@ect and indirect methods, the same treatments might be
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applied to residues (figure 1.1). threct methods, the gas is directly put in contact with
material which is in solid or agueous phase; indase ofindirect methods, the alkaline
metals are extracted from matrix and then they react with CQ. The most common
method applied on waste residues, isdinect carbonation treatmerngas-solidor aqueous
route in the last case, the process does not requerextraction of alkaline metals, which
are water soluble.

The carbonation reaction in aqueous phase invdlvedollowing steps: (a) the GO
diffusion from the air through the porous systeh); the CQ () dissolution in water film
surrounding each particles; (c) €@ hydration to carbonic acid and its ionization, ttth
reaction of CQ (3q) with Ca(OH) present in water solution. These mechanisms can be
described by a modelling approach, consideringahewing differential equation (Arickx
et al, 2006):

9 9°C?
Eair &a:_tcoz = Deff TZCOZ - RCO2 [5]

In the equation, a constant porosgy: and the effective diffusion coefficientefp are
assumed.

Carbonation can be considered a second order aaagtith respect to Ca(Oklpnd CQ
concentration in the aqueous phade.{ =e, KrC'COZCI(':a(OH)Z). Assuming Ca(OBh)

ater

ewater

concentration constant, the reaction becomes psistiorder (R, = K Cg,,) and

might be integrated. The degree of carbonationriangly dependent upon the calcium
content and the absence or low quantity of Cagid}l/or the deposit of other compounds
might influence the diffusivity and reactivity di¢ carbon dioxide (Rendeik al., 2006).

Carbonation reaction affects the physical-chemmralperties and the mineralogical
composition. From a physical point of view, theatean leads to an 11.8 % increase in
solid volume which causes, as a consequence, atredwf porosity. (Fernandez-Bertos
et al, 2004).

Regarding chemical modification, the new calcit@gghcauses a pH reduction, from a
range of 11 - 13 to 8 - 9 and might improve thddrutapacity of solid residue.

Metals speciation and solubility may be modifieds a consequence of several

interrelated chemical and physical processes: cexagibn, hydration, hydrolysis,
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dissolution/precipitation, oxidation/reduction, gtion and mineral neo-formation. In this
respect, several studies examined the MSW combuBt#fo and APC ash to evaluate the
involved modifications, after carbonation treatméntthe case of BA, it was observed that
Al minerals, amorphous aluminosilicates, Al(QHand Fe oxides are likely to precipitate
during carbonation (Stumm and Morgan, 1981; Meimé @omas, 1997) and sorption of
contaminants on neo-formed solid might be an ingmrimechanism that causes metal
leaching reduction (Meima and Comas, 1998; Zevegdret al, 1994). A similar result
was obtained treating APC ash which, after carbonatreatment, showed a different
metal leaching behaviour (Baciocdtial, 2007; Wanget d., 2010).

Accelerated carbonation has shown: (i) a positiveé significant effect especially on
lead zinc and copper leaching on both BA and ARC(hset al., 2007; Kim et al., 2003;
Wanget al, 2010; Polettiniet al, 2005; Rendelet al, 2006; Arickxet al, 2006); (ii) no
effect or negative effect on antimony and molybdeneaching (Van Gerveet al, 2005;
Polettiniet al (2005); (iii) a non clear behaviour on chromiwgadhing.

Natural carbonation process usually requires loagods, therefore, in order to make
an effective technical exploitation possible, tli®@tion of specific conditions (i.e. high
CO, pressure, optimal water content) or material peattments (i.e. preliminary mineral

phases dissolution), is currently under evaluation.

1.2 Accelerated carbonation

At the low partial pressure of carbon dioxide imasphere (0.03 — 0.06 % v/v) and at
temperature ambient, carbonation of metal oxidesursc spontaneously, through
geological scales (Robet al, 1978; Lasanga and Berner, 1998). It has beemdsinated
that after seven months weathering period, bottsimcauld be adsorbed (Kaiboueétial,
2003). The carbonation treatment can be acceletedlopting several parameters which
affect the kinetic reaction: (a) the ¢@ressure, (b) moisture content of residue, (c)
temperature and C(percent of air, (d) material sieving. The £@essure plays a major
role on the kinetic of the whole process (Rendelal, 2006); the gas solubility in the

water, content in pores, is directly related tqastial pressure @) in the surrounding
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gaseous phase as described by Henry's law:

C K

co, = co, I:)coz [6]

Where Ko, is the Henry constant, depending on temperatuce,(¥ 34.13 mol it bar*

at 20 °C). Taking into account the Henry's equatithe CQ concentration (€o,)
calculated, considering the pressure at 2 and f,7dmcluded in a range values from 68
mol m* to 580 mol rit. Consequently, the increase of £&ncentration accelerates the
carbonation reaction (Rendekal, 2006).

The effect exerted by temperature parameter ogdH®nation reaction, is positive and
it might be due to the Galeaching from the particle of solid; however, sirthe reaction
is exothermic, the formation of carbonate is thetymamically favoured at low
temperature (Fernandez-Bertisal 2004).

Water is necessary to promote the reaction of, @Ofact it dissolves and hydrates £O
and C&"ions; however, too much water can limit the reactisecause it blocks pores in
solid, reducing the surface of contact of gas-s@ternandez-Bertost al 2004; Rendelkt
al., 2006; Van Gerveat al, 2005).

The degree of carbonation is strongly dependenthenCa content, however, some
waste residues seem do not follow this tendencynight be ascribed to compounds
deposit, e.g. Ca-hydro(oxides), formed during tmecess, which could influence the
effective diffusivity and reactivity of the G@Rendeket al, 2006).

1.3 Accelerated carbonation of alkaline residues

Accelerated carbonatioof alkaline residues has been found to represeseffactive way
to achieve C@sequestration from industrial point sources, aeresting additional benefit
in view of the decrease of greenhouse gases (Huiggel Comans, 2003; Fernandez-
Bertoset al, 2004; Baciocchet al, 2007, Sipiléet al, 2008).

Industrial residues obtained by thermal treatmenet @onsidered strongly alkaline
materials, because of the high amount of calciuthraagnesium content. Calcium is the
main alkaline metal found in industrial residuegl ainis the most reactive specie, with

respect to C@ thus it is carbonated more quickly than Mg (Huigat al., 2003).
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The initial composition and the mineralogy of thamy industrial residues were evaluated
and an example of mineralogy study is given beldoab(e 1.2).

Table 1.2. Mineralogical studies on fresh and wesath residues.

Residue Unweathered Weathered
MSW!I bottom ash (Kirby and Rimstdt, 1993) (Tedjg299)
Tedjar, 1999) (Zevenbergen al, 2004)

(Freyssineet al, 2002) (Piantonet al, 2004)
Zevenbergen, 1994)

MSWI electrostatic precipitator ash  (Eigrayal, 1995)

Coal fly ash (Reddet al, 1994) (Reddet al, 1994)
(Schramke, 1992) (Schramke, 1992)
(Warren and Dudas, 1995) (Warren and Dudas, 1995)
(Sarbak and Kramer-
Wachoviak, 2001)

Coal combustion fluid bed

. (Fauthet al, 2002) (Fauttet al, 2002)

combustion

Steel slag (Yaet al, 2000) (Johnsoat al, 2003)
(Johnsoret al, 2003) (Huijgeret al, 2004)

Oil shale solid residue (Essington, 1991) (Essing1®91)
(Reddyet al, 1991) (Reddet al, 1991)
(Reddyet al, 1994) (Reddt al, 1994)

Coal APC residues (Tawfiet al, 1995) (Tawfieet al, 1995)

The leaching of inorganic salts or organic compausdan important aspect with regard to
the beneficial utilisation of the carbonation protdu Accelerated carbonation has been
shown to have a potential for improving the cheingtability and the leaching behaviour
of both bottom ash and APC residues obtained byiecipat wastes combustion. Lead and
zinc in BA are reported to be trapped in newly fethtarbonates (Freyssiregtal.,2002).

Recently the use of accelerated carbonation toraleg red mud (RM) has been
investigated. The storage of red mud is the madblpm due to its caustic nature (10 < pH
< 12.5) and the reuse of this residue was studieermove phosphate, nitrate, fluoride,
heavy metals, as well as organics compounds, bangts, and bacteria from wastewater
(Shaobin et al, 2008). After neutralisation of pH, RM has exkebi a promising
adsorption capacity with respect to the previewedtaminants and it can be used, for
example, in wastewater treatment.

Gunning (2010) considered the use of acceleratdgboation process for the treatment

of industrial wastes to reduce their toxicity. Bgngparing the leaching behaviour of the
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untreated and carbonated wastes to the regulatoitg lfor inert, stable non-reactive and
hazardous landfills, carbonation proved effectiveaducing the leaching of Pb ad Ba, but
increased Sb and Cr. The mobility of As, Cu, Mo &tidas well as many anions were
largely unchanged. The corrosive nature of wastes neduced by partial neutralisation of
pH. As a result, the carbonation reduced the wasteptance criteria classification of
many wastes, but the mobility of some metals camare problematic.

The effects of accelerated carbonation on the lagdhehaviour of pulverized coal fly
ash and oil shale ash was first analyzed by Restdgl (1991; 1994). Treating the
humidified samples (20 % moisture) with 100 % of2@&0~ 3 bar, for 120 hours, lowered
the pH of the residues from 12.3 - 12.8 to 8.87-&hd caused calcite precipitation (Reddy
et al, 1994).

1.3.1 Accelerated carbonation on MSW combustion BAnNd its particle size fractions

Energy recovery and material recycling are mangagwals in the framework of the
integrated waste management system. Bottom ash froomicipal solid waste
thermovalorization has a high recycling potentibé sand and the gravel fractions can be
used in concrete production or as material fordmg and road foundations; recently BA
was also proposed as adsorbent to removing meatais Wwastewater, due to its high
porosity and large surface area (Sim and Lee, 2001)

From an environmental point of view, some BA reoygloptions are hindered by
metals release and in many European countrieedgcling is usually limited by strict
regulations. Several techniques have been proposestiuce the metal leaching, such as
physical treatment, e.g. sieving and electro mecharseparation, washing, chemical
treatment, e.g. solvent extraction, solidificatiemd/or stabilisation and thermal treatment
(Sabbast al, 2003).

Weathering processes is applied to promote mingibchanges, as a consequence of
mineralogical phase’s alteration in MSW combustiesidues over time. A first important
effect of the ageing process is a pH decrease, frbom12 to 8 — 9, which causes several
interrelated processes: complexation, hydrationdrdiysis, dissolution/precipitation,
carbonation, oxidation/reduction, sorption and mah@eo-formation. In this respect, All

minerals, amorphous aluminosilicates Al(QH)nd Fe oxides are likely to precipitate
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during carbonation (Stumm and Morgan, 1981; Meimé @omas, 1997) and sorption of
contaminants on neo-formed solid might be an ingmrimechanism that causes metal
leaching reduction (Meima and Comas, 1998; Zevegdraat al, 1994).

Focusing on the carbonation reaction, the natuagss usually requires long periods,
thus large areas would be needed to stock the iaater natural weathering, before
reuse/landfilling. Therefore, in order to make #ecive technical exploitation possible,
the adoption of specific conditions (i.e. high £@ressure, optimal water content) or
material pre-treatments (i.e. preliminary minetahges dissolution or sieving), is currently
under evaluation. In general, it has been seveailsysince the interest arose on technical
applications of the carbonation treatment as a iplesssolution to improve the
environmental properties of alkaline residues. Time required for the carbonation
process depends on the following parameters; €@tent in the gas phase, water content
in solid residue, pressure and temperature of yisees. In case of normal atmospheric
conditions, the optimum values of @@nd water content were evaluated respectively,
between 10 — 20 % by weigh of residue and clos20t& and the temperature required
were estimated to be 30° - 40 °C (Van Gergeal, 2005). Rendekt al (2006) evaluated
the effect of CQ partial pressure on BA carbonation treatment, periog several
experiments in a range from 2 to 17 bar and byguaimoisture content of sample close to
20 % by weigh of residue, at room ambient. The tirequired to have a complete
carbonation was 3 hours and 30 minutes, at 17rzhreore than 2 days at 2 bar.

However, a better understanding of the key reactieshanisms proper of each type of
material to be treated and of the influence of dbamand physical parameters, e.g.
differences between particle size fractions, i$ ati acknowledged need. Several studies
have shown the different roles played on the leaghiehaviour by several chemical and
physical factors, and among the others, by parside distribution in the BA (Van Gerven
et al, 2005; Rendelet al, 2006). According to this study, the elementasgynposition of
BA fractions was different in each class, accordmtheir particles size: Ca and Si content
respectively increased and decreased in the smdiagions. Carbonation treatment
seems to have a little influence on the graveltivas that consist of inert material such as
SiO, (Arickx et al, 2006).
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1.3.2 Accelerated carbonation on MSW combustion AP@sh

Fly ash and flue gas cleaning ash, produced bynletreatment of MSW, are generally
collect together in electrostatic precipitationsl drag filters; the mix obtained is called air
pollution control (APC) residues and representsudli® - 3 % of the waste mass
combusted. The high amount of soluble salts, eafpgathloride and sulphate, heavy
metals and organic toxic compounds, contend in APSidue, are considered during
managing options, because these contaminants nbghtleached out in specific
environmental conditions, thus a pre-treatmentanlzined processes has to be applied
prior land disposal or reuse. Because of the hightent of SiQ and CaO, the reuse
options of APC ash in raw cement material is hiadeoy the chloride contented which
corrodes steel (Glass and Buenfeld, 1997; Monteshai., 2002). Among the treatments
used to reduce the release of these compoundsineditn and water washing processes,
applied on APC ash, have shown promising resuies/fitst process seems to effectively
reduce the metals mobility and the second one allthe removal of heavy metals and
chlorides (Kimet al, 2003; Chimenost al, 2005; Zhwet al,, 2010).

Accelerated carbonation treatment on APC ash is npder evaluation, and several
studies have been carried out to find out the d@stlitions to optimize the kinetic process
by adopting several parameters, such as the liqusadlid (L/S) ratio and L/S contact time,
temperature and pressure of process and 43 content in the air (Table 1.3). The
optimum L/S ratio was found 0.25, under this valoe reaction time seems to require 7
hours to reduce the initial alkaline pH to 9.5 =51l0Nanget al, 2010). Baciocchet al
(2007) showed the dependence of carbonation treatmspecially on L/S ratio and
temperature.

