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Municipal Solid Waste Incineration (MSWI) Ash Charaderization and Physical Concentration
Sharon D. Escalante Pedraza

ACADEMIC ABSTRACT

Bottom ash (BA), generated from the incineration of municipal solid waste (MSW), contains
valuable elements which present a potential economic incentive to attempt re€tvediiyst study of this
thesis investigated thghysical, chemical, and mineralogl characterization of MS\ABA sample through
a number of experiments. To develop a proper physical characterization of the BA material, the sample was
ground and subjected to particle size distribution, wet magnetic separation, anesmiaest. Ador the
chemical and mineralogical characterization, the sample was subjected to XRD, XRH[PEMNd
elemental composition analysis. Additionally, sequential chemical extraction an@acihg tests were
conductedThe resultgrom this sectiomevededthatcarrying out a combination deneficiation processes
using the MSWABA sample previouslglassifedinto the coarse, middle, and fiseze fractionsould lead
to bettermetal concentration yield and recovery optimizatiorhe wet magneticeparéion showed
outstanding metallurgy indicators towards #é&h enrichment ratios close to 2a@d recoveryaluesnear
to 80%. Metals such as Cu and Co walsoenriched by 1.51 and 1.66, respectively, suggesting that the
magnetic separation performanaedaenrichment are a function of the bound of mulétallic oxides
fractions.The2.95 SG density teseached enrichment ratibggher than 2.0 in Fe, Cu, Co, and Ni in the
coarse fraction of the BA fraction, which decreases wieglicingthe size fractin. The results when
reducing the density cutoff showed that the sink fraction yield increased as the medium density decreased,
and the enrichment ratios of the minor elements (Mn, Co, Ni, Sn, and V) were similar across the different
size fractions. Compleemtary information was obtained by the mineralogical characterization of the
enriched streams from the physical concentration test, which explains the results obtained. The Cu
speciation and mineral phases identified warpper oxide, copper sulfate, angpric sulfite While, the
main Ferich constituents existed in chemical forms of iron oxides, such as magnetite, hematite with
substituted varieties, spinel group, and metallic inclusions. The enrichment ratios of Mn, Cr, Cu, and Ni
obtained through magtie separation can be explained by the presence of metallic inclusions, where these
elements exhibian affinity for the ironbearing particlesThe acid leaching test revealed that metals such
asFe, Mn, Co, Cu, and Zcan be efficiently leached lmsing1M HCI within the 30 min of reaction.

The second part of this research study constituteévhkiation of the effect of thearticle size
reduction which was performed to assess the intraparticle heterogeneity of MSWI BAevahation
consisted of particle size reductions by crushing and grinding for different residence times and then

subjecting the sample to a sequence of physical concentrasisn guch as particle size distribution, froth



flotation, and wet magnetic separation. Additionally, the elemental composition after each test was
determined through IGRIS analysis to compare the particle size effect in the recovery and concentration
of the valuable elements. Théemental composition resultsevealed that the comminution process
promotes the interaction of Fe, Zn, and Cu, in the fine fraction, by generating more surfdoecardgeast

the minor elements were not significantly enrithgy reducing the size fraction, suggesting that the
comminution process does not impact the mobility and redistribution of the elements in low concentrations.
The froth flotation performed in this study showed that when uBiB88 g/tondieselas a colletor,
adjusting and controlling the pH betwe@® to 9.2throughout the testhe organic matter content can be
efficiently reduced in the BA sample from 14.73% to 4.25% when the sample has been previously ground
for 30 min. Slight enrichment ratios weodserved in the concentrate stream of the forth flotation,
suggesting that these elements are associated with the organic matter in the BA sample. Inteonteast, t
magnetic separation results revealed significant enrichment ratios of Fe, Mn, Co, aftet N0 min of

grinding.
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GENERAL AUDIENCE ABSTRACT

The Bottom Ash (BA) generated by the incineration of household solid wasbedasdentified
as a promising source of valuable elements. However, a comprehensive understanding of the BA sample's
properties is required in order to determine the most suitable mineral processing method to enrich the
elements. The first study of thigsearch consisted of evaluating BA ash's physical, chemical, and
mineralogical properties in the BA sample. Following the characterization study, the effect of particle size,
as a function of the grinding time, in the valuable elements' enrichment waatedalThe results suggest
that Ti, Fe, Cu, and Zn are the major and most valuable elements, while Mn, Co, Ni, Sh, and V are valuable
elements in a minor concentration in the BA samples. Some elements, such as Ti, Sc, Co, Mn, Ni, Sn, and
V, have been dedled by the US Department of the Interior as critical minerals due to their economic
importance and vulnerability to supply chain disruption. Although Fe and Cu are not considered critical
minerals, their consumption in 2022 was 40 and 1.9 million meti&; t@spectively. The development of
national industry and enhancing the understanding of the alternative sources for the valuable elements
present an opportunity to diversify local suppliers, pursue a vertical integration of the economic model, and
reducethe thirdparty international vendors' dependency. Likewise, this research supports the aims to
reduce the demand for primary natural resources and contribute to the circular economy model, in which

energy, resources, and material are kept in a lifeayiike reducing landfilling disposal.
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Preface

This thesis is composed six chapters i@ traditional format. Chaptergresents thentroduction
andliterature reviewelated to the Municipal Solid Wastgeneration, composition, amdanagementlt
also presentan explanatiom detala bout t he @A Ener gythedevelopmasnegisteredor oc e s ¢
in the literatureregarding the recovery of the valuable elements identified ifytheroducts generated
during the combustion proce€hapter describes the materials, samples and methodology usadyo
out this researchThe characteization, physical concentration arile evaluation of the particle size
reductionresultsobtainedin this research arpresent in Chapter 3, 4 and respectively The overall
conclusions andecommendationfor future work argresented in Chapter Bemission for release used
and adaptations of tHigures used in Chapter 1 from the corresponding authors and publishers can be seen
in AppendixB.
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Chapter 1 Literature Review