The most evident effect produced by carbonaticattnent is a strong pH reduction, from
value of 12 - 13 to 7 - 8, which causes, as a apresgce, several mineralogical changes.
Furthermore, after treatment, a significant immishtion of several metals was observed
(Baciocchiet al, 2007; Wanget al, 2010). Baciocchet al. (2006) studied the direct gas-
solid carbonation of APC residues at different temapures (the acid neutralization
capacity and metal leaching as function of pH aspectively showed in Figure 1.3 a-b)
and they found Cu, Cr and Cd concentrations ingbhehate obtained by EN 12457-2 test
were below the limits imposed by the Italian regola for disposal in non-hazardous

waste landfills, whereas Pb concentration stilleexted the corresponding limit value.
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With the aim to study the effect of several carlimmadegrees, on metals release, Wanhg
al. (2010) concluded that applying the treatment &1CAash and stopping it when the fix
final pH value was reached, the optimum pH of thkonated APC ash was between 9.5 —
10.5. In this pH range, Pb, Zn and Cu leaching eBszd significantly, while the Cd and

Sb release increased.

Table 1.3. Summarises of the operating conditialopted for the accelerated carbonation

of MSWI AL\PC ash.

Marterial

Carbonaton conditions

Wi
pe CO¥; cone. Frezzure Temperature Duration it Beleremos
content
M2 0.03% Astrup et al
M . i : - : o T SR A2
r:-_]i?die Fattna i) atmosphenic ambiant L not specifiad 2005
Astrup et al.,
MW 0.03% . . 2006a;
APC atmosphenc ambiant 4w not specified » 3
residue (atmosp. air) R L
2006hb
MSWI 200 =C, 300 B ta
APC 100% vol  atmospherie  °C. 400 °C. 6k 0% jl'“ig‘l_;rﬁ;
residue 500 C "
MSWI 300 =C, 400 Bk il
APC 100%% vel. atmospheric *C, 450 °C 0543k % a1 2006b
residus 300 °C T
ik not Bone et al
APC 100% wal. atmosphenic ambient L 25% {mfial) R
residne specified 03
MSWI R
APC = 3_’_::"1 % atmospheric 20 °C. 60°C 44 404 50% {instial) Ecke, 2003
residue s
MSWI & . Femandez
APC éc'?‘;; 3 b sinbiint s 060%.  Bertosetal,
resdue o St man 2004b
10%, 25%.
MSWI 5080 60%. P i Femander
APC  80%.100% 1 bar 14&35 - E A 30%. Bertos et al.,
residue vol {65% =k g 2006
RH)
MSWI Tohn
APC 100% vol. 3 bar ambient b not specified °1D§§“=
residue A
MSWI : -
100% vol. Lietal,
.i'....E'C f_ﬁ"'-'ﬁl.H.:I 3 bar ambient ik 10-80 % 2007
residus
LMSWI 350 °C. 400 :
APC 1?’3:; HUL“' 1 bar j=c'_ 450 °C 1k 0% P“ﬁ'i’gg; =
residue sl 500 2C e o
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Figure 1.3. Acid neutralization capacity (ANC) cesv(a) and metal leaching as function
of pH, in ANC test (b) for untreated and carbona#delC ash at different temperature
(Baciocchiet al.,2006).
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1.4 Municipal solid waste combustion APC ash: genal aspects of the washing

treatment

Sulphates and chlorides are the main soluble sakased from BA and APC ash. In the
case of the reuse of APC ash as raw cement matiesimount of chlorides in the residue
must be reduced because it will corrode steel &dasl Buenfeld, 1997; Montemer al.,
2002).

Several studies suggest the water washing treataiéi5W combustion BA and APC
ash to remove soluble salts, before applying amattebilisation process (Abbad al.,
2003; Bertoliniet al, 2004; Mangialardi, 2003; Piantome¢ al, 2003; Chimenot al.,
2005; Hykset al, 2009; Liuet al, 2009). Researchers focused on finding out tret be
process conditions, by modifying the liquid-solidg) ratio and the mixing time of the
two phases. In the case of the single washingneatt they applied several L/S ratios,
from 2 to 100 I/kg and used mixing time from 5 nt@sito 2 hours; the best conditions
which allow to reduce the chloride content in residvere at a L/S ratio between 3 and 5
I’kg and a mixing time close to 5 minutes (Kim &t 2003; Zhuet al, 2009) (e.g. see
Figure 1.3).

The main disadvantage of the washing treatmeritasuse of a large amount of water
which must be subsequently treated, thus otherestudcused on the application of a
multi-step process on APC (Chimeratsal, 2005; Zhwet al, 2009), eventually applied on
its different size fractions (De Booet al,, 2009). In this case, the fraction of easily btdu
chlorides dissolved in water in the first stageh& process and the remaining salts did not
dissolve or hardly dissolved during the other stéfmvever, the washing frequency had a
greater influence on reducing chlorides content tth@ L/S ratio or the mixing time. Zhu
et al. (2009) found the best conditions, in terms of ta80 and mixing time, to apply in
the double and triple washing treatment for redyichre amount of chlorides in APC ash
(e.g. Figure 1.4).

During washing process, others elements dissolweaiter, such as heavy metals, thus
before the APC ash recycling or the final dispegi#h the aim of reducing the leaching of
hazardous elements, the use of the carbonatioreggomight be adopted (Wamg al,
2010). In this case, the benefit of both treatmemtght improve the management of APC

ash and its environmental impact.
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Figure 1.4. Double (9# - 24#) and triple (25#) waghtests. Residue mass (a - ¢) and
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(Zhuet al.,2009).
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Chapter 2. Carbon dioxide sequestration

2.1 Introduction

Carbon dioxide (Cg) is the most common component of the earth’s gpimexe after
nitrogen, oxygen, and argon, when water vapoursiedarded. The amount of G@ the
atmosphere has increased significantly and raprdecent years. The steep increase in
CO, concentration is alarming, and it is believed ¢éoclause of the increase in the earth’s
temperature. In order to avoid the potentially de¢aing consequences of global warming
and climate change, the @@missions into the atmosphere, caused by anthempog
activities, must be reduced considerably.

There are several ways to achieve this reductiot,cme of these is the carbon dioxide
capture and storage (CCS) (see Figure 2.1) whishalteady able to meet the enormous
demand for reduction.

Carbon dioxide capture and storage (CCS) is a psocensisting in the separation of
CO, from industrial and energy-related sources, trarisip a storage location and long
term isolation from the atmosphere. Emission of, @@ses from different sources, mainly
fossil fuel combustion in the power generation usttial and transport sector. Over 7,500
large CQ emission sources have been identified, distributédiorth America, North West
Europe, South East Asia and Southern Asia. Accgrttinprojections for the future, the
number of emission sources from the power and ingssectors is likely to increase,
especially in Asia. Comparing the geographicalritigtion of the emission sources with
geological storage sites, it can be seen that teeaggood agreement between sources and
storage sites. To reduce €@missions through the use of CCS, it is also rsargdo solve
problems related to the transport phase and tlagwelcosts, especially when g8ource

and storage locations are far apart.
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Figure 2.1. Schematic diagram of various CCS adteras CO,CRC, 2007).

The main systems of G@apture are (Figure 2.2): (a) the capture fronustidal process
streams; (b) the post-combustion capture; (c) thefoel combustion capture and (d) the
pre-combustion capture. Focusing on the case d@fquusbustion capture, the GOontent

in the flue gases, produced by combustion of fdagils and biomass, is passed through a
device (e.g. a chemical sorbent or solvents) wkeharates most of G@&om the others
gases. The CQs then stored and the remaining flue gas is diggd in atmosphere. For
example, the absorption process is based on thaatmf flue gas with an alkaline organic
solvent (e.g. monoethanolamine, MEA) and the sulessigchemical reaction between
CO, and alkaline compounds. The use of solid sorbesudlly material containing metal
oxides) allows the gas-solid reaction and aftern,thiae sorbent material is quickly
regenerated. The use of CaO to separate thea€CD > 600 °C, leads to CaG@rmation
which, by calcining at T > 900 °C, gives back Ca@l &£G. Abadaneset al (2004)
proposed the use of CaO in fluidized bad to cap@i@®edirectly from combustion gases.
The fixation of CQ in the form of inorganic carbonates is known ag&ral carbonation”
or “mineral sequestration” and the purpose of fixthe CQ as carbonates was studied in
the 90s (Seifritz, 1990; Dunsmore, 1992; Lacketeal, 1995). Suitable materials to apply
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in the process might be serpentine and olivine ralsgwhich contain Mg-rich silicates, or
alkaline industrial residues (e.g. fly ash or dlagn steel production).

In a recent studyTeir et al. (2007) investigated the stability of calcium andgmasium
carbonate when subjected to an acidic agueousosmeent, such as acidic rain. The
conclusion of the study was that Ca or Mg carbanateould be resistant enough to

prevent local environmental effects at a minerdbcaate storage site.
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Figure 2.2. Overview of C{captures processes and systems (IPCC, 2005).
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Carbon dioxide uptake can be related to elemeptaposition by using Steinour formula:

CO,, uptake(%) = 0.785 CaO- 0.7SQ, } 1.091Na,0 + 0935K,0 [3.1]

Gunninget al (2010) compared the Steinour formula to the measCQ uptake of many
solid residues and observed that the measured aiptake lower than the theoretical
uptakes. In particular, in Figure 2.3 the relatlopsbetween Ca content of some alkaline
residues and CQuptake is reported.

The advantage of using alkaline residues is they tire a waste stream instead of a
natural material and are available at low costavattays several studies of carbon dioxide
sequestration by solid residues have been publishambnsequence of several researches
which studied the natural ageing of material resgdand the effects of carbonation
reaction on metal mobility (Zenvenbergen and Cor2@94; Meima and Comas, 1997,
1999; Boneet al, 2003; Polettinet al, 2004; Van Gervest al, 2005; Rendekt al, 2006
Arickx et al, 2006).

Considering the residues produced by WLE proceAs;d@ild reduce the C{emission
by 0.4 - 1 % by weigh of residue (Van Genadrd., 2005; Baciocchet al, 2006; Rendek
et al, 2006) and as the finest fractions are riche€anelement, than the coarse fractions,
the particle size is an important parameter whmhtrol the carbonation process (Rendek
et al, 2006; Fernandez-Bertet al, 2004). In the case of APC ash, the G®tential
uptake has been evaluated from 7 % by weigh oflues{fFernandez-Bertes al, 2004) to
12 - 13 % (Johnson 2000; Baciocdti al, 2006). Differences in values depend on the
carbonation conditions used during experimentalkw(@rg. aqueous or solid-gas route).
This APC ash has a great £€8equestration capacity, but it is only a littladtion of the
total waste mass combusted (around 2 %), thusibearesponsibly of a limited reduction
in CO,. However, the stack gas emission of WtE plant exprately contains 10 % of
COy; therefore it is possible to study a possible sotut{Arickx et al, 2006) which
considers the carbonation of residues producedenWtE process. Many others solid
residues have a high G@otential sequestration, e.g. red mud, wood ase] slag and
biomass ash.

Red mud is a caustic waste material of bauxitegssiag for alumina extraction. The

Bayer process produces approximately 30 million metribicutons/year are globally
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produced (Khaitaret al, 2009) and many problems are associated with thsposal,
especially the strong alkaline pH, due to presasfddaOH and NgCOs. The theoretical
CO, sequestration capacity was found to be betwekry ZQ/100 g RM (Sameet al,
2009) and 2.3 g CA100 g RM, at a pressure of 6.9 MPa (Enetlal. 2001). Bonenfant et
al. (2008) found a carbonation capacity of 4 g @LQ00 g of RM at ambient conditions.
Recent study found a GQequestration capacity of 7.02 g £100 g of RM by adopting
ambient condition and a gas flow rate of 5 ml/nfRaheshet al, 2010). Generally, the
amount of CQ sequestered by residue is small if compared taa@n@Q emission (110
MMT/year) for Bauxite refining. Nevertheless, €@eutralization is considerate a green
process economically advantageous, thus a furthdies continue study in this field are
required.

Another kind of industrial residue susceptible aftmnation treatment is steel slag,
produced during steel manufacturing. This residugenerally considered a non hazardous
material, however it might be classified as a hdaas waste if the Cr release is upper than
fixed limit (Shenet al, 2003). A recent experimental work has evalu#tedpotential use
of steel slag in full scale filters, designed tonowe phosphorus (P) from wastewaters.
Baciocchiet al (2009) studied the Cequestration of stainless steel slag by applyiag
carbonation treatment at a €@ressure of 3 bar and using a L/S ratio of 0.4 pflocess
was completed in around 2 hours and the maximum @ffakes was 13 g GQOO0 g
residue, detected in the finest fractions (< 0.408) (Figure 2.2).

The CQ sequestration of concrete demolition waste hast@en studied, owing to the
high contents of both free lime and calcium siksapresent in this material (lizukaal,
2004; Shtepenket al, 2006; Stolarofet al, 2005). Others material residue such as wood
ash achieved an uptake of 7 g/ 100 g RM, whilgtlsttag and biomass ash have a little
reaction with CQgas (CQ uptake< 1 %).
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al., 2009).

38



30 TP
PSIA 6s

= «CRD
= 25 PSIA S Y
= : PSIA 4
=
T
£ M
-
o
£ s PSIA 3
< 15
2
= +PSIA 2
=10 expSIA L
Q - W
E MSWIT FAs :

> | PEABX MSWT BAe

/ sws
J i (L¥:
0 .:._’I ' ‘\:I\ .!1 _.EIN"' !
0 10 20 30 40 50 60 70
CaO (% by weight)

Figure 2.3. Relationship between calcium contedt@@) uptake (Gunningt al, 2010).
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ash and fly ash, PSIA1-6= six paper sludge incioerashes from different producers,
PFA= pulverised fuel ash, SSA= sewage ash incioerash, SWS= steel wastewater
sludge, WA= wood ash.