1.1 Municipal Solid Waste

Municipal solid wast€dMSW), asthename implies, is waste generafsain different sourcesuch
as households, shops, offices, public institutioesc. (Tiseo, 2022) Its management has become a
worldwide major issue in terms of public health, larse, pollution and economic development. Globally,
2.01 billion metric tons of MSW were generated in B)Ifrom which at least 33%vas not properly
managed andisposedEast Asia and\sia-Pacific Rim Countrieshave the highest waste generation with
468 million metric tons per year, followed by Europe and Central Asia with 392 million metric tons
Togetherthis represergd43% of the total global production accordiiegthe World BanKTiseo, 2020)

1.2 MSW generation by region

Some studies have found a positive correlation betwd&W generationand economic
development,urbanization and industrializatioand population(Kaza et al. 2018. Usually, waste
generation increasagth the increase in goods and services consumplioa same tendency is followed
by urbanizatiorand industrialization rateStudies hae shown hat rural areas tend to purchase fewer store
boughtitems, which means less packagidigposal. In additionfural residentshave higher rates of
recycling and reusingf discarded materialcompare to the urban areas, where more than 50% of the
world population is concentrateKaza et al.(2018 desigred a prediction model to determine MSW
generatiorat a specific timgin whichthe correlatiorwith economic and population growih assumed
Figurel (Kaza et al., 2018) shows the relation between MSW generation per capita and the urbanization
rate percentage by region, and the bubble size denotes total MSW generation in millions ef yeas.p
The bigger bubbles refer to Europe and Central Asia region and East Asia and Pacific, which produced 860
tons per year; however, they are located in the bottom right of the chart, meaning that their per capita
production is low (lower than 1.5 lagpita/day), and high urbanization rate (above 55%). In contrast, the
North American region, comprised of the U.S., Canada, and Bermuda (UK), generates on average 289 tons
per year with a per capita production of about 2.5 kg/capita/day. The Middle Hasbeh Africa have
the lowest MSW generation, with 129 tons per year, a per capita production below 1.0 kg/capita/day, and

an urbanization rate close to 65%.



c. By region
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Figurel. Waste generation andbanization rate by regioklsedwith the permission of World Bank
Group

Currently, the average waste generation per capita is 0.74ykdgddevever,this index is highly
variable according to theegionaldifferences in waste generation ratesufitries known for their high
income, such athe United Statesvhich concentratelessthan 5% of the global population, generates
almost 8% of the global solid waste, for an averag@.@fl kg/capita/dayrromEast Asia anésia-Pacific
Rim CountriesChinaaccounts foi70% of the regional total solid wastorresponding to 15.55% of the
global MSW productino. However,its actual per capita waste generatiomwiidy 0.6 kg/perday, because

this countryconcentraés18.47% of the world's population.

Figure2, taken anchdapted r om t he Wor |l d Bank A Wh a8fsunamanzesshe e 2.

waste generation per capita per region.
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Figure2. Average waste generation per capita by region, 28d#ptedfrom Kaza et al.2018.

! This is an adaptation of an original work by The World Bank. Views and opinions expressed in the adaptation are
the sole responsibility of the author or authors ofatieptation and are not endorsed by The World Bank.
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The United StateBnvironmental Protection Agency (EPWas been collecting and reporting waste
generation and disposal datadwer35 yearsFigure3 showsthat over the past 60 years, theS. increased
its MSW generabn ratefrom 88.1 to 292.4 milliometric tongper yeaTiseo, 2022)World Bankstudies
suggest that the increment is due to the high urbanization rate and economic development, evaluated
through Gros®omesticProduct (@P) growth The P is the total value of goods and servitbata
country providesn a specific time periadlhus,MSW generation also increases as a codntndustry
expand andits outputgrows Kaza et al. (2018)rojection determine thatte U . S M$Wsgerteratin a |

is expected to grow gradually given thatutbanizationrate t 6 s above 85%, compared

countries with urbanization rates below 70%.
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Figure3. U.S. municipal solid waste generation 1968118 Adaptedfrom Environmental Protection
Agency, 202&.

1.3 MSW composition

MSW composition may vary according to the area (rural or urban), season, incomethevel
urbanization. Nevertheless, at a general |8&8\W composition categories are orgarmaq(,food and yad
trimmings), paper, plastic, glass, metals, rubber and leather, wood and bthkargest category based on
dry weight is food and green waste (organic), representing 44% of the MSW composition. Yet, plastic,

paper, cardboard, metal, and glass make8%p @igure 4) (Kaza et al., 2018).

2 This is an adaptation of an original work the U.S. EPAThe U.S. Government retains a nonexclusive, royalty
free license to publish or reproduce these documents. These documents may be freeltedistmith used for nen
commercial, scientific and educational purposes.
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Figure4. Global waste composition. Adapted from Kaza et al., 2018.

Regarding the composition SW generated in the United States, there are slight differences
compared to thglobal averageamposition Thesedifferencesaccording todkaza et al.201§ Gy ¢ et al
2018 andMuchova et al., 20Q&re due to the nation's development, urbanization, and economic activities.
Figure5 summarizes the U.34SW composition.Food and garden trimmings represkassthan 35%,
which isabout 10% lower than the global averag#hile metals and rubber anddther categorieaccoun
for larger proportionghan the global averagdd.8% and 6.9%higher, respectively (Environmental

Protection Agency, 2020a)
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Figure5.Uni t ed St at e s 6 Adaped froeEncironmentalsProtedtian Mgency, 2620

3 This is an adaptation of an original work the U.S. EPAThe U.S. Government retains a nonexclusive, royalty
free license to publish or reproduce these documents, or allow others to do so, for U.S. Government purposes. These
documents may be freely distributed and used forgwnmercial, scientific and educaial purposes.
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1.4 MSW treatment and disposal