2.2 Applications

Several experimental works were performed applyiregcarbonation treatment on solid
residues; essentially, the process can be disshgdiin: (i) at low pressure and (ii) at
elevated pressure. In the first case, Ca salts atmohgite dissolve in water and are
carbonated; in the second case, Ca bound tightlybeacarbonated, increasing the O
sequestration capacity.

Many process routes have been developed to acthev€Q sequestration by using
primary minerals, but they are also applied ondsodisidues. Two routes are considered
(Figure 2.4): (i) thendirect carbonation route@nd (ii) thedirect carbonation route.

In the case oindirect method (multi step carbonation process), the akatlements is
extracted by the solid matrix and then precipitegecarbonate. The solvents used to extract
alkaline metals are strong and weak acids (Pund4&8<; Lackneet al, 1995, Foudat
al., 1996; Parket al., 2003; Maroto-Valeet al, 2005), bases (Blenca al, 2003) and
chelating agents to extract Si0r MgO from solid (Parlet al, 2003; Careet al, 2003;
Park and Fan, 2004). The process includes a sofgentling step; generally, the required

operating conditions are moderate. All these adehkticompounds have been proven to
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enhance the dissolution of silicates minerals,dnly in case of acid acetic, the process
scheme adopted in wallostonite carbonation is cetagfKakizawaet al, 2001).

The direct carbonation route (one step carbonation procesgyaferred to apply on
solid residues; the reaction could occur in bothemys phase or in the gas-solid interface.

In case of the aqueous route, to improve the laradtireatment, O’Connor (2005) often
added salts (e.g. sodium chloride or sodium bigaatte). However, when the soluble salts
amount content in solid residues is high (e.g. M&Mbustion BA), it will not require an
addition of salts. In case of gas-solid route, tbaction proceeds very slowly at room
temperature, but kinetic can be accelerated by#asing this parameter. However, a high
temperature may shift the equilibrium of carbomatieaction to C@gas and causes the
calcinations reaction. In this contest, a studycafbonation of alkaline residues was
performed by Jiat al. (2000), by adopting temperatures above 400 {&2essure between
0.1 and 1.1 MPa and 100 % g¢&mosphere. The higher pressure increased thearurhb
CO, molecules inside the pores and at higher temperdie gas diffuses faster and thus

makes more CaO accessible for carbonation.

—[ Gas phase —[ One step ]

—[ Aqueous —( One step
—| Gas phase
—[ Two steps ]—[ pH swing ]
_{ Other ]_[HCI. NaOH.J
solvents ctc.

Figure 2.4. Main process routes tested for acdel@raarbonation of minerals (Uibu,
2008).
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Complexing
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Carbonation can be carry out eitlearsitu(Figure 2.5) in a chemical processing plant after
mining and pre-treating the silicates,imsity, by injecting CQ in silicate-rich geological
formation or in alkaline aquifers. Industrial rasés$ on the other hand can be carbonated in
the same plant where they are produdeditu carbonation is process similar to geological
storage, whileex-situ carbonation involves processing steps requiringitiashal energy
input that are difficult to compensate for with teaergy released by the carbonation
reaction. With the present technology there is gsna net demand for high grade energy
to drive the mineral carbonation process that isded for: (i) the preparation of solid
reactants including mining, transport, grinding aativation when it is necessary; (ii) the
processing, including the equivalent energy assetiaith the use, recycling and possible
losses of additives and catalysts; (iii) the digphasf carbonates and by-products. The
relative importance of the three items differs defeg on the source of the metal oxides,

fr example whether they are natural silicates dusgtrial wastes.

A ; Mina
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Figure 2.5. Material fluxes and process steps #ssac with the ex-situ mineral
carbonation of silicate rocks or industrial resisl{€ourtesy Energy Research Centre of
the Netherlands (ECN)).
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Chapter 3. Accelerated carbonation on MSW combustio BA

and its particle size fractions

3.1 Introduction

Waste recycling is the main objective in the figlfl waste management. This option
requires energy and material consumption; howesamnpared to the needs required for a
new production, the result, in term of mass balarm@s shown that the recycling is
efficient, especially considering glass and aluommi(Grosscet al, 2007).

The thermal treatment (combustion) of municipaldswlaste is the last option, after the
recycling or the reuse of waste; however duringdbmmbustion process, new residues are
produced (bottom ash, fly ash and flue gas cleanamgl they require a pre-treatment
before landfilling. In most European countries, tbgislation allows, under special rules,
the reuse of bottom ash (BA) as construction maitand the utilisation is even especially
regulated. Another possibility is to reuse BA arspecific fractions as additives in cement
production.

Considering the reuse of BA, the quality of resideguires a special attention to avoid
any problem in terms of environmental pollution. B# classified as a non hazardous
waste according to the European Waste Catalogukibl8osalts, like chlorides and
sulphates, organic compounds and heavy metals arerglly leached out from residue
during exposed to atmosphere conditions. Frequetiity contaminants concentration in
leachates produced in regulatory leaching testeezkt¢he local limit values required for
landfilling. Furthermore, in these tests, long-techranges in mineralogical composition
and in chemical properties of residue are not takBnaccount, and as a consequence, the
contaminants concentration in leachates does spect the real environmental behaviour
of material. On the basis of this assumption, tieeaheaching from fresh and treated BA
has been the topic of several researches. The paBmeters which affect the metal
leaching are the follow: i- pH, ii- saving, iii- gehemical processes.

The pH affects many phenomena (e.g. dissolutiorgciptation, adsorption of
contaminants, C®absorption or activity of microorganisms) in tHed and in the long
period, thus the prediction of pH in function ah#@ is an important parameter. In case of

BA, the alkalinity, especially due to high CaO, gym and ettringite content (Meima and
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Comas, 1997), promotes the metal mobility in theristime, but it is important to predict
be the potential metal release in the long term.

With regard to the different role played by pasidize distribution in the BA, Van
Gervenet al. (2005) and Arickxet al (2006) compared the metal leaching concentratfon
the fresh BA with the Flemish limit values for retimg of granular material in
construction applications. In particular, the séd@ < D <2 mm) and the sludge (D <0.1
mm) fractions were not in compliance with limit vask.

By considering the effect of the chemical compositon metal leaching, Zomeren and
Comas (2004) showed the dependence of the Cu hlepftum dissolved organic carbon
(especially of the fulvic acid type components}eded in BA leachates.

Geochemical processes, such precipitation/dissoludf common minerals, control the
leaching of major and trace elements from BA (Comiaal., 1993Kirby and Rimstidt,
1994; Meima and Comas, 199D0ther observations confirm that sorption processay
control metal leaching; for example, amorphous iesd aluminium (hydr)-oxides are
known to strongly sorb heavy metals and Mo (Stunmah Blorgan, 1981; Dzombak and
Morel, 1990;Meima and Comas, 1998). As is common knowledgelethehing of several
elements, such as Cu, Pb and Zn decrease as & oéswkathering. The use of a
geochemical modelling method (e.g. MINTEQA2) migmelp to understand which
geochemical processes are involved during the ggdirresidue. In this way, the metal
leaching behaviour might be predicted in the langet

Many treatments options have been proposed priorr&#&e or landfilling, such as
chemical extraction, ageing, carbonation, size retjom magnetic separation. Nowadays,
the aim of a treatment is to accelerate the chdnaind mineralogical transformations
which would occur in the medium and long term. Amamcent treatments propose,
natural weatheringand carbonation process are the most innovative and economically
advantageous techniques.

Carbonation has been recognised as one of the fampaaigeing process that causes
chemical and mineralogical changes in BA; it inws\the adsorption of Gy alkaline
minerals which entails calcite precipitation and pldcrease. Metals speciation and
solubility may be modified, also as a result ofesaV interrelated processes: complexation,
hydration, hydrolysis, dissolution/precipitatiorngigation/reduction, sorption and mineral

neo-formation. In this respect, Al minerals, amanp$ aluminosilicates, Al(OH)and Fe
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oxides are likely to precipitate during carbonat{@wumm and Morgan, 1981; Meima and
Comas, 1997) and sorption of contaminants on neadd solid might be an important
mechanism that causes metal leaching reductionni®eind Comas, 1998; Zevembergen
et al, 1994). This process depends on pH: neutral aaliaé pH values favour cation
binding, whilst low pH values favour oxyanion bindi(Dzombak and Morel, 1990).

The time required for the BA carbonation procegsedés on C@content and pressure
in the gas phase, as well as water content andet@tupe in the system. In case of
atmospheric conditions, the optimum value of ,C&hd water content was estimated
between 10 - 20 % and close to 20 %, respectiwghjlst optimal temperature was
assessed between 30° — 40 °C (Van Geeteal, 2005). The degree of carbonation is
strongly dependent also upon the calcium contedtiarthis respect the absence or low
contents of Ca(OH)and/or the deposit of other compounds might imftgethe diffusivity
and reactivity of the carbon dioxide.

The natural carbonation process usually requineg periods, thus large areas would be
needed to stock the material for natural weathebigigpre reuse/landfilling. Therefore, in
order to make possible an effective technical digqtion, the adoption of specific
conditions (i.e. high C®pressure, optimal water content) or material peatments (i.e.
preliminary mineral phases dissolution), is culsenhder evaluation. In general, although
the interest on technical applications of the cadbon treatment as a possible solution to
improve the environmental properties of alkalingidaes arose several years ago, a better
understanding of the key reaction mechanisms profpeach type of material to be treated
and of the influence of chemical and physical pai@ns, e.g. differences between particle
size fractions, is still an acknowledged need.

Another aspect to evaluate concerns the organidemathich is not completely
mineralized, during combustion process, thus agoremains in BA. The organic matter
might provide a substrate for microbial activitye(Bvi et al, 1992; Ferraret al, 2002).
Microbial degradation of organic matter in BA redeadbrganic acid (Dugenestal., 1999)
and CQ which might react with calcite contributing to tbarbonation reaction during the
ageing process. Rendek al. (2006) reported that the biodegradation of organatter is
probably an important factor in BA carbonation dgriageing process; they hypothesized
that atmospheric C{ncreased by the Cproduced during the biodegradation processes.

In this framework, a study was performed aimedsaesasing the effects of direct aqueous
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carbonation treatment on the characteristics oBAgoroduced at an integrated platform
for solid and waste-water treatment located iryltals the first general goal the effects of
the treatment in terms of modification of the BAneiial phases and reduction of metals
release were assessed. Furthermore, the assessimiat above-mentioned goals was
extended to different BA particle size fractions arder to study the influence of the
particle specific surface and of the possible déifiees in chemical composition among the
different considered particle size fractions. Amutlobjective of this research study was
evaluating the C© sequestration capacity of the considered BA andhef different
particle size fractions.

Experimental study consisted of: (a) monitoringusiohs composition obtained by
leaching tests on BA and its particle size fradtidmefore and after carbonation treatment,
(b) monitoring solutions composition obtained bgdeing tests on BA at fixed pH and
identification of solubility-controlling minerals hases by geochemical modeling, (c)
achieve more information on BA metals mobility bglopting a sequential extraction
method on BA sample, before and after treatmenpéalorming calcimetry and thermal

analysis on the single particle fraction, beford after carbonation treatment.

3.2 Materials and methods

Bottom ash samples were collected after quenchirey \maste-to-energy (WtE) plant in
Cagliari - Sardinia (ltaly). The sampled BA was dited for 4 days, homogenized and
quartered in order to produce representative laboraamples to be used for preliminary
determination of total metal concentration andtesldeaching potential, loss on ignition
(LOI), acid neutralization capacity (ANC). A sammeapproximately 5 kg was sieved in
order to produce the following particle size fraos: 0-0.106 mm (A), 0.106 mm-0.212
mm (B), 0.212-0.420 mm (C), 0.420-1 mm (D), 1- 4 i), 4-10 mm (F), and > 10 mm
(G). Each fraction was reduced to < 0.10 mm siz# @malysed in order to assess total
organic carbon (TOC), loss on ignition (LOI) andatametal content. Calcium carbonate
contents in untreated and carbonated BA was ewlogtboth calcimetry and thermal
analyses. Characterization by X-ray diffractomdiXyRD) and metal leaching tests were
performed on each particle size fraction.

Trace elements content in BA samples was determiyedhicrowave acid digestion,
according to EPA method n. 3052, by adding 4 mihfrofluoridric acid, 9 ml of nitric
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acid and 3 ml of hydrochloridric acid to 0.3 - @4f dry sample. The vessel was sealed
and heated in the microwave system. The temperptofie is specified to permit specific
reactions and incorporates reaching (180 = 5) °@piproximately less than 5.5 minutes
and remaining at (180 = 5) °C for 9.5 minutes fog tompletion of specific reactions.
After cooling, the vessel contents may be filterdduted to volume of 100 mland
analyzed by the ICP-OES (Varian 710 ES).

Macro element content was determined by alkaligestion, adding to 0.2 — 0.4 g of
dry sample, 2.0 — 2.5 g of metaborate lithium iatipum melting pots. The mix was
heated at 1050 °C, followed by dissolution of thelted material in a 10 % HNGolution
(Viinas = 100 ml) and the measurement of element conderisain solution was performed
by ICP-OES.

With the aim of assessing the water content andatheunt of non volatile organic
matter in BA, a sample was dried overnight in aproat (105 = 3) °C, according to EN
14346 method. After that, non volatile organic miatvas evaluated measuring the loss on
ignition (LOI), by applying the method EN-15169.é€l'brocedure applied was performed
heating a sample in a furnace up to (550 + 25)dtGf least 1 hour. It should be noted that
any content of elementary carbon and volatilisatednorganic materials or chemical
reactions by inorganic compounds, is included enli®lI.

Total organic carbon (TOC) was measured using a a@dlyzer (SHIMADZU, TOC-
VCSN) with a solid sample module (SHIMADZU, SSM-B08). The test was performed
in triplicate.

Calcium carbonate content was determined by theingatry analysis which was
performed using a Dietrich-Frilingh calcimeter. Trhethod is based on the measure of
volume of CQ released when 10 ml of HCI (1:1) are added todf dried sample. It is
necessary now to calculate the carbon dioxide vel@u®f) at dry condition and at 0 °C

temperature and at 760 mmHg pressure, by the folgpformula:

o=V (B-w] 7273 [3.1]
760" (273+1°)

Where:

B = barometric pressure in mmHg
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w = water vapour tension at t° temperature in mmHg

V =reading in ml

It is necessary to calculate the water vapour ¢enait 20 °C in mmHg by simple linear
interpolation.

The carbonate content was assessed by thermo-gtaananalysis (TGA). The
procedure is based on the determination of chamgsample weight during heating. A
derivative of weight loss allows assessing the fpairwhich weight loss is most apparent.
The loss weight due to calcium carbonate decompasiiccurs in a range between 700° -
900 °C.

Differential thermo analysis (DTA) is a test whéine material under study and an inert
reference are made to undergo identical thermdkesyevhile recording any temperature
difference between sample and reference. Thisrdiiteal temperature is then plotted
against time, or against temperature. Changes @ séimple, either exothermic or
endothermic, can be detected relative to the irederence, thus, a DTA curve provides
data on the transformations that have occurredy siscglass transitions, crystallization,
melting and sublimation.

Thermo-gravimetric (TG) and differential thermo bsas (DTA) were performed by
using a analyzer in air atmosphere (Stanton Redfo@bel STA 780) equipped with a
Pt/Rd crucible (V= 135 miD= 6 mm) at a heating rate of 15 °C/min.

The pH of material was evaluated by mixing thedesiwith distillate water (L/S= 10
I/kg) for 24 hours. The measure was carried outhensolution filtered. The neutralization
capacity (ANC) allows assessing the consequencestefnal influences on the pH of the
material. From the amount of acid required to cdfierpH range (from 4 to 12), the ANC
of the material is determined. The method appliexs whe UNI CEN/TS 15364. The
method was applied on sieved (D < 4.0 mm) untre®ad Separated test portions are
separated a fixed L/S ratio (L/S= 10 I/kg) withdkeants containing pre selected amounts
of nitric acid (1 and 10 M) in order to reach siatiry pH values at the end of the
extraction period (48 h). After filtration at 0.4bm, the metals concentrations in the
solution were measured with ICP-OES spectrometng. t€st was performed in duplicate.

The partitioning of Cu, Zn, Pb, Cr and Mo in BA wasestigated by performing the
three steps of the sequential extraction (SE) phoee proposed by the Standard,

51



Measurement and Testing Program (SMTP) of the EBaopUnion. The method was
carried out on 1 g of dry sample. An additionalrtbustep with strong acid attack was
performed for mass balances calculations (Bruddysidineret al, 2001). Details on each
SE step are reported in Table 3.1. The principlthefmethod is based on the fractional of
the metals contended into the matrix in differeatfions which can be destroyed by using
specific reagents. Metals bound to each fractiostrdged are then released in solution.
The solid phase is separated by the solution pftaserifugation and filtration) and metals
concentration in solution phase is analysed by G@ES. The fraction studied generally
are: (a) exchangeable (metals are extracted byi@oloontaining electrolytes or slightly
acid); (b) carbonate fraction (metals bound to cadbe, soluble in acid solution); (c) iron
and manganese oxides (metals bound to solubleaduing solution, followed by an acid
treatment which allows to precipitate metal boundl); natural organic matter (metals
bound to organic compounds or sulphides, solubtidizing conditions).

The residual fraction contains silicates and othenerals which retain elements in
crystalline structure and it can be destroyed by@d digestion. To evaluate the effect of
carbonation treatment on metal partitioning, SE wasormed on both untreated and

carbonated BA samples

Table 3.1. Sequential extraction procedure (Brudigbscheet al, 2002).

Extraction Reagents Extracted fractions

step

1 Acetic acid 0.11 M Water, acid soluble

(carbonates) and exchangeable

2 Hydroxylammonium chloride 0.1 M, Easily reduceable (Fe and Mn
adjusted to pH=2 with HNO hydro- oxides)

3 Hydrogen peroxide (}D,) 8.8 M, Oxidizable (sulphides and
ammonium acetate 1.0 M, adjusted torganic matter)
pH=2 with HNGQ

4 Hydrochloridric/nitric/hydrofluoridric Residual

acid (9 ml: 3 ml: 5 ml)

The crystalline minerals present in the solid nesiavere identified using X-ray powder
diffraction analysis and TG/DTA. The XRD scan wasnducted on untreated and

carbonated dried BA samples. The diffractometri@alygses were performed using a
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RIGAKU device with Cu-Kx radiation (copper tube operated at 30 kV and 30.mA)
Accelerated carbonation treatment applied on BA #@adparticle size fractions was
performed by placing moistured (20 % by weight) pls into a C@incubator chamber
(PBI, 2123 TC), provided with a bottom water st@ag order to keep a constant internal
atmosphere humidity. Temperature was set at 4Bd@om ash samples were exposed to
an atmosphere characterized by a 10 — 20 % by \whiMCQ and were spread out in thin
layers, in order to optimize GQiliffusion. The process was interrupted when a pid.8
was reached (usually after 24 - 48 h).

The effect of carbonation on metals mobility wasessed by performing the
compliance leaching test EN 12457-2 test on theeated and carbonated BA and on the
considered particle size fractions. The method istex$ of mixing 10 - 20 g of BA (after a
size reduction to less than 4 mm) in 100 - 200 faistillate water (L/S= 10) for 24 h, the
mass of the sample depending on the particle saz¢idn studied: 10 g were selected for
classes < 0.425 mm size and 20 g for the othesetadAfter filtration at 0.45 um, the
metals concentration in the solution was measurgld MZP-OES spectrometry (Varian,
710 ES). All the tests were performed in triplicate

The influence of pH on metal leaching from untrdatend carbonated BA was
evaluated by means of pH-Stat leaching tests: @0dgy material were mixed with 200 ml
of distillate water (L/S= 10) for 24 h, maintainiregconstant pH by addition of small
amounts of analytical grade HN@MaOH by an automatic potenziometric titrator (KEM,
AT 510). The suspension was filtered and analyzedescribed above. All the pH-stat

tests were performed in duplicate. The range ofpidied was from 4.0 to 10.0.

3.3 Geochemical modeling

The geochemical modeling was performed adoptingviiseal MINTEQ code, using as
the input the metal concentrations measured irtisoldrom untreated and carbonated BA
produced by means of EN 12457-2 leaching testssadills precipitation was suppressed
and pH was fixed at the measured value. Potentiibgity-controlling phases were
selected among those proposed by the model anddhavsaturation index (Sl) close to
zero (-1 < Sl < +1). The solution composition irugigrium with the selected minerals
was estimated as a function of pH (in the range-4.0.0), and by adding at each run one
of the selected minerals as infinite solid. Theildgjuum curves calculated by modeling
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were compared with experimental data obtained byaaching tests.
Bottom ash pH may be controlled by the solubiliy ame mineral phase or by the

coexistence of several mineral phases.

3.4 Results and discussion

Accelerated carbonation treatment showed effects chemical and mineralogical
properties and on metal leaching. In this sectesults of CQ sequestration capacity are

reported.

3.4.1 Effects of accelerated carbonation on chemicand mineralogical properties

The chemical composition (trace element), watetatn LOI and TOC assessed on fresh
BA are reported in table 3.2. The grain size distion curve of fresh BA is shown in
figure 3.1. Total element composition, LOI and TOCeach particle size fraction studied
are reported in Table 3.3. The grain size distilsushowed a gentle slope of the curve
which indicated a good gradation. As a matter othpdresh BA is a heterogeneous
material and it is classified as a sandy and grawedl by considering the Unified Soll
Classification System (USCS).

The TOC content was higher in the smallest sizetibes and decreased with
increasing particle size, confirming the resultsyously obtained by Zhargt al. (2004).
Organic carbon in BA includes compounds formedrdyand after combustion (Rulat
al., 2000; Van Zomeren and Comas, 2003) and unburmgdn@ matter, since some
organic compounds might persist at the lower teatpee range of 300° - 600°C, locally
occurring in the furnace bed.
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Figure 3.1. Grain size distribution curve of fré3A.

Table 3.2. Trace element content (mg/kg dry wtatew content (%), LOI (%) and TOC
(%) assessed for the fresh BA.

Concentration

Element (ma/kg)

Pb 2579 £ 212
As 12.00 + 3.34
Cr 264 + 41.62
Zn 3182 + 294
Mo 8.34+£1.28
Sb 85.30 £ 22.25
Cu 3022 + 396
Ni 85.00 = 3.50
Cd 6.14 + 0.45

Chemical Value

property (% wiw)
Water contet 12
LOI 1.38
TOC 0.80

55



Table 3.3. Total metal content (mg/kg dry wt.), L@b) and TOC (%) assessed for the
particle size fractions.
A B c D E F G

Class <0106  0106-0212 0212-0425 0425-1.00 1400 4.00-10.00  >10.00
Element
Pb 2847 3503 3140 4119 1450 2144 3163
As 11.91 14.8¢ 11.4( 11.3¢ 9.31 8.81 15.72
cr 292 278 225 233 124 262 291
Zn 447¢ 387¢ 2417 2551 384¢ 123¢ 338(
Mo 65.6¢ 18.5¢ 3.4 < < N.D. <
Sk 554 420 35¢ 28E 10¢ N.D. 28¢
Cu 2542 3696 4934 6453 2964 7217 2692
Ni 124 14¢ 13¢ 101 107 97.0( 49.8¢
cd 16.2¢ 13.37 10.6¢ 14.37 5.4 <DL 7.52
Al 2918t 3261+ 36721 4733 5063; 4308: 5135:
Ca 26407 23209¢ 18313 15517 14995 29644 29878
Mg 1666¢ 1553( 1418 1253¢ 13631 1185; 1493¢
K 7407 1035: 1418 17241 13631 790¢ 9337
Fe 2370¢ 3623¢ 48857 6269 5258( 5533t 5602
Na 2037 258¢ 3467 360¢ 778¢ 1185; 9337
Mn 1666 1207 1103 1097 1168 790 5415
si 825092 115271 192119 192633 223953 233201 220354
Lo 6.75 6.77 462 3.60 358 1.40 134
TOC 0.995 0.700 0.560 0.309 - 0.336 -

Silicium and Al content were higher in the coarsactions (D > 0.425 mm), which in fact
displayed quartz as main mineral phase during atiftmetric analyses (Figure 3.3).
Bottom ash contains numerous crystalline phasesewer, the detection limit of XRD is
about 2 % and only major phases could be identifib@ main component of BA detected
was quartz and calcite, and analysing each parside fraction, also lead (as metal),
hematite (Fg0s), hardystonite (GZnSkO;), CaO and ramsdellite (MnPwere found. As
for the finest fractions, ettringite (@82(SQy)3(OH);2 26 HO), clinozoisite
(Ca(AlFe)Aly(SiOy)30H), Pb (as metal), hematite and CaO were detediessh BA
contained lime and portlandite which are quicklybcmated into calcite in the aged
sample.

As far as the speciation of metals was concermade 8.4 sums up metal partitioning as
obtained from the SE applied on both the untreateticarbonated BA, the latter discussed
above. The percent metal recovery was calculatedhassum of all the SE steps
concentrations related to the total content. Cogpetl lead were extracted mainly under
oxidizing conditions (metal bound to organic matiad sulphides), with a recovery of 30

% and 34 % wi/w, respectively. Lead release undelizmg conditions could be explained
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by the possible presence of sulphides, which weteated by XRD analysis in class D of
untreated BA. Over 70 % by weigh of the total Znswextracted under slightly acidic

conditions, meaning that the metal can be mobilfreah BA when pH changes occur.

Q Class B (C)

A Class A (C

Class F (Untr.)

e Class B, (Untr.)
Cl Pb
WWWMME C Class A (Untr.)
4 14 24 34 44 54 64
26(°

Figure 3.3Diffractometric analysis on untreated (Untr.) amgbonated (C) BA fractions;
E = ettringite, Cl = clinozoisite, Q = quartz; Pbeall as metaly = calcite, He = hematite,
A = anglesite.

Table 3.4. Metal partitioning as obtained from #eguential extraction applied on both
untreated and carbonated BA (mg/kg dry wt.) andgm@rrecovery (w/w).

Element 1 step 2 step 3 step 4 stey % Recovery
Cr Untr. 8.93161 7.70x0.93 27.48+1.30 218+8.4% 99
C 6.76x1.84 7.71+x0.23 31.80+2.92 209+32.50 79
Cu Untr. 437+4.89 341+32.00 943+59.00 1325+23}73 101
C 239+38.00 95.00+7.89 1122+315 1854+23{43 110
n Untr. 19114321 281+6.00 378+17.00 576+50.p0 106
C 1899+271 634+129 389+75.00 309+40.00 108
Pb Untr. 576x179 344+107 922+322 881+179 106
C  417+44.70 299+89.00 878+x120 1622+67{00 114
Mo Untr. 0.32+0.10 1.06+0.39 0.20+0.01 7.4810.$5 108
C 1.40+0.47 0.65+0.25 0.03+0.001 5.56+1.P25 92
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Most of the total Cr and Mo were found in the residfraction (> 80 % by weigh of total
Cr), suggesting that they tightly bound to the ma#and therefore scarcely releasable
under natural environmental conditions. Analyticegults provided by SE showed a high
standard deviation, in agreement with other studieshould be stressed that 1 g of
material is hardly representative of matrices, sach BA, due to its typical low
homogeneity and high complexity (Brudere-Hubsaheal, 2001).

As far as the effect of carbonation on the genenalracteristics of the material was
concerned, the pH of the BA decreased from 12.8458 to 8.49 + 0.72. The natural pH
for untreated BA pH was likely to be related to tteexistence of ettringite, calcite,
gypsum and portlandite, since the equilibrium pHagiure system, containing the above
mentioned minerals, was expected to be 12.39.

As compared with the untreated BA, carbonate famatesulted in an ANC increase,
from 1.0 meqH/g of BA to 2.0 meqHg of BA at pH = 8.00 (Figure 3.4). The pH
decrease observed during carbonation was strongéhd BA fine particle size fractions
than for the coarser ones, and it was respectiokl.20 and 9.50, the difference being
probably due to the higher quartz content in tlieedaPolettiniet al (2003),by applying
accelerated carbonation treatment on BA, foundnarease of ANC value from 0.46 —
0.48 to 0.88 meg/g (at pH 5).