After the inevitable generation of MSW as a result of human and economic activities, it is necessary
to treat and dispose of the MSW to avoid socioeconomic, environmental, and public health consequences.
It is estimated that about 2 billion people livanmeas without MSW collection services or within 10 km of
uncontrolled landfill{UNEP & ISWA, 2015) Aiming to reduce the possible outcomes of inadequate MSW
management, there are four main strategies for MSW management, which EPA has ranked based on their
sustainability Environmental Protection Agency, 2020Bj)gure6 outlines the preferred, environmentally
conscious strategies to manage MSW, focusing on prevetohgeducing the generation from the source,
followed by recycling and compaosting, which turn the waste into new products and reduce the energy and
natural resources needed to create new products. The next preferable strategy is energy recovers. It involve
taking advantage of the heat and energy produced by the combustiorretypdable materials. Among
the benefits thagnergyrecoverypresentarethe reduction of carbon emissions by reducing the demand
for fossil fuels and the methane generated flandfills. In addition, it helps to reduce the waste volume
sent to dumpsiteginally, the lasstrategywould be the waste disposal into controlled dumpsites or sanitary

landfills, with management practices and engineered design (leachate aotiag®on).
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Figure6. Waste Management Hierarchdapted from Environmental Protection Agency, 2020a

The report presented by the World Bank in 2012, entifi&tiat a Waste: A Global Rew of
Solid WasteManagemerit compares the strategies for managh§W according to the income level of
the different regions. The three categories according to income are: low, medium, and higandow

middle-income countries do not generally haveatnted programs to redu&W generation. In contrast,

4 This is an adaptation of an original work the U.S. EPAThe U.S. Government retains a nonexclusive, royalty
free license to publish or reproduce these documents, or allow others to do so, for U.S. Government purposes. These
documents mabe freely distributed and used for roommercial, scientific and educational purposes.
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high-income countries have educational programs focused on "the three R's (Reduce, Reuse, Recycle)" and
a greater awareness MSW use production design and reuse. Regarding recycling and composting, the
informal collection and recycling sector plays a fundamental role in oWl middleincome regions
causinghe prices for recycled products tour®egulatedandgenerating a high gre fluctuation. In high

income countries, recycling facilities are regulated and equipped with tectesolog selection and
processing. LikewiseSW management through composting, both on large and smaldetasebecome

more populafHoornweg & Bhaddlata, 2012)

Regarding the implementation of controlled waste incineration as a strategy to mks\agenly
regions with medium and high incomes implement it. Howes@mneincinerator§ operationsn middle
income areas are usually financed or subsititecause they are not economically viable on their.own
Finally, landfilling occurs more frequently in leincome regions, withut environmental or emission
controls, near urban centers, aquifers, or bodies of water. In the areas with medium incornes ina
similar percentage. Howevehe medium incomereashave environmental controls and regulations with
projections to the Clean Development Mechanism Project that allow reducing the emission of greenhouse
gases (GHGJHoornweg & Bhaddrata, 2012)

Figure7 showsthew o r IM&W managemerdtatistics About 40%of the global MSW generation
is disposed of in landfills, while 1996 managed through recycling and composting. Management through
energy recovery represents 11%, and the remaining percentage (~30%) is openly dumped, in which there
is no control, infrastructure, or engineering desigat guarantees safety and security or environmental
sustainability(Kaza et al.2018. The wealthier countries have shown belt&W management due to the
availability of investment in more technical processes and awareness campaigns. In the United States
compared to the global distribution, the percentagd ®¥V treated through recycling and composting is
32%, while only 1.6% is disposed of in landfills or open burning. Controlled incineration for energy

recovery accounts for 12%, similar to the globahtl.



USs. 32% 12% 54%

Global 19% 11% 40% 30%

0% 20% 40% 60% 80% 100%
ORecycling/Composting OEnergy recovery OLandfill OOpen dumped

Figure7. Global Waste Treatment and Dispogalaptedfrom Kaza et al., 2018

1.5 Energy recovery

As was previously mentioned, this strategy consists of the controlled combugdl&Wathat allows
heat recovery anenergy generation. This technology can reduce the volume of waste disposed of by up to
90% (Kaza & Bhadarata, 2018) The MSW incineration has been widely used historically, but the
potential to be an energy source in addition to a waste managemenmnsiglgtiesented as an innovation.
However, the associated investment, maintenance cost, and high technical capacity make it a solution
primarily used in highncome countriesThe trend to manag®SW through energy recovery and
controlled incineration in # United States has increased over the last 60 years. By 1980, the controlled
waste combustion was 2.76 million metric tons (less than 2% of the total MSW generated by that year),
while in 2018, over 34.6 million metric tons were combusted, wraghesers 12% of the total MSW
generatedOver the US. territory are 75 facilities (also called wadieenergy, WLE) that generate about

550 kWh per ton of wasi@nited States Environmental Protection Agency, 2019)

Figure8illustrates a modern controlled waste incineration process, which consists of unloading the
material from the collection trucks in a storage area. The waste is classified and taken to a combustion
chambe by a crane. When the chamber reaches a temperature between 850 °C and 1450 °C, the combustible
materials in the waste burn undergo an oxidation reaction when in contact with oxygen. The generation of
heat from oxidation goes to a heat recovery systemuses the heat to produce steam for electricity

generation. However, throughout the processpiogucts are generated, like Fly Ash (FA), composed of

5 This is an adaptation of an original work by The World Bank. Views and opinions expressed in the adaptation are
the sole responsibility of the author or authorthefadaptation and are not endorsed by The World Bank.
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dust and gaseous emissions containing toxic particles that rise with it, which is captured andhtcemfied t

a highly advanced air pollution control (APC) process prior to being released into the atmosphere. FA
represents ~8% by weight of the MSW processed (Kaza & Bhdd#a, 2018). A second kyroduct

called Bottom Ash (BA) is generated, and as the nanpies, it is deposited at the bottom of the
incineration chamber (Mutz et al . ,6 -30%bgwelghtoftBedds an |
total incinerated MSW (Wang et al., 2021) aneg9®0wt.% of the total solid residues from the incinierat

process (Kaza & Bhadaata, 2018).