14
|
o
12 TA
1O*AA
5 R R o
8 - A o
6- A “a
4 & S 4
2,
0 T T T T T T T
0 0,5 1 15 2 25 3 3,5 4

mmoli HNOGs g ™* BA

Figure 3.4. ANC curves obtained by ANC tests omaated A ) and carbonatea ( ) MSW
combustion BA
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3.4.2 Effects of accelerated carbonation on metaaching and modeling

Molybdenum, Cr, Cu, Zn and Pb concentrations instiiation obtained by the EN 12457-
2 leaching tests performed on the BA and on eadliclgasize fractions before and after
carbonation, are shown in Table 3.5. The overall r€lease was not modified by
carbonation, although the treatment increased IEase in almost all the fractions having
particle size < 1 mm (about 22 % by weight of th&alt material). As far as the metal
partition was concerned, differences due to cartbmmain Cr partitioning were not
appreciable (Table 3.4). As for Zn, the overaleasle was not modified by carbonation;
moreover, no clear influences on Zn mobility weteserved when each particle size
fraction was considered. The Zn leaching behavieas in accordance with the results
obtained by SE performed before and after carbonativhich showed no appreciable
differences in terms of metal bound to the soluote exchangeable fraction. After the
treatment, Mo concentration in BA solution increass much as 63 % and the mobility
was fairly homogenous for all the size classeshds to be considered that the
diffractometric analysis showed the presence afingite in the smallest fractions; a
possible replacement of $0in the mineral by oxyanions such as M&OCro,*, Sho"
has been highlighted, among the others, by Kumasatfet al, (1990). This mechanism
could explain the higher Mo and also Cr releasacedt after the treatment. In fact,
ettringite can only persist at alkaline pH and, wipél decreases below 9 - 10 (e.g. during
carbonation), sulphate, Cr, Mo and Sb are releaselution. However, since a higher
Mo release was assessed for all the size fractiotier mechanisms besides ettringite
dissolution should be involved. In agreement witis,tsequential extraction performed on
the carbonated material showed an increase of Mmddo soluble, exchangeable and
carbonate fractions. The carbonation treatmenttezsin a reduction of Cu and Pb release
of 22 % and 40 %, respectively. As well known, erded leaching of Cu from untreated
BA is probably due to dissolved organic carbon (DO particular the fulvic-like
components present in the material (Bekval, 1993, Meimeet al, 1999; Van Zomeren
and Comas, 2004). As for the speciation of Cu (@ab#l), a post-treatment reduction of
both the soluble, exchangeable and carbonate, (I8 to 7 % w/w) and the reducible
fractions (from 7 % to 3 % w/w) was observed. Tinease of Cu bound to the oxidizable

fraction, however, did not lead to an increase ofl€ching from the treated BA, most
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likely because, at pH ~ 8.3, Cu bound to DOC deséadue to co-precipitation with

amorphous Al-minerals (Meimet al, 2002). As far as the Cu release from the differen
BA fractions was concerned, it can be stressedttigatelease reduction had to be ascribed
to the finest fractions. In the case of Pb, theictidn of solubility from the carbonated BA

was evident for each of the considered size clagdes results obtained by SE indicated
that the Pb bound to soluble and exchangeabledradecreased and an increase of the
metal bound to the residual fraction was also oteskrnevertheless, the experimental data
are not reliable due to the high standard deviatiém the untreated material, most of the
Pb was bound to organic matter and sulphides, &3 fe& Cu, hence it can be supposed
that a similar mechanism of immobilization (e.g-precipitation) does occur, as also

previously described by Meima and Comas (1998Lfbr

Table 3.5. Metals concentration in solutions oladiby EN 12457-2 test (mg/l) performed
on both untreated (untr.) and carbonated (C) BAyelkas on each particle size fractions.

Element Mo Cr Cu Pb Zn
Fraction size Untr. C Untr. C untr. C Untr. C uUntr. C
(mm)
<0.106 0.243 0.200 0.111 0.604 0.267 0.109 0.14®.001'! 0.323 0.023

0.106 +0.212 0.016 0.230 0.187 0.093 0.269 0.104 0.0920510. 0.061 0.076
0.212 + 0.425 0.087 0.094 0.090 0.165 0.150 0.106 0.1420800. 0.052 0.070
0.425 +1.00 0.049 0.080 0.053 0.094 0.092 0.062 0.190 20.0®.044 0.038
1.00 +4.00 <0.0005 0.003 0.025 0.030 0.055 0.053 0.1090140 0.073 0.022
4.00 +10.00 <0.0005 0.016 0.016 0.006 0.045 0.047 0.0430710 0.091 0.009
> 10.00 <0.0005 0.017 0.012 0.008 0.017 0.012 0.042 0.0600190 0.007
untr. BA 0.054 0.088 0.072 0.068 0.089 0.069 0.072 0.043 49.0 0.056

Figure 3.5 reports the metals concentrations instbletion as obtained by the pH-stat
leaching test, along with the results of the geotbal modelling. As for the general
leaching trends observed, it can be assessedeti@tdbility was largely controlled by the
pH in solution. As for Cu, the shape of the leaghtirve was similar for both untreated
and carbonated BA. Moreover, the positive effectarbonation could be observed, since
leaching data for carbonated BA are below the atégined from untreated material in the
neutral to alkaline pH range. Geochemical modelsuggested that the solubility-
controlling phase was Cu(OHjor both carbonated and untreated BA. Anotheraese
identified malachite (C(OH),COs) as solubility-controlling phase for treated BA
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(Polettiniet al, 2002), whilst in this work the model did not seggany evidence of Cu
carbonate precipitation. As seen for Cu, also Riwsl a similar leaching curve before
and after treatment, with a V shape typical of aotetic elements. Furthermore, after
carbonation it was evident a lower metal leachimghie alkaline pH range. Geochemical
modeling did not provide any useful indication tbe untreated BA, whilst it identified
Pb(OH) as solubility-controlling phase for the carbonatedterial. As for Zn, again a
leaching trend typical of amphoteric elements whseoved. The phases controlling Zn
solubility in carbonated MSW combustion BA were cia (ZnMnO) and hydrozincite
(Zns(CO3)2(OH)e) at pH close to 8; when pH decreases to 6, thebgsmy-controlling
phase seemed to be zinc carbonate. In the cabe ohtreated material, modeling did not
evidence any possible Zn solubility-controlling peaWhen considering Mo leaching, the
negative effect on metal mobility was easily asseéssince leaching from carbonated BA
was generally higher than from the untreated nadtdvlodeling predicted molibdates (i.e.
CuMoQ, and PbMoQ) as the possible solubility-controlling phasesbath untreated and
treated material, in line with previous studies {iM&et al, 1999, Polettinet al, 2005)
that suggested powellite (CaMgias the solubility-controlling mineral phase. hetcase
of Cr, for both the treated and untreated BA, tifeience of pH on metal release could not
be unambiguously assessed; the concentrationseirsdlution seemed to be lower at
neutral pH and higher under acidic and alkalineddmns. Modeling did not show any
possible solubility-controlling phase: however, teaching pattern previously evidenced
might be due to sorption phenomena on amorphouanBeAl oxides, as suggested by
Meimaet al. (2002).
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3.4.3 Carbon dioxide sequestration capacity

The CQ sequestration potential capacity of BA particleesiraction was evaluated by
both calcimetry and TG/DT analyses. As it is welblwn, during the TG analysis the loss
weight that occurs in the range of 650° — 850 °Glade directly linked to the carbonate
decomposition. Figure 3.6 (a) reports the TG/DTAves obtained by analysing class A
fraction sample: the shape of loss of weigh cuslmws three steps, in particular a first
one between 300°- 400 °C, associated to organitemaxidation (exothermic reaction);
the second one between 400° — 600 °C probably ddus€a(OH) decomposition and a
third at 800 °C due to carbonate decomposition. BAefraction required to be milled
before analysis, thus it is consistent with a pariatural carbonation of the material when
it is expose to air atmosphere. In figure 3.6 (l® TG curves obtained by carbonated BA
sample, shows in a range between 300°- 400 °Cxidation of organic matter, and at 850
°C the loss of weight due to carbonate deposition.

The CQ uptake was evaluated by the percent loss weigh®@t — 850 °C, before and
after accelerated carbonation, with respect to ithigal weight. The amount of CO
sequestrated by residues, on the basis of TG asalyas estimated by calculating the
difference, after and before treatment, of the Welgss in the range of 700° — 900 °C,
with respect to the initial weight of residue saeypibking into account the weight increase

upon carbonation:

Coz, final (%) - Coz, initial (%)
X
100-CO,, jna (%)

CO, uptake (%) = 100 [3.1]

Calcimetry and TG analyses results indicate & G@ake of about 5 - 9 % by weight of
total sample for the class A and a decreasing valde- 4 %, in the case of class D. These
results is consistent with several other experigrtbat indicated a maximum value of
weight gain of BA sample, upon carbonation, betw&b — 6.5 % (Johnson, 2000;
Fernandez-Bertost al, 2004; Rendekt al, 2006). The study, concerning the Qfptake
capacity by BA particle size fractions, showed thiaving is an important factor during
the carbonation process, according to the resblismed by other authors (Van Gervan
al.,, 2005; Rendeket al, 2006). The explanation might be due to Ca-miserike

portlandite and ettringite, detected by XRD analysi the smallest fraction, which are the
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easy reactive mineral phases. Another explanasotinat accelerated carbonation has a
little influence on the gravel fraction becauseansists of inert material such as sithe

ratio Ca/Si measured in the fine fractions was ef2 against 1 — 1.5 found in the coarse

fractions).
11 120 11, 120
S —TG ——DTA ] —TG ——DTA |
E 10 115  10f 115
= ] ] E
k=) ] 1..%
[} i —+ B €
2 9 P10 o : 1,0,{S
2 4 4
o il 1 ]
S 8 105 8 105
3+ ! ]
%] ] ]
7 100 7 100
6 - 105 6] 105
5 +-10 5 +-1,0
4 — 315 4 ——
0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000
Temprature (°C Temperature (°C)
a) (b)

Figure 3.6. TG/DTA obtained for class A (D < 0.168n) before (a) and after (b)
carbonation treatment.

The maximum theoretical sequestrating capacity alss estimated by assuming the full
stechiometric conversion to carbonates of the dv&@0O and MgO content (kodanst
al., 2008). Finally, on the basis of the £€mission factors available for the WtE plant, the
reduction of CQ emissions potentially achievable has been evaluagds resumed in
Table 3.6, the residue under investigation showgfitrdnt CQ uptakes, depending
especially on the size fraction, mineralogy andcsjesurface area. The measured O
uptakes were in general quite lower than the mamintlveoretical values, indicating that
by adopting appropriate operating conditions andiming chemical/physical pre

treatments the storage potential of the differeaattfons could be increased.
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Table 3.6 - CQ sequestration capacity of the different residuedeu investigation and
reduction of the C@®emissions achievable at the different combustlantp.

CO, uptake Maximum Plant Emission Reduction of Maximum
(kg CO/ theor. CQ factors (6{0)) Reduction of
Residue kg residue) uptake (kgCOf emissions* CGO,
(kg CO/ kg residue) (%) emissions **
kg residue) (%)
MSW combustion BA 0.023 0.18 471 0.48 3.82
< 0,106 mm (1.07%) 0.086 0.22
0,106-0,212 mm (1.81%) 0.051 0.19
0,212-0,425 mm (5.81%) 0.057 0.15
0,425-1 mm (14.92%) 0.037 0.13
1,0-4,0 mm (32.64%) 0.024 0.12
4.0-10 mm (28.88%) 0.010 0.24
> 10 (14.87%) 0.000 0.25

*Calculated on the basis of the measured uptake
** Calculated on the basis of the maximum theosdtuptake

3.5 Conclusions

The present study has pointed out the effect otlacated carbonation on BA and on its
particle fractions. Accelerated carbonation waseald modify some important
macroscopic properties such as buffering capaaityraineralogy of BA. In particular, the
observed buffering capacity doubled at pH 8; asafathe metals mobility was concerned,
carbonation proved to be effective in reducingriability of Pb and Cu, whilst increased
the Mo one and did not sort any significant positffect on Zn and Cr.

If the single size fractions are considered, tHeots on Pb (decreased mobility) and Mo
(increased mobility) were fairly homogenous for thié size fractions, whilst the overall
positive effect on Cu mobility seemed to derive mhafrom the particles having size < 1.0
mm. The effect of carbonation on Cr mobility seen@dbe negative for fractions having
particle size < 1.0 mm.

On the basis of the experimental findings, it cobkl assessed that the carbonation
treatment exerted opposite effects on metals nipbilvhen applied on the BA.
Furthermore, different effects were noticed alscemlthe treatment was applied to the
considered particle size fraction, even when thglsimetal was concerned.

The carbonation treatment combined with other mneats (e.g. addition of sorbing
agents such as Bauxol) might improve and make umifine leaching behaviour of the
residue.

As far as the capacity of capturing the £4©concerned, the results obtained underlined
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that it is higher for the smaller BA particles (abd - 9 % by weigh of sample). Therefore
the eventual implementation of the carbonationttneat, in order to contribute to the
reductions of C@ point source emissions, should require carefuluesins concerning
the opportunity of applying it to the whole BA massto selected fractions more capable

to sequestrate the gas.
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Chapter 4. Accelerated carbonation on MSW combustio APC

ash

4.1 Introduction

The Waste to Energy treatment while being a feasiigition for recovering energy and
reducing the mass of municipal solid waste fraditm be landfilled is known to entail
concentration of inorganic contaminants in the jmoshbustion by-products such as
bottom ash, fly ash and flue gas cleaning residtisimar et al, 1996; IAWG, 1997,
Sabbast al, 2003). In particular, the solid by-products gaed by flue gas treatment,
named APC residues, are composed by the flue gakensation and reaction products and
the excess of sorbent material (usually lime oivated carbon) injected into the stack gas,
but include also the fly ash particles carried dvem the combustion chamber if they are
not separately captured upstream. APC residueegmonding to about 3 % of the
incinerated total waste mass, is classified as rHams wastes according to the
Commission Decision 2000/532/EC. The main concelated to the disposal or reuse of
these residues is represented by the potentiaselef metals and soluble salts (Quina et
al., 2009); so that a pre-treatment is requiredonder to reduce the associated
environmental impact. In the literature, severahtment technologies have been proposed
as appropriate treatments for APC residues, inctudiolidification and/or stabilization,
physical and chemical separation and thermal psesetsee e.g. Quiret al, 2008 and
references therein). Among these options, acceléi@rbonation has been described as an
important treatment technology capable of improvihg environmental and technical
behaviour of different types of combustion residwessisting in the adsorption of GOy
alkaline materials which causes pH decrease amnttealrecipitation (Meima et al., 2001;
Eckeetal., 2003; Huijgeret al, 2006; Costa&t al, 2007; Baciocchet al, 2009; Wanget

al., 2010) This process, that occurs also spontaheaoder ambient conditions, results in
a number of chemical/mineralogical transformationghich involve also the
immobilization of several inorganic contaminants aaincern. Furthermore, accelerated
carbonation of alkaline residues has been foungtpoesent an effective way to achieve
CO, sequestration from industrial point sources, aar@sting additional benefit in view of
the decrease of the emissions of greenhouse gesEgen et al, 2005; - Fernandez-
Bertos et al., 2004; Baciocchiet al., 2007; Bertos et al.,, 2007; Sipikt d., 2008).
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However, despite the widespread experimental sfuckeried on so far, several aspects
still need to be elucidated, especially pertainmgyoth the optimal operating conditions to
be adopted and the leaching behaviour of some heastals and oxyanion-forming
elements (e.g., Cr, Mo, As and Sb) for which incstesit results in terms of reduction of
mobility have been reported in literature (Van Geret al, 2005; Astrupet al, 2006;
Corneliset al, 2006; Costat al, 2007).

Baciocchiet al. (2009) presented the results of an experimentak vperformed on
carbonated APC ash to study the Qdptake kinetic and the metal leaching-controlling
mechanisms. The dependence of,GM@take upon the L/S ratio, temperature and CO
pressure, had shown: (i) the L/S ratio had a striomgact on the C®uptake, (ii) the
increase of temperature from 30° C to 50 °C couighrove kinetic of reaction, (iii)
pressure, from 1 to 10 bar, seemed not influenoetii of carbonation. After 1 — 1.5
hours, the C@uptake was of over 250 g/kg of APC ash, by adgpéin./S = 0.2 I/kg and
maintaining the system at P = 3 bar and temperatu® °C. In this condition, the Pb, Zn,
Cu and Cd leaching was considerably reduced. TH®nation treatment has shown only
a slight influence on Cr, chlorides and sulphatdsase, instead it seemed to cause a Sb
mobilisation. To evaluate the mineralogical phasbgh controlled the metals release in
solution during leaching tests, Visual Minteq geartiical speciation code was used. In
case of Pb, Zn and Cu, metal concentration in moluivere essentially controlled by
hydroxides, carbonates and chlorides, dependirthepH range considered.

The present study focused on the application dcelerated carbonation treatment to
APC residue, in order to assess the potentiale@pticess in terms of sequestration of the
CO, emitted from WtE point sources as well as theumriice on the environmental

behaviour of the residue under concern.

4.2. Materials and methods

Municipal solid waste combustion APC samples wailkected at a WtE plant in Cagliari,
Sardinia, where the flue gas treatment system pexla residue composed of ashes
coming from the heat exchanger (boiler ashes) hadarticulate matter collected by the
bag filters after addition of dry hydrated limerteutralize acid components. The samples
were homogenized in order to produce representitb@atory subsamples to be used for

preliminary characterization: metal and anion cotéotal carbon content (TC) and loss
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on ignition (LOI). In order to investigate the effef the accelerated carbonation treatment
on the APC ash mineralogy and, consequently, onirtbeganic contaminant leaching
behaviour, and to estimate the £®equestration capacity of APC ash, release and
partitioning of metals (Pb, Zn, Cr, Cu, Mo and SBRRC ash buffering capacity and
mineralogy were evaluated. The APC ash mineralogg studied by means of X-ray
diffractometry (XRD), calcimetry rad thermo gravimetric (TG) analyses performed on
both untreated and carbonated APC ash subsamples.

The metals content was determined by digesting df gried APC sample with a
concentrated acid mix 3 ml of nitric acid, 9 ml leydrochloridric acid and 5 ml of
hydrofluoridric acid. After digestion, the residuas diluted to 100 ml by distilled water
and HNQ (1 %). The macro elements content was evaluatealksline fusion with
lithium metaborate (1050 °C). The metal concerdrain solutions obtained was evaluated
by ICP-OES analysis.

Water content and loss on ignition were determiresghectively by the EN 14346 and
EN-15169 methods. TC content was measured usingh d@halyzer (LECO, model CHN
1000). The analyses were performed in triplicate.

The pH of material was evaluated by mixing thedesiwith distillate water (L/S= 10)
for 24 hours. The suspension was filtered and pld wa&asured on the solution. The
buffering capacity of both untreated and carbon®B@€ ash was evaluated by means of
the ANC test, by mixing several sub-samples of dmgterial with distilled water
containing pre-selected amounts of acid (HN@t a L/S = 10 I/kg and stirring the
suspension for 48 h (UNI CEN/TS 15364).

The Cu, Zn, Pb, Cr, Sb and Mo partition in APC asis investigated by performing the
four-step sequential extraction procedure propdsedhe Standards, Measurements and
Testing Program of the European Union (Bruder-Hbhbset al, 2001). Details of the
method are given in Chapter 3.

Carbonate content was performed by a thermogravicnahalyser, in air atmosphere
(Stanton Redford, model STA 780) equipped with /&R&trucible (V = 135 mh D = 6
mm) at a heating rate of 15 °C/min. Calcimetry daieation was performed by placing
0.5 g of APC subsample in a Dietrich-Fruehling appse, and adding 10 ml of HCI 1:1
viv.

Diffractometric analyses were performed using a AHG device, with Cu-Kx
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radiation (copper tube operated at 30 kV and 30.mA)

The effect of carbonation on metals mobility (Ph, Zr, Cu, Mo and Sb) was assessed
by performing the EN 12457-2 test on the untreated carbonated APC ash, as well as
through the above mentioned ANC test. After filoatof suspension at 3 —|&m, the
metals concentration in the solution was measurigld MCP-OES spectrometry (Varian,
model 710 ES).

The applied accelerated carbonation treatment smuspf a single step aqueous-route
process carried out at ambient conditions (20 °@€amospheric pressure). The treatment
was performed into an open vessel, by blowing @@ugh the continuously mixed APC
ash slurry (L/S = 2.5 I/kg). The slurry was homaged by both gas bubbling and a
magnetic stirrer. With the aim of studying the exmn of the carbonation process, in
terms of both pH decrease and effects on metalslitgpthe pH value was continuously
monitored and the input of Gvas stopped when pH reached prefixed values inathge
between 13.17 (pH of fresh APC ash) and 8.22 (fptdlattained during carbonation);
APC slurry samples were collected at the end ofi @acbonation step in order to perform
the leaching tests and pH control (at 24 hours).

In the following, carbonated ARg, for instance, indicates APC ash carbonated until
pH 10.7 was reached. All the samples were immdglialeed at 105 °C and stored in
closed bottles to arrest ageing reactions. The teqgeired to reach the final pH of 8.22

was about 3 hours.

4.3 Results and discussion

In this section the effects of the accelerated a@abon treatment on chemical and
mineralogical properties are discussed as welhasetfect produced by treatment on the
metals mobility. In the Section 4.3.3 the resutisaerning the C@uptake of APC residue

are reported.

4.3.1 Effects of accelerated carbonation treatmentn chemical and mineralogical

properties

The results of the APC ash preliminary charactéonaare reported in Table 4.1. Calcium
and chloride are the main constituents, but a Bogmt metal concentration was also

assessed, in agreement with other studies repiortide literature (Baciocclet al, 2009;
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Wanget al, 2010). In figure 4.1, the XRD analysis displayedtlandite,Ca(OH), as the
main mineral phase, high amounts of NaCl, KCI, G#&Cl, and NaSO, crystalline
phases and a little amount of Cagz@nhdicating a partial degree of natural carbonatbn
the fresh material. The Ca(OH)Cl compound is prbpdbrmed during neutralization
reaction of acid gas flue which contains HCI, withe, as reported by Wareg al. (2010).
The XRD performed on the carbonated APC ash shdnedisappearance of the Ca(QH)
and Ca(OH)CI peaks, whilst the calcite peak waseneerdent, consistent with the applied
carbonation process. The TC content increased #fétecomplete carbonation treatment

from 2.22 % to 6.93 %, presumably due to the caatemproduced during the process.

Table 4.1. Total elements content (mg/kg dry wivgter content, LOI, TC (% wt.)
assessed for the fresh APC ash residues. SD =asthddviationrf = 3).

Elements Concentration Elements Concentration
Na 20,2331256 zn 4,372497
K 41,17&223¢ Cu 441+26
Ca 308,06%+9144 Ni 86.87+6
Mg 29,243988 Cd 1124
Fe 1,94€+£92 Pb 2,17¢+101
Mn 17C+16 Sb 434+18
Al 6625+61 Mo 8.28
Si 30,002756 Cr 74.0411
Chemical-physical Concentration Anion Concentration
property
LOI (%) 29.11%0.21 Sulphat 157+89
Water content (%) 2.52+0.47 Chloride 104,118+135
TC (%) 2.22+0.0z
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Figure 4.1. Diffractometric analysis performed artraated and carbonated APC ash.
(P = portlandite, C = calcite, H = halite (NaCl)=S$ylvite (KCl), A = anhydrite (CaS{Q}
Cl = Ca(OH)CI).

75



The acid titration curves obtained for both thesfrdPC ash and the same residue after the
last step of the carbonation treatment (carbonAfe@s,), are depicted in Figure 4.2. It
can be observed that the buffering capacity ofXR€ was altered after the treatment. The
shape of the curve, related to the fresh APC, exiee a plateau at pH around 12,
corresponding to the presence of calcium hydroxhégering systems (Baciocckt al,
2007). Due to the decrease in the free oxides gddokides content and the subsequent
precipitation of calcite induced by carbonatione tANC curve, after the treatment, a
significant buffering capacity between neutral akaline values, as pointed out by the

wide plateau at pH around 7 - 8.
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Figure 4.2. ANC curves obtained for the fresh ARG and carbonated ARG (a)
material.

As far as the effect of carbonation on the mobitifymetals was concerned, Figure 4.3
reports the release of Pb, Zn, Cu, Cr, Mo and Sheaslted from the leaching tests
performed on the APC ash at different stages dbaration, as a function of the pH
reached at each considered step. The leachingffesih APC, as resulted from ANC test,

is also reported.
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4.3.2 Effect of accelerated carbonation treatmentrometal leaching

As for the observed leaching trends, it can besagskthat the leachability from both fresh
APC ash and carbonated APC ash was largely coedrbly the solution pH. Leaching of
Pb, Zn and Cu was characterized by a V-shapedseelearve, typical of amphoteric
metals. A certain degree of pH dependency was wedalso for Cr leaching (increased
mobility at higher pH values) and Sb (increased ilrtglat lower pH values). As far as Mo
leaching was concerned, the data did not seemltmfa clear trend, thus any dependence
from pH can not be underlined.

When comparing the leaching behaviour of fresh eadbonated APC ash, it can be
stated that the release from the carbonated miateasmgenerally lower than that from the
fresh APC ash, with the only exception of Sb. Irjebe leaching trends at the different
pH investigates indicated a higher mobility of Zin, Cu and Cr from fresh APC ash as
compared with the carbonated one. The positivecetieé the carbonation can be noticed
especially when comparing the release from thehfra®C ash with that from the
carbonated one till a pH of 10.5 - 10.7. As a resiithe carbonation treatment, the amount
of Pb released was reduced by 4 orders of magnithdeelease of Zn and Cu of 2 orders
of magnitude, whilst the mobility of Cr and Mo wesduced of one order of magnitude.
Conversely, at the same level of carbonation, tegative effect on Sb mobility
corresponded to an increase of two orders of madeit
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Figure 4.3 Metal release vs. pH in EN 12457-2 lesgkest performed on treated APC ash
at different stages of carbonation ( ) and metaast vs. pH in ANC test performed on
fresh APC ash¢( ).
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Based on the demobilization effect assessed foZRbCu, Cr and Mo, the optimum final
pH for the carbonation treatment was estimatedeaclbse to 10.5. These results are
consistent with the study of Wamg al. (2010), who found the best effect of carbonation,
in terms of reduction of metal mobilization, at piH9 - 10. As observed in Table 4.2, if
the overall performance of the treatment is evaliah view of final disposal, it can be
concluded that accelerated carbonation was effsctiv fact, as far as only metals and
oxyanions are considered, fresh APC ash is clagsifis a hazardous waste, whilst
carbonated AP( s would be allowed for disposal in landfills for nbazardous waste.
However, it has to be emphasized that leachinghtiricle and sulphate, which are also
critical species for APC ash in view of landfillingvas not affected by carbonation
treatment (Table 4.2), thus the residue shouldtibecsnsidered a hazardous waste, with
respect to the release limit of chloride obtaingdEbl 12457-2 test.

The positive effect exerted by carbonation on theZn, Cu, Cr and Mo leaching could
be related with the chemical and mineralogical dfammations induced by carbonation
(Meima et al., 2002; Fernandez-Bertost al, 2004; Van Gerveret al 2005): i)
carbonation originates a pH decrease to values hathwseveral metals exhibit their
minimum solubility; ii) both carbonation and pH dease cause the conversion of metal
oxides and/or hydroxides to metal carbonates, #natless soluble; iii) an additional
retention mechanism is based on the affinity of sanetals with calcite, thus to possible
sorption onto CaC@®and/or co precipitation into newly formed mineralhe higher
release observed for Sb after carbonation coulde@ained taking into account its
oxyanion nature: often Sb in high temperature sol&l incorporated in ettringite-like
minerals and/or Ca antimoniate, which dissolve uparbonation (Van Gerveat al,
2005; Baciocchiet al, 2009); however, it has to be underlined that tieeralogical
characterization on the fresh material did not eng presence of such mineral phases, at

least above the XRD detection limit.
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Table 4.2. Comparison between the release in EN7-24test on both fresh APC ash and
treated APC ash (ARg7 and APG_) and the release limit as derived from the Italian
landfill acceptance criteria (Italian Ministeriakbree 27/09/2010).