Electricity é|‘_‘dll'l
Erveraton

:

Serubber

Incinerator

removal System

Grabber collects waste Ash and materials

Chirnney

Figure8. Schematic diagram of Waste to Energy facility. Taken fkapa & BhadaTata, 2018

1.6 MSW incineration (MSWI) by-products composition

Several studies have been conducted since the 1980s to determine the elemental composition,
leachability characterization, and heavy metal conteM18WI ashes due the environmental concerns
(Wang et al., 2021; Pan et al., 2013; Reimann, 1989; Zhang 20@8). The studies agreed tB& is a
heterogeneous material, and its compaosition may vary according to incinerated MSW composition
combustion conditions and incinerator tyg@nunen, 2006states that due to the heterogeneitAf all

BA patrticles havediscretechemical and physical properties.

In ageneral it was determined the main heavy metebntained in the byroducts were, in
decreasing order, Zn > Pb > Cu > Cr > Ni > Cd, but their concentrations are higher in the fly ash samples
than n the BA samples. The high heavy metal concentration in the flyreshits fromt h e fé 06 s

particlesthatprovide sufficient specific surface area metalenrichment According toKinnunen, 2006
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the Cdand Crsource are colored neprint and plastibouse ware, while Ni and a portion of the Cd come
from batteriesThe nmajor sourceof Pb areplasticfilms, wood,textiles,and PVC. Electrical appliansare
the main Cu source in the MSWI4pyoducts.

Bunge (2019) reported that bulk BA hademsity of ~1.2 t/rfy which could increase up to 1.5 #m
through compaction. The major components in the BA material are classified into mineral fis&gion,
native metals, unburmdrganic matter, andrit. Figure 9 showsthe componentslistribution in the BA
matrix. The mineral fraction has diameters bigger than 2 mm and usually comprises glass, porcelain, tiles,
and cement particles. Whitag is molten materigdartially solidified with a diameter bigger than 2 mm,
typically enclosed in foreign materials. 40% of the total iron oxides are contained in this MSWI BA
materia] presenting some welgk magnetic properties. The native metal fraction represents ~119%,
compising ferrous (Fe) and nefierrous metals (N§. According tathe study byoy ¢ et &ifrous ( 201 8)
metals can be-23% (mainly iron scrap) and26 nonferrous metals by dry weight. The unburnt organic
matter comes from the paper, cardboard, leatimer weood contained in the MSW feedsto@kit is the

fine particles from all the previous categories plus metal oxides.

Mineral fraction Slag Metals Organics Grit (<2 mm)

Figure9. Bottom aslcomposition Used with the permissioof Bunge 2019

Jung & Osako 2009Performedwater extractiontestson FA samples to remove undesired
substances like chlorine and inorganic salts and to concentrate valuable rare metals. The study also
determined the metal content and leaching behavior. Their resultedhioat some elements like Ag, Ga,

Sn, and Sb presented the lowest leaching recovery at a neutral pH. At the same time, the major elements
(Cl, Ca, Na and K) were leached regardless of the pH range. In contrast, Cu, Pb, and Zn were mainly
insoluble at a ngral pH. Wang et al. 2024lso studied the variables that could contribute to the heavy
metals leachingMn and Cr leaching behavior is associated with chemical oxygen demand (COD),

chloride ions and alkalinityn contrast, the leaching behavior of Znd Cuare mainly subjected to pH and

9



al kalinity wvariabl es. Some other wvariables that
content as organic matter, heavy metals spgamschemical bounds

Neverthel ess, s t 18pdMuehsva ét alk 2008,.G3Mort et a@l.t 2018;|Funari eRal,
2015 andPark et al., 2021 have found significant concentrations of valuable elewt@ntsgeneras a
new perspective okISW as a secondary sourcetbéseelementsin fact,Jung & Osako 200%tated that
Ag, In, Pd, Pband Zn conterstin the FA samples are higher than ttedural minerabccurrencePark et
al. (2021) established th&A and FA contain 185.80 mg/kg and 179.19 mg/kgrafe earthelements
(REB), respectively.The results from a study conducted Blorf et al. (2013) showed an average
concentration of 1ing/kg, 120 mg/kg of Co and Ni, respectively, and 74 mg/kg of Sn, and 11 mg/kg of V

in anMSW incinerator from Hinwil, Switzerland.

Funari et al. (2015) samted untreatedBA and FA residues to determine their elemental
composition and major chemical compounds throtigh analytical techniquesf inductively coupled
plasma spectrometryGP-MS) andX-ray fluorescence spectromet¥RF). The results showed thallica
(SiO,) andcalciumoxide (CaQ) are the main constituents for botkpbyducts, with concentrations higher
than 30g/100g and 20g/100g, respectivelyBArsamples. On averageA samples contain >30g/100g of
CaO and about 10g/100g of SidQheiron content is about10g/100g expressed a®©fand ~8 mg/kg of
Al,Osin the bottom ash samples. Titanium andnagnesium contemrepresent as oxides with an average
concentration of 1.25 mg/100 mg and 5.16 mg/100 mg, respectively. As feAthesults,Al O3, MgO,
and KO concentrations are around 5g/100g, whilgdszand TiQ content are <3 g/100 g. Theagnesium
oxide (MgO) present in the Byroducts could be derivates from metallurgical processes, electronic devices,

and agriculturafertilizer.
1.7 Developments inValuable ElementsRecovery from MSWI by-products

In recent years, the increasing need, use, and production of modettedtighs increased the
demand for raw materials and the production of metals. However, natural resandceineral deposits
are limited, whichhaveled to an expanded search for resources that can meet the world's demand for
valuable elements. In additiotihe circular economy i@ model of production and consumption in which
alternative sources are thaim focus, reducing material use drgngless natural resource intensiviéde
goal would be to makthe mining supply chaimoresustainake. Hence, energyecoveryand valuable
components recovery from MSW make it an integral part of the circular egomochel Figure 10 show

the circular economy model applied to the MSW process.
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Figurel10. The circular economy model applied to the consumer goods lifecycle from W&Wwn from

Kinnunen, 2006Used with the permission éfelsinki University of Technology

Several studiehave been conducted under the premise that MSWI contains potential economic
levels of valuable elements and, therefore, would be considered aatalesource of such elemertke
Funari et al. (2015)vho conclude that the average elemental and chemical compounds concentration in
MSWI is comparable teconomic ore concentratiarbincethe 1990s severatechnologies anfiowsheets
for downstream processing to metal recov@mainly for NFe metalshave been developed and some of
themhave beermapplied in WtE facilitieson an industrial scaléeT he Gy c et apresen¢fa 02 0)
comprehensive review tifie different technologicalpg@roaches for recovering valuable components from
BA. Besides the overall mineral and elemental content, the particle size distribution and the liberation of
the recoverable materials were the most determinant factorthdaecovery efficiency.Mechanich
processingand physical separatiarewidely used tgrocess, concentrate and recovemgtals from the
bulk BA matrix (Bunge, 2019)Magnetic susceptibility, electrical conductivity, and density are the most
prominent physical properties in metals ie A matrix.

Many WLE facilities have been built up and developed in recent years, and each has its process.
However, the pretreatment and separation principles are similar among them, tBelomost frequent

pretreatmenand treatmenmnethodswill be described

1.7.1 Pretreatmentethods

1 Comminution:Besides reducing the average particle size and shape, theafacgatminutionis to
reach the liberation of valuable and hazardous elements trapped in conglomerates and BA bulk matrix.
Additionally, by reducirg the particle size, a larger surface area will be available for chemical or
physical interactios) thus increasing the recovery efficiency of following treatm@{innunen, 2006).
The feed size distribution and the desired particle sizeseeetedparaneters to determine which

comminution type is appropriate. The forces applied to achieve the size reduction quaiddedby
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crushing, using compression or impact forces, or by grinding, through attrition and abrasion (Wills &
Finch, 2016a). When thébkration size of the particles is bigger thann®, crushing is pertinent
(Wills & Finch, 2016b) Nevertheless, Bunge 2019 mentions that the ductile oversize material like steel
sheets and the unburnt material like wood pagerin the BA could clog therusher, limiting the
compression crusheeility to process BA. If the particzeneeds to be smaller thamin to achieve

the liberation size, grinding wible bettersuited(Wills & Finch, 2016c)

9 Classification: The most common treatmelimitation is the particle size, thus iorder toobtain
homogeneous and narregize fractioned material flowthe comminution product is separated by size
fraction.In conventional MSW processing facilities, the material classification is often catrieth
screens, which allovior the remowal of the contaminants anclassify the material in two or three
streams ( Gy The eversizditems, like2ldg2 pigces of iron and metal scrap, are usually
removed by a finger sieve or bar sizer (Bung@19). The intermediate size fraction is classified
through a drum or trommeand the fine fractioms commonly classified by vibrating screens, where
the vibration reduces the blinding phenomenon, in which the screen apertures are plug with pieces of
maerial (Wills & Finch, 2016d)

1.7.2 Treatment operations

1 Magnetic separation This technigue works according to the material's magnetic susceptibility. The
treatment classifiethe particles aferromagnetic oparamagnetic dependiran if the particles have
strong or weak magnetic properties. Due to the high magnetic susceptibilitytémgity magnetic
separation (LIMS) is mainly used ffgrromagnetic particles. In contragaramagnetic materiglsuch
as iron oxides and stainleggdal, areconcentrated through hightensity magnets (HIMSMaterials
like glass and noferrous metals not recovered by the HIMS process are classified -asagetic.
In the MWS processing, magnetic separation is often caotiedfter BA is dischargd In advanced
treatment plants, muistep magnetic separation is employfed different size fraction streams.
Magnetic separatiois regularly used to recover large pieces of Faeyscsteel cans, and fine magnetic
particles of iron oxides and aggloragr (Kinnunen, 2006)igurellillustrates the working principle
of magnetic separation where the feed material goes on the conveyor belt; When a material with
magnetic properties passes by it is attracted to the magnet, which is usually located at the top. After
being drawn and separated from the feed stream, the magnetic tape transports it to the concentrate

container.
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Figurell Schene of the magnetic separation's working principleed with the permission of Bunge,
2019

1 Eddy Current Separation(ECS) It is usually applied after the magnetic separation over the non
magnetic stream to recover nferrous metals like Al, Cu, and stiéss steel, based on the conductive
propertiesThis equipmengeneratean alternatingnagnetic fiell caused by loops of electrical current
induced by conductor®amachandra Rao, 2008he input material enters to the magnetic field and
if particles coain metalthe metal containing materialill be accelerated and deflectatlaspecific
force, which is accordance to the magnet strength, particle mass, dandislectrical conductivity.

In contrast, the nenonductive particles will be unaffected their regular trajectoryzigure12 shows

the ECS working principle.
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D NN
LN
AN L~ —— “\\ ~
N\,}\\\ s
\ \ \ N
/ \._1\’ X &
o] ) , | \ \
\ | \ }
\ N\\\ / / //,/ \ \
W S S/ \ \

A
Non-metals Metals

Figure12. Eddy current separation working principle schebsed with the permission of Bungz)19
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Smith et al. 2019 and Bunge, 2019 assert that particles and alloys of Al, Mg, Cu, Ag, Au, and Zn

are effectively extracted by the ECS process; howewea)l particle sizg> 1 mm)and geometry are

the main limiations because it implies that higher excitation frequencies will be required (about three

ordersof magnitude higher frequencyRarticles larger than 10 mm subjected to an electromagnetic

field can reach different deflection trajectories, facilitatimgjit separation (Kinnunen, 2008he ECS

design regarding the number of poles, the permanent magnet's strength, and the rotation speed will

determine the magnetic flux density and frequency. These variables will determine its capacity to

recover small nofierrous particles, the thickness of the feed layer on the belt, and the ECS capacity

(th) (Smith et al., 2019). Other technologies based on ECS principles have been developed focusing

on smaller size distribution (from 500 microns to 10 mm), like wey edurent separators, Magnus

ECSs, and backward operating ECSs. Nevertheless, none have been performed at full scale (Settimo et

al., 2004).

SensofBasedSorting is mainly used to separate metal and glass particles. Its working principles are

illustrated n Figure 13. The instrument is equipped with a sensor (usually a metal detector), which

detects when a piece of metal passes over the conveyor belt and sigmds @ the computer, which

calculates the parabolic trajectory of the particle and sends an air nozzle to divert it to the other side of
the splitter(Bunge, 2019). The metal detector can achieve a grade and recovery index of over 90% to

identify metalsin particles larger than 4 mn Gy ¢

even if they are enclosed or trapped in a mineral matrix, regardless of their magnetic force magnitude.

et al . |
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Figure13. Sensor sorters workgrprinciple Used with the permission of Bung§19
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and the associated cost, the sensor system is suitable for materials with high econonf ywalue e t
al,, 2020.

1 Density Separation This process is based on th#ferent specific gravities between two or more
elements or components. In terms of MS¥gh the alloys and thevaluable metalssuch as gold,
copper, and brass hasespecific gravitypetween 3.2 4, while thebulk ash fraction density igsually
about2.6kg/dnm? (Holm et al., 2017Gy ¢ e t ) Ehe separat®d® @d2ess can be carried out either
dry or wet; however, both scenaribavesome limitations. When processing MSW4h the density
separation can lqgerformedight after the extraction from the incineratiorthis scenariathe particles
will be liberated but wet and cloggedliternatively,afterwaiting untilthe material is drythe BA will
havegone through a solidification process (Bunge, 2019). Ramachandra Rao, 2006 asserts that a wet
density separation will facilitate and increase #ieparation efficiency and valuable metals recovery.
Some technigues apply water as the agueous medium to cadsnsity separatigrhowever, air and
another aqueous medium with a known specific gravity can be Egeigmentwidely used in mineral
processing and, nowadays, in metallurgical waste proce$singdensity separatioare the shaking
tabl es, pneumatic t abl esedsomasiudidsithgthave detgrmined that a | .
10 to 20% of the elemental metals are enriched in thdrficgon (0.5- 2 mm) and could be recovered
through density separation. The gravity separator has shown significant recovery valuesdmonisn
(NFL) metals; however, using natural force to separate them can take longer. A centrifugal concentrator
has been implemented to enhance these factors and has achieved enrichment factors up to 10 (Holm et
al., 2017).

1.8 Aims and objectives of the research

As the literature revealesbveraktudieshave been conductéad order to determinthe MSWI by
products compsitionand their main characteristics, most of them motivated by environmental concerns
Likewise, significant advances and technologidalvelopments have been carried osingincineration
by-products from different WtE facilities across the worldd&germine théest way to treat, remova
recover thepotential toxic element$lowever,a comprehensive characterization and a thorough overview
of the physical, chemical, and mineralogical characterization ofdheble elements in thdSWI by-
producs is not yet available in the literatunecovery Therefore, this study aims to enhance the
understanding of the MSWI gyroducts by carrying out a systematic characterizati@nder todetermine

the mostuitable mineratoncentratioomethod.The spedic objectives of this research are:

1 Determine the physical, chemical, and mineralogical characteristics of the valuable eldahtsr

distribution among the MSWiy-products

15



Carry out a systematical physical concentration study of the valuablentéeimethe MSWI by
productsbased on their density, size distribution and magseceptibility
Subject the samples to different grinding residence timewvaluate théntra-particle heterogeneity

andits effect in thephysical propertiesf the valuable metals in MSWI byproducts.
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Chapter 2 Materials and methodology

2.1 Materials

2.1.1 Sample collectioand preparation

TheBA andFA samples used inithstudy were collected frorm wasteto-energy facility located
in New Jersey, 8. Every year, his WLE facilityprocessesver 50,000 tos of solid waste and produse
about 500 pounds of ashes for every ton of waste incinerated (Olsen, 2006). The annual electricity generated
is42MW. All the samples were transported and delivered to the Mineral Processing Labargioginia
Tech in closed plastic buckets. Before analyshe BA samplewas placed on a flat surface an
approximately $m thicknessayerandsubjectedo 5 to 7 days of aidrying at room temperature to reduce
mineralogical changebat could be induced by drying the sample in an oven at higher temper@tuces
the sampleavasdry, coarse objects and materials like iron, glass, ceramic, anchinenalmateriat were
sorted by handOn the other hand, the FA sample da require preparation prido the following tests.
Each sample wasonning and quarteringn total, four subsamples were taken and analyzets worth
noting thatin the present resirch, the elements association, distributionrameralogicalarrangements

will be referred toas minerals, althoughdoes not meaghe conditions ofits strict definition.

2.2 Methodology

MSWI ash samples were fractionated based on differences iicahysopertiessuch as particle
size, magnetic susceptibilitand density. The wet sieving method was used to assess the psiticle
distribution, which was performed according to the ASTM C92 standard. Sieves of different apertures were
used to separate the samples into different size fractions. The wet magnetic separation was carried out using
a highintensity magnet to separdtee magnetic material from each sampleat-sink test was performed
using aheavy liquid mediunmto separate the particulate materials based on the specific gradities
comprehensive mineralogical characterizasardywasaccomplished. The dominant meiral phases
from the MSWI ash samples were determined througbBXwvhile the mineral phases of trace elements
were characterized by SEFDX. Complementary information was obtained uskif. To identify
the chemical nature of the MSWI samples, elememialyais, and leachability tests were performed,
while the loss nignition and the occurrence modes of the valuable elements were deterffgoesl.

14 sumthe systemigc characterization methodology design for the MSWI samples.
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Figure14. MSWI systematic characterization plan.

2.2.1 Physical characterization

2.2.1.1 Particle size distribution

TheBA subsamples were pulverizedadn electriamill for a residence time & min,while a non
mechanical comminution process (mortar and pestle) was used for the FA subshigye$5(a) shows
the BA sample condition before and after being pulverized in the electric mill, Kibilkee 15(b) shows
the FA sample nomechanical commiriion. The product generatedvereused to determine the particle
size distribution through wet sievingccording to the ASTM C92 standard methdbe entire samples
were sieved on screens with mesh sized 75 (0.2mm), 100 (0.15mm), 150 (0.1 mm), 20M(0)0325
(0.045 mm) and 400 (0.0385 mm), generating 7 different size fractions. The sieving products were dried in

a furnace at 60 °C, anldensubjected tdurthercompositional and chemical analyses

Figure15. Comminution process (a) BA sample pulverized in an electric mill, b) FAweshanical

comminution
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2.2.1.2 Wet magnetic separation

Magnetic separatiotests were performed using a neodymium bar magnet. A certain amaohmt of
samples wasmixed with tap water in a polypropylene beaker. The slurry was agitated using an overhead
stirrer to suspend the particles. The bar magnet was placed on the outsufalveatieaker, and under the
function of magnetic force, magnetic particles were attathiéite wall. After that, the slurry containing
the material without magnetic susceptibility was poured out from the beaker and recorded as the non
magnetic fractionThe bar magnet was removed from the outside wall, and the particles on the wall were

collected as the magnetic fraction.

The performance of the test was evaluated based on enrichment ratio and recovery. The enrichment
ratio (ER) represents the metal dent in the fractionation produdts themetal content in the feednd it
is calculated following the equati¢h); where®, and' Qrepresent the assay of freement in thenagnetic

streamand in the feed, respectively.

oy % (1)

While the recovery (RRindex represents the proportion of a metal in the feed that is recovered into
the fractionation products, anccilculated using the equation (2); whéreepresent the mass yield of the
magnetic fraction, ané, and'Qrepresent the assay of thelement in the magnetic fraction and in the
feed.

Yoo @ @)

Before determining the elemental composition of the fractioned products to calculate the
enrichment ratio and recovery index, it was necessary to remove the organic matter due the metals
encapsulated in organic matter cannot be dégleahd quantified, causing unreliable results. Therefore, the
by-products were ashed at 750 °C for an hour using a muffle furnace, according to the standard test method
described in BS 1ISO 1171:2010.

2.2.1.3 Float-Sink test

The floatsinktess e par ates the particul ate material s bac
a heavy liquid medi um, relying on a function of t
Considering the MSWI, the valuable metals or alloys have afgpgvity betweer8.27 4 (Holm et al.,
2017, while the matrix ash fraction density is ab8ukg/dn? (Gy ¢ e t ). dHe densit@2separ@tion

test was carried out using lithium metatungstate (LMT) as the heavy liquid (2.95 specific gravity) in a
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centrifuge tube. A small amount of the sample was added to the heavy liquid and dispersed carefully by
slow stirring with a spatula. Then, the tube was placed in adpghd centrifuge for 10 min at 3000 rpm,

where the centrifugal force accelerated theipart e s 6 separati on according to
lighter particles floated on the liquid surface were collected, whereas the particles of higher specific gravity
sank.Subsequently, a small amount of raw sample waslded to the heavy liquidthe procedure was

repeated until the particles of higher specific gravity were enough to further tests. Float anebsodulsys

were rinsed several times with hap water to remove the residual LMFigurel6illustrate the filtration

step from the floasink test and the overall experiment set up.

Figurel6. Float Sink test set up

2.2.2 Mineralogical characterization

2.2.2.1 X-ray Diffraction (XRD)

As part of the mineralogy characterization theaX diffraction analysis was conducted using a
Bruker D8 Advance Twin diffractometer witli-filtered Cuk U r adi ati on (& = 0. 154
voltage of 40 kV and a current of 40 mPhe patterns were recorded ove2 aange of 7 to 69° with a
step size of 0. MDI Jade6.5 software was used to determine the structural and phase identification from
the XRD patterns.

2.2.2.2 X-ray fluorescence spectrometry (XRF)

The samples wem@nalyzed to determine major %), and minor .17 1%) element composition
using a Niton XL2 handheld -Xay fluorescence (XRF) analyzer equipped with a 10 kW Ag tube anode,

located at theMineral Processing Laboratory of Virginia Techo conduct the &, the samples were
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comminuted by hand using a mortar and pestle until a powder materiabteased and then placeds
loose powdemto an XRF sample cup previously assembled.

2.2.2.3 Scanning electron microscopyth energydispersive Xay spectroscop{SEVI/EDX)

Scanning electron microscopy (SEM) coupled with eneligpersive XRay spectroscopy (EDX)
analyseswere performed to create a comprehensive elemental map and determine the samples'
mineralogical characteristics. Before SEHNDX analysis, samples were sprinkledaodoublesided carbon
tape mounted on an SEM aluminum stub coated with a 15 nm thickofalpefPt using a desktop sputter
coater (208 HR, Cressington Scientific Instrument, England, UK). The-SEXKlanalysis was performed
using a JSMT500HR SEM (JEOL, MA, U.S.) equipped with an Ultim Max XDRietector (Oxford
Instruments, Abington, U.K.). Thepectrum showed values betweE®000 and 100,000 c@nd the
accelerating voltage used was between 15akd 20 kV The EIX data was analyzed using AZtech
software (Oxford Instruments, Abington, u. K. ). Ut
sdected area to identify the distribution of elements of interest using elemental maps of the area. In contrast,
@oint &1.D.6(P&ID) mode was used in AZtech to determine the elemental composition at a specific point

or particle across a region of interest

2.2.3 Chemical characterization
To chemically characterize thedpyoducts of MSWI, it was necessary to perform a series of tests
and experiments for which reagents were u3eadble 1 lists the chemicals, their grade, concentration,

supplier, and the section that describes the test in which it was used.
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Tablel. List of chemicals used and related information.

) Chemical . ]
Chemical name grade Concentration | Purchase from Section
formula
) ) Thermo Fisher 2.2.3.1
Hydrochloric acid HCI Trace metal 37 wt% N 2.2.33
Scientific, U.S. o
2.2.34
o . Thermo Fisher 2231
Nitric acid HNO;3 Trace metal 67 wt% L 2.2.3.3
Scientific, U.S. .
2.2.34
. ) Thermo Fisher 2231
Hydrofluoric acid HF Trace metal 50 wt% L 2.2.3.3
Scientific, U.S. .
2.2.34
) . Thermo Fisher
Magnesium chloride MgClz Pure > 99 wit% L 2.2.3.3
Scientific, U.S.
) _ -~ Thermo Fisher
Acetic acid CHsCOOH Certified ACS| >99.7 wt% S 2.2.33
Scientific, U.S.
Hydroxylammonium . Thermo Fisher
] NH,OHtHCL Pure > 99wt% S 2.2.3.3
chloride Scientific, U.S.
) B Thermo Fisher
Hydrogen peroxide H.0, Certified ACS 30 wt% S 2.2.33
Scientific, U.S.
) Thermo Fisher
Ammonium acetate] CH;COOHNH, Pure 97 Wt% o 2.2.33
Scientific, U.S. 2.2.33

2.2.3.1 Elemental compositioninductively coupleglasma spectrometrfiCP-MS)

In order to determine the total elements composition and valuable metals content in the MSWI by
products, the indctively coupled plasma spectrometry (M8FS) analysis was used. The solid samples
were ashed in a furnace at 750 °C for 2 h to remove the unburnt organic material; then,-tshadter
material was digested. 9 mL of hydrochloric acid (37 wt% concentjatBomL of nitric acid (67 wt%
concentration), and 2 mL of hydrofluoric acid (50 wt%) of trace metal grade were added to 0.100g of the
solid sample in a digestion vessel. The digestion proceduegplainedin Figure 17Figure 17. The
procedure of microwavassisted digestion used to determine the BA and FA samples' elemental
composition. whichwas carried out in a closed microwave digestion system (Multiwave GO Plus, Anton
Paar, USA) Thevessels were placed and subjected to 185 °C for 35Ntinowaveassisted digestion is
an efficient sample dissolution method for obtaining metal concentrations from incineratobecsdngese
the elevated temperatures increaseatlie i axidative potentiglaccelerating the sample decompositiibn

prevents the volatilization and atmospberontamination generated by an open system and dissolutions
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methods(Jung et al., 20040Once the process was compldtee samples werdiluted 100 times in 5%
HNOs solution andanalyzed for metals concentrations using a Thermo Electron-R@mnductively
coupled plasma mass spectrometer {(\I¥) per Standard Method 315 (APHA, AWWA, and WEF,
1998) at Materials Characterization Lab of Virginia Tech. Samples and calibration standards were prepared

in a matrix of 2% nitric acid by volume.

Ashed 0.5 g BA sample

Weight 0.100 g of after-
ashed BA sample

Add 9 mL of HCL, 3 mL
of HNO; and 2 mL of HF

Microwave digestion
» Temperature: 183 °C,
= Time: 35 min

Cool down the samples

Dilute the samples 100
times in 5% HNO;

Figurel7. The procedure of microwasassisted digestion used to determine the BA and FA samples

elemental composition.

2.2.3.2 Loss dignition (LOI)

The loss on ignition refers to the total amount of material lost, includpanic matter content and
the CQlost from carbonates. To cgrout the procedureghe samplesveresplit andplaced in a ceramic
crucible with known weight, and the sampley mass was measureah). Then the crucible was placed
into afurnace at 750 °@r 2 h, once the crucible cools down, the sample was wetght{he LOI content

was calculated in % following the equati(®):

# Zpmm 3
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2.2.3.3 Sequentiathemicalextraction(SCE)

Sequential chemical extraction tssivere performed to identifythe binding and leaching
characteristicef metaldrom the MSW incineration bproducts. The SCE is a widalged protocolwhere
the solid sample is tested in a stepwise manner utilizing a sequence of acid raapmuifiaconditions
to identify and quantify the metals leached under eachBesgier et a1979 applieda 5 steps extraction
methodto quantify 5 fracticns. The exchangeable fraction is quantified using magnesium chloride at pH
7.0 with continuous agitation, the carbonrdieund fraction is determine using sodium acetate at 1 M, the
fraction bounded to iron and manganese oxides is quantified by contiagitation of thesolid residue
from the carbonatbound fractionin 20 mL of hydroxylammonium chloridén 25% of acetic acid (v/v).
Theorganiematter bound fraction is determinadcording tdGupta & Chen(1975 method, in which the
solid residue from th previous step is added to nitric acid and hydrogen peroxide at 30%, and occasionally
stir for 2 h at 85 °C. Then, ammonium acetate at 20 % (v/v) was added to the previous mix and agitated for
30 min. The solidesiduefrom the organic matter bound stephie final residue of the sequengatraction
and is digested following the procedure explainedthe section2.2.3.1 Likewise, in 1982Sposito
published an article describing a sequential extraction protocol to identify and quantify the metals in 5
different fractions, (1) exchangeable, (2) sorbed, (3) organic, (4) carbonate, and (5) sulfide, using 0.5 M
KNOs, 0.5 M NaOH, 0.05M NaEDTA, and 4 MHNOs, respectively

The protocol used in this study, presenteBigurel18 classified the major and trace elements into
five different occurrence modes. At thegbming, 5.0 g of solid was weighted and leached with 70 mL of
type | deionized water (Dlyith a resistivity value of 18.®1q tcmat room temperature for 1 h to determine
thewatersolublefraction of metal§fWL). The solid residue from the previous stepsweacted with 1 M
MgCl, and 0.1IM CH3COOH at room temperature to extract the-@xechange (IE) and acid soluble (AS