Concentration (mg/kg) Limit concentration (mg/kg)

Element Untr.
APCo; APG,

APC HW n-HW W

Pb 228 0.03 1.59 50 10 0.5
Zn 18.13 0.05 3.05 200 50 4.0
Cr 9.36 0.09 3.58 70 10 0.5
Cu 0.65 0.01 0.26 100 50 2.0
Mo 4.6 0.08 0.51 30 10 0.5
Sb 0.01 0.17 5.81 5.0 0.7 0.06
Cl 104,118 112,400 98,491 25,000 25,000 800

The results of the metal partitioning assessed bimth the fresh APC ash and the
carbonated AP 7 are reported in Figure 4.4.

As far as the fresh APC ash was concerned, alelaments of interest were extracted
mainly under oxidizing conditions (step 3: metatsibd to organic matter and sulphides).
Copper was also present in the reducible fractstep(2; 35 % by weigh of total element)
and a relevant amount of Pb was found to be boonthé soluble, exchangeable and
carbonate fraction (step 1; 24 % by weigh of tetament). In the case of Sh, a negligible
amount was found to be bound to the soluble, exgdevle and carbonate fraction (0.5 %
by weight of total element), exhibiting a low matyilunder natural/acid conditions. As
shown in figure 4.4, the carbonation treatment rtbtl affect the elements distribution in
the residual fraction, whilst the influence on thier fractions was of different extent
depending on the element under concern. Lead andn@unts bound to the soluble,
exchangeable and carbonate fraction decreasedberitbfit for the oxidizable fraction,
while it increased for Zn, Mo and Sb, to detrimehthe oxidizable fraction. The evolution
of the soluble, exchangeable and carbonate fraaiomg carbonation is of particular
interest (Figure 4.5), for most of the mobilityroktals is related to this fraction. However,
the mobility assessed through the EN 12457-2 |leactest takes into account only the
soluble fraction, so that data are not directly pamable. The Pb and Cr reduced mobility
assessed by performing the EN 12457-2 test couléxpdained also by the SE data,
hypothesizing an increased affinity of these metalsrganic matter and sulphides after

the carbonation treatment. Ferrarial. (2002) reported that the organic matter in APC ash
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iIs composed mainly by elemental carbon and notetdble organic carbon which are
water insoluble.

Fresh APC ash
Pb
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Figure 4.4. Elements partitioning assessed bydhaential extraction procedure applied
to the fresh APC ash and the carbonated ARé&nd APG 3 ash.
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Figure 4.5. Soluble, exchangeable and acid sofuéttion in fresh and in carbonated APC
ash.

As far as Zn and Cu were concerned, given the eamtlunobility assessed after the
treatment, the increase of the soluble, exchangeabltl carbonate fraction should be
interpreted in terms of increase of the carbonate, ovhich is less soluble than
(hydr)oxides present in fresh APC (Waetgal, 2010). As for Mo, a significant increase of
the amount bound to the soluble, exchangeable aribigate fraction was assessed after
the carbonation, consistent with the data presdmyadfang (Wangpt al, 2010), whilst the
amount bound to both reducible and oxidizable foast decreased. As for Sh, the SE
showed an increase of element bound to the solaktdangeable and carbonate fraction,
probably due to sorbing onto neo forming CaCi®hnsoret al, 2005).

4.3.3 Carbon dioxide sequestration capacity

The CQ sequestration potential of APC ash was evaluatetddth calcimetry and TG
analyses. As it is well known, during the TG analythe weight loss that occurs in the
range of 650° — 850 °C could be directly linkedthe carbonate decomposition. As
reported in Figure 4.6, for the fresh APC ash ti&OTA curves showed three steps of
weight loss (Figure 4.6 a): a first one between®3d0@0 °C, associated to organic matter
oxidation; the second one between 400° — 500 °Gezhbry Ca(OH)decomposition; a
third one, at 750 °C, related to Cagdd NaCl decomposition.
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Figure 4.6. TG/DTA results on fresh (a) and carlemdb) APC ash.

In the carbonated APC ash (Figure 4.6 b), waterdty@h and gypsum dehydration loss
were evident in both TG and DTA curves at a tenmpegaclose to 100 °C; the oxidation of
organic matter occurred in a range between 20®0-°€, and finally at 850 °C the loss of
weight was due to CaGQlecomposition. The CQuptake was evaluated by the percent
loss weight at 600° — 850 °C, before and after lacaged carbonation, with respect to the
initial weight. The amount of COsequestrated by the residues, on the basis of T&/D
was estimated by calculating the difference, adted before treatment, of the weight loss
in the range of 700° — 900 °C, with respect toittigal weight of APC residue, taking into
account the weight increase upon carbonation. @alcy results agreed with the data
obtained from TG analyses, with an estimated G@ake of about 200 g/kg. This result is
consistent with several other experiences (Huijgad Comas, 2005; Bacioccht al,
2007, Costeet al, 2007), where a maximum GQiptake of as much as 250 g/kg is
reported, but using high pressures (3 bar) anérdifit temperature values (30° — 50 °C).

The maximum theoretical sequestrating capacity alss estimated by assuming that 1
mol of CaO (molecular weight 56) reacts with 1 nodl CO, (molecular weight 44)
(Kodamaet al, 2008). Finally, on the basis of the £@mission factors available for the
WIE plant, the reduction of GQemissions potentially achievable was evaluatedlélra
4.3).
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Table 4.3. CQsequestration capacity of the APC ash and reductiadghe CQ emissions
achievable at the WLE plant.

CO, uptake Maximum Plant Emission Reduction of Maximum
(kg CO/ theor. CQ factors CO, Reduction of
Residue kg residue) uptake (kgCOf emissions* CO,
(kg COJ kg residue) (%) emissions **
kg residue) (%)
MSW combustion APC ash  0.20 0.39 39.26 0.51 0.99

*Calculated on the basis of the measured uptake

** Calculated on the basis of the maximum theosdtigptake

The measured CQuptake was in general quite lower than the maxinteoretical value,
indicating that by adopting appropriate operatingonditions and/or using
chemical/physical pre-treatments the storage piaiesftthe residue could be increased. As
far as the effective storage potential of the astoncerned, it can be stressed that despite
the high CQ uptake (0.51 % by weigh of residue), the APC nmessdshowed a low
reduction of CQ emission (0.99 % by weigh of residue), due tolitile amounts of APC
ash generated at the WtE plant, if compared wighethission of the plant itself.

4.4 Conclusions

The study presents the assessed effects of an wydtwmse accelerated carbonation
treatment performed on MSW combustion APC ash tierdint final pHs values. The
treatment was able to modify some important progexf APC ash, such the mineralogy,
the metals partitioning and mobility. As far as theetals mobility was concerned,
carbonation proved to be effective in reducingrilease of Pb, Zn, Cr, Cu and Mo, with
an optimal final pH, identified on the basis of tiemobilization effect, close to 10.5.
Nevertheless, along the whole studied pH rangel{18.pH < 8.22), a mobilization effect
was noticed for Sb. On the basis of the experinidimi@ings, it could be assessed that the
accelerated carbonation treatment exerted a pesédffect on the mobility of several
elements, but the combination with other process @rbent adding) might be necessary
to immobilise Sb. Moreover, it has to be underlitieat the carbonation treatment does not

modify the chloride mobility, thus the carbonatexsidue should still be classified as
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hazardous waste. To this regard, an additional mggheatment could be appropriated to
remove salts from the material, especially if perfed after a carbonation step.

As far as the C®sequestration capacity of APC ash is concernesl, 6 uptake
evaluated during the accelerated carbonation tesattrshowed that the residue could be
suitable for CQ storage, even if the quantity of APC ash produmedhcineration plants is
relatively low if compared with the WtE plants gé@missions.

Accelerated carbonation treatment can be considasegotentially viable option in
order to improve the environmental behaviour of A&B and reduce G@missions from

Waste to Energy plants.
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Chapter 5. Stabilization of MSW combustion APC ashby a

combined carbonation and washing treatment

5.1 Introduction
The main problem related to the disposal or reus&8W combustion APC ash is
represented by the potential release of metals soidble salts (e.g. chlorides and
sulphates), dioxins and heavy metals (Chang and, @@36; Chang and Li, 1998; Hinton
and Lane, 1991).

Several treatments have been proposed to reducpoteetial risk of environmental
contamination, such as melting, cement solidifaraticalcination and chemical extraction,
as well as the water washing and the acid waskhmpgarticular, the acid washing and the
possibility to recover heavy metals have been erpldy Van der Bruggeet al, (1998).
Some of the minerals contained in APC ash, suc8i@s and CaO, can be used as raw
material in cement production (Nakametaal, 2007).

Mineral phases such as halite, sylvite and Ca(Oldgécted in APC ash are the main
components containing chlorides (Bodenan and Déni2003) and their high solubility
leads to high chlorides concentration in leachate.

The water washing treatment implies the use ofrgelamount of water to remove
leachable compounds and it might increase the nbes#t costs, because wastewater
obtained must be treated, before discharge. Chimenal (2005)investigated the best
washing parameters (L/S ratio, mixing time andisty speed) to reduce chlorides content
in APC ash and as a result the optimum L/S ratie feand at 3 I/kg and the mixing time
was close to 1 hour. Afterward, by using the med conditions and by adding small
amounts of MgS@ a counter-current process with two washing-steps, applied to APC
ash. The treatment was based on the pH decrelige,airange 9 — 10; in this pH range,
heavy metal hydroxides show minimum solubility. Tgrecess applied has shown a dual
benefit: (i) a chlorides reduction in APC resid(ig,the production of a wastewater which
Is less contaminated by heavy metals.

Recently Zhu et al (2009) have proposed a new recycling system, istimg in
“washing, calcinating and changing/converting” (WEE&ystem) of washed fly ash into

cement raw material with bottom ash. The proposethad is based on water washing of
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APC ash residue to get rid of chlorides and, dfiat, the ash is not discharged outside of
the system, but it is fed back into the thermalcpss. Subsequently, APC ash and BA
residues are removed together and sent to centhudtires.

In another study, Zhet al. (2010) discussed the chlorides behaviour duriaghing
treatment, by considering the chemical differencesveen water soluble chlorides (e.g.
NaCl, KCI, and CaG) and insoluble Friedel's salt (general formula
[CaAl(OH)6CI*2H ,0). The experimental study compared the effecis sihgle washing
treatment to those of the double washing; the on&cwas that the double washing process
was more effective in removing the soluble chlosiffaction than the single washing.

During the washing process, others elements dissolwater, such as heavy metals;
thus, with the aim of reducing the leaching of medeas elements, carbonation process
might be adopted on APC ash, before the washirsgnent (Wanget al, 2010). In this
case, the application of both treatments mighteedhe environmental impact of APC ash
and allow a better management of residue in vieth@fecycling and/or the final disposal.

The present chapter focuses on the applicationsafigle water washing treatment on
fresh and carbonated MSW combustion APC ash inrotoleachieve a reduction of
chlorides content in residue and obtain a wastewaih a small content of hazardous
metals. The aim of the preliminary tests carrietl inuthis section was to verify the best
operating conditions to be adopted for the combinegtment.

5.2 Materials and methods

Municipal solid waste combustion APC samples waliected at a WtE plant in Cagliari,
Sardinia. The samples were homogenized in orderdduce representative laboratory
subsamples to be used for accelerated carbonatiaimient, water washing experiments as

well as preliminary leaching tests.

5.2.1 Leaching test

The effect of carbonation on metals mobility (Ph, Zr, Cu, Mo and Sb) was assessed by
performing the EN 12457-2 test on the untreated aiionated APC. After filtration of
suspension at 3 —im, pH was assessed and the metals concentratibie solution was

measured with ICP-OES spectrometry (Varian, mod8lES).
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5.2.2 Carbonation treatment

The applied accelerated carbonation treatment stmasiof a single step aqueous-route
process carried out at ambient conditions (20 °€amospheric pressure). The treatment
was performed into an open vessel, by blowing, @@ bar) through the continuously
mixed APC ash slurry (L/S = 2.5 I/kg). The slurresshomogenized by both gas bubbling
and a magnetic stirrer. With the aim of studying #volution of the carbonation process,
in terms of both pH decrease and effects on metaddility, the pH value was
continuously monitored and the input of £@as stopped when pH reached prefixed
values between 9.0 — 10.0; APC slurry samples veositected at the end of each
carbonation step in order to perform the EN 1243&a2hing tests and to control the pH of
residue (after 24 hours). In the following, carbeelaAPGy 7, for instance, indicates APC
ash carbonated until pH 10.7 was reached. All #repdes were immediately dried at 40
°C and stored in closed bottles to arrest ageiagti@ns. The time required to reach the
final pH of 8.22 was 2 - 3 hours.

5.2.3 Water washing treatment

During the washing experiments, carried out usirggileedd water and by performing a
single washing step, the influence of operatinqapaaters such as washing time and L/S
ratio were tested. The release of chloride and yheastals (Pb, Cu, Zn, Cr, Mo and Sb)
from the APC ash were in fact measured by varyimegwashing time (1, 15, 30 min and 1,
2 hour) and the liquid-solid ratio (L/S = 2.5, 5,10 I/kg). Twenty grams of untreated and
carbonated APC ash (9.00 < pH < 10.50) were pgbimtact with distilled water to reach
the prefixed L/S ratio. The flasks were stirred f@no hours and in a magnetic shaker at
room temperature. After 1, 15, 30 60 and 120 mmwesample of slurry phase was
collected and filtered at 2 — |3m; the filtered solution was analysed for chloridesl
elements of interest (Pb, Zn, Cu, Cr, Mo and Skgpectively by IC and ICP-OES.

5.3 Results and discussion

As previously mentioned, the carbonation process warformed in order to reach
different carbonation levels and thus differentafipH values for the treated materials.
When performing the washing experiments, the inipal of fresh residue and the

91



carbonated ones were respectively (12.95 + 0.@8)47 £ 0.03), (9.00 £ 0.04) and (9.60 £
0.04).

During the washing experiments, chloride concelanain solution was not affected by
the mixing time (results not reported). In Figurd Bhe chloride concentration in water
solution as a function of L/S ratio is reported. Bgreasing the L/S ratio, the chloride
concentration decreased; the anion release frosh #C ash was (124 + 2.87) g/kg for
all the L/S values studied; after carbonation tremit the release from AR&;7 and
APGCg o0 ashes was respectively (127 = 2.36) g/kg, and (®2.(8.27) g/kg and it was
independent from the L/S ratio used.dtial. (2007) found a little reduction in sulphates
and chlorides release after carbonation; it mightekplained by assuming that after the
treatment Ca(OH)CI, which is a highly water soluplease contained in fresh residue, is
carbonated and chloride could be immobilised iew msoluble form.

The optimum L/S ratio was found close to 2.5 I/Kbu et al. (2009) found that a L/S
ratio close to 3 and a mixing time of 5 minutes eveufficient to remove chloride from
APC residue, according to data obtained in thiskwhr fact, the chloride ions are present
mostly in halite and sylvite phases, which are lyigioluble.

In Figure 5.2 the metal release from fresh and aaated APGo during the water
washing treatment (L/S= 10 I/kg) applied on fresd aarbonated APC ash is shown. The
role of accelerated carbonation as stabilizatieatment is evident, with the exception of
Sb and Cu; nevertheless, the final pH was not gienoim to immobilize most of metals
(see Figure 4.3 of Chapter 4). In the case of fresldue, the Zn, Cr, Pb and Mo release in
water seemed to be independent by the washing timegrbonated APC ash, it appeared
to be modified in the first 30 minutes. After thagriod of time, the metal release was
steady.
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Figure 5.1. Chloride concentration (mg/l) in watershing tests as function of L/S ratio.

Table 5.1. Chloride release (mg/kg) in washingstest fresh and carbonated ARGy ash
as function of L/S ratio and mixing time.
L/S ratio Time APCi45 APCig47
(/kg) (min)  (mg/kg) (mg/kg)

2.5 0] 127493 127493
120 126230 130345
5 0] 119150 119150
120 119930 134965
7 0] 122836 122836
120 123354 134554
10 0 122810 122810

120 123180 148580
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Figure 5.2. Metal release during washing experisidmtm fresh and carbonated (C)
APGCg goash as function of time at L/S= 10 I/kg.

A preliminary carbonation-water washing combinedt tevas carried out on fresh,
carbonated and carbonated-washed APC ash at v aBB0 (APGsand APG g + W).
The procedure consisted in mixing the dry residi@°C) with water (L/S ratio = 10 I/kg)

for 15 min. The suspension was filtered at 2 gn8and the solid residue was dried at 40

°C for 24 hours. Leaching test EN 12457-2 was peréd on solid residue. The metal

mobility in carbonated AP&sowas generally reduced, with respect to it fromHressidue.
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Table 5.2 reports the metal release obtained bghieg test EN 12457-2 performed on
fresh APC, carbonated APC till pH= 9.60 (AP and finally carbonated APC after
washing treatment (ARfg + W). In carbonated AP{s, ash the Sb and Cr release
increased. In fresh APC residue the metals releaseeded the lItalian limits for the
deposit it in non-hazardous waste landfill, whtls¢, chloride release even exceeded the
Italian limits for the deposit it in hazardous l&iidSulphate release was, on the contrary,
below the limits for both fresh and carbonated @sbults not shown).

After carbonation treatment performed till a fipddl of 9.60, the Pb and Zn release
showed a decrease of 2 and 1 order of magnitudepe&Zaand Mo release seemed to be
fairly constant. In the case of Sb and Cr the sddacreased. The extent of release was
influenced by the degree of carbonation attainedpmling to the results discussed in
Chapter 4, the carbonated APC ash at pH= 9.60 showkct a metal release higher with
respect to that obtained at pH close to 10.5. EaeHing of chloride did not decrease in
response to carbonation.

After the washing step, the release of chloride stsngly reduced (2 orders of
magnitudes). The pH reached was 8.80. Unfortunatslyesults of the washing treatment,
a strong, further increase of the Sb release whseatb

On the basis of the preliminary test conducted @ossible combined carbonation-
washing treatment, if the overall performance @& pimocess is evaluated in view of final
disposal, i.e. by comparing the metal release et@tuduring EN 12457 leaching test with
the ltalian limits for landfill disposal (Table 5,4t can be concluded that the combination
of the two treatments was not effective in imprgvihe environmental behaviour of the
APC ash. Indeed, even if chloride release wouldvalfor a waste declassification, the
increase of Sb release entailed the waste to becatisidered hazardous. Since the Sb
release is strongly influenced by the degree dbaaation attained, a further investigation
is needed in order to optimize the carbonation atepthus to assess the feasibility of the

combined treatment.
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Table 5.2. Results of EN 12457-2 leaching testmneated APG; 95 carbonated APC ash
to final pH of 9.00 (APGgy) and carbonated APC ash after washing (A€ W), and
comparison with the release limit as foreseen gy Ithlian landfill acceptance criteria
(Italian Ministerial Decree 27/09/2010).

Untreated Carbonated  Carbonated
Element APCy o6 APC, 4 APC, 50+ W HW n-HW W
Sh 0.12 + nd 0.68 + 0.06 7.81 +0.00 5.0 0.7 0.06
Pb 24,2 +5,52 0.35+0.28 0.47 +£0.24 50 10 0.5
Cu 0.48 + 0.06 0.18 + 0.06 0.21 +0.02 100 50 2.0
Zn 15.04 + 2.37 276 +1.72 2.13 +0.66 200 50 4.0
Cr 7.76 +£0.18 13.23+0.21 6.35 + 0.08 70 10 0.5
Mo 2.07 £0.06 2.20 +0.02 1.16 £0.00 30 10 0.5
Cl 136,485 + 2,580 103,839 + 13,167 97Ha&d 25,000 25,000 800

HW = hazardous waste; n-HW = non-hazardous waéies Inert waste.

5.4 Conclusions

The water washing treatment performed on fresh ABIC allows the remove of chloride
and metals. When the treatment was applied on faeshcarbonated MSW combustion
APC ash, the release of chlorides was independetiieoL/S ratio and mixing time.
According to the results, and taking into accotwetieed of using the minimum volume of
water, a L/S ratio close to 2.5 I/kg and a mixiimget of 1 — 15 minutes were selected as
optimal operating conditions in order to achieve tthlorides reduction in the residue
under concern.

The treatments of accelerated carbonation and wasequentially applied aimed to
obtain first the stabilization of metals in theidahatrix and subsequently the removal of
soluble salt only, with the advantage of preverteducing the leaching of metals into a
wastewater that would need to be treated.

The preliminary set of experiments carried out kyf@rming the combined treatment
(carbonation step at pH = 9.60 and washing step)shawn a general reduced release of
both metals and chloride if compared to the fresiemal, with the exception of Sb.

In particular, since the Sb mobility is stronglylirenced by the extent of carbonation, it
implies that the first step of the combined procsissuld be opportunely performed in
order to obtain the declassification of the APCides from Hazardous to a Non

Hazardous waste. Further investigation should veted to this aim.
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Chapter 6. Conclusions

The main objectives of this doctoral thesis werg(onvestigate the effects of the direct
agueous accelerated carbonation process, applid8iAgnts particle size fractions and
APC ash residues, in order to gain new insighthenchemical and mineralogical changes
for each type of material; (ii) evaluate the £&&questration capacity of residues under
investigation; (iii) evaluate the effect of a camation and washing combined treatment
applied on APC ash in terms of chlorides and melabse.

The carbonation treatment applied on MSW combusBénand APC ash may
represent a pre-treatment stage prior to eithsiclhieg or landfilling options. The process
can stabilize the leaching behaviour of these m&atombustion residues and is an
effective way to sequestrate @ONith regard to the findings of the research aigtiv
carried out by applying the accelerated carbonaiimBA and on its particle fractions (see
Chapter 3), it appears that the treatment is ablsadify some important macroscopic
properties of BA, such as pH, buffering capacityd anineralogy. The pH decrease
observed during carbonation was stronger for thefiB& particle size fractions than for
the coarser ones, the final value being 8.20 ), %nd the difference being probably due
to the higher quartz content in the latter. The Béffering capacity doubled at pH 8,
mirroring the results of other studies. Concerning effect of the treatment in terms of
metal mobility, the leaching of Pb and Cu was rediiavhilst increased the Mo one and
no significant reduction was noticed for Zn and The sequential extraction procedure
applied on BA improved the understanding of theilltssobtained by the leaching tests. In
particular, the behaviour of metals partition ie goluble, exchangeable and acid soluble
fraction (first step of procedure) is linked to timetal leached out in EN 12457-2 leaching
test. The results of sequential extraction weresigb@nt with the metal release measured in
the leaching test. Considering the single sizetifsas, the effects on Pb (decrease) and Mo
(increase) mobility were fairly homogenous for thle size fractions, whilst the overall
positive effect on Cu mobility seemed to dependniyaon the particles having size < 1.0
mm. The effect of carbonation on Cr mobility seen@dbe negative for fractions having
particle size < 1.0; furthermore the finest fraciaepresent a small percentage of the total
mass of residue. As far as the whole BA is conakritee experimental findings suggest

that the carbonation treatment may exert diffeedfects on the mobility of the different
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metals. Furthermore, as far as each single metabmsidered, different effects were
noticed when the treatment was applied to diffepnticle size fractions. Therefore, in
order to achieve an overall positive effect in terof reduction of metal mobility, the
combined application of accelerated carbonatioh wiher processes seems advisable. To
this regard, the use of sorbent additives, evelytaakracterized by low cost, such as the
red mud derived Bauxol, might be a possible sotutio order to immobilize oxyanion
elements (e.g. Mo or Sh).

As far as the capacity of capturing the 4®concerned, the results obtained that the
extent of CQ uptake varied largely depending on the individ size fraction
investigated. The results obtained underlined tthatCQ uptake is higher for the smaller
BA particles. In the fine fractions, the @Optake was about 5 - 9 % by weigh of residue
(class A, B and C), while for the coarse fractionsyas 3 - 4 %. This result can be
explained by considering the high ratio of Ca/Samged in the finest fractions (about 2 -
3); in fact a part of glass and ceramic materials in SiG do not react with the GOThe
CO, uptake measured for the different particle sizetioms of BA was compared to the
CO, emitted during the thermal process to evaluate gbtential reduction of CO
emissions that could be achieved by applying theazaation treatment on the residues
under concern. The GQuptake measured was higher in the fractions withD < 1.00
mm (class A-B-C-D) and by considering the relateenposition of BA, the sequestration
capacity was estimated close to 3 % by weigh aflues The combustion process of 1 ton
of MSW produces approximately 600 Riwf CO, and 250 kg of BA, thus the amount of
the CQ emitted, potentially sequestered by mineral carbonaf the combustion residue,
might be no more than ~ 0.5 % by weight of thedwesi This feature could be improved,
for instance applying the process to the fractwhgch exhibited the highest potential for
CO;, capture.

The results obtained by applying the acceleratedoceation on MSW combustion
APC ash show that the treatment may be able to fjndde residue mineralogical
characteristics as well as the metal partitioning anobility. The induced mineralogical
changes, such as the conversion of hydroxidescenfoonates, results in a lower pH which
can affect the solubility and leachability of maelements. Indeed, the carbonation
treatment applied on APC ash proved to be effectiveducing the release of Pb, Zn, Cr,

Cu and Mo, with an optimal final pH, identified ¢ime basis of the demobilization effect,
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close to 10.5. Lead and Zn release decreased teghgof 4 and 3 orders of magnitude,
whereas Cu, Cr and Mo release exhibited a lesdfismm decrease. It is worth to
underline also that, along the whole studied pHyea(l3.17 < pH < 8.22), a significant
increase of the Sb mobilization was noticed (2 mrad magnitude). On the basis of these
experimental findings, for the APC residues alseatld be assessed that, though the
accelerated carbonation treatment exerted an iminoli effect on most of the elements,
the combination with other processes (e.g. soradding) might be advisable to reduce
the Sb mobility. Moreover, it has to be underliriedt the carbonation treatment does not
exert any effect on chloride mobility, so that tbarbonated residue should still be
classified as hazardous waste. To this regard,dditi@nal washing treatment could be
appropriated to remove salts from the materialeesfly if it is performed after the
carbonation stage. In Chapter 5, the results ofedinpinary water washing treatment
applied on fresh and carbonated MSW combustion ABtCare reported. The preliminary
tests carried out indicated that the water waspirngess was able to remove the soluble
chlorides. A L/S ratio of 2.5 I/kg and a mixing #nof 15 minutes were selected as optimal
operating conditions.

The combined carbonation-water washing treatmerd alde to produce a solid
residue characterized by a lower metals and cldaetease, while Sb was mobilised; the
compliance test performed on carbonated-washed #¢PCdid not allowed to classify the
residue as a non-hazardous waste.

Since it is known that the final pH of the carb@thtesidues affects considerably the
release of metals and oxyanions, further studiesnaeded in order to select the best
carbonation conditions able to better immobilize thxyanions (e.g. Sb and Cr). In this
way, the subsequent washing step would allow toowenchlorides and thus to classify the
APC ash as a non-hazardous waste.

As far as the C®sequestration capacity of APC ash is concerned C@® uptake
evaluated during the accelerated carbonation w& B§ weight of the residue. Therefore
the residue could be suitable for a significant,G@rage, although it has to be taken into
account that the quantity of APC residue producgthbineration plants is relatively low
if compared with the associated £@®missions (~ 30 kg of APC ash/1 ton of waste

combusted).
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BA and APC ash showed different ¢Qiptakes, depending on both the materials
properties (e.g. size fraction, mineralogy) and specific treatment conditions adopted.
The highest C@storage potential was shown by the APC ash (0da@Jkg residue),
whilst the lower one was assessed for the BA codraetions (0 — 0.020 kgJkg). The
measured C@uptakes were in general quite lower than the mawintheoretical values,
indicating that by adopting appropriate operatingonditions and/or using
chemical/physical pre treatments the storage pateot the different residues could be
significantly increased. As far as the effectiverage potential of the different residues is
concerned, it can be observed that the APC ash eshdle lowest reduction of GO
emissions (0.99 %); as mentioned before, this & tduthe scarce amounts of APC ash
generated at the plant site if compared with thesgiom of the plant itself. Conversely, the
feasibility of an accelerated carbonation treatnmowed to be higher in the case of BA

which could exhibit a potential for G@equestering of 3.82 % of the related emissions.
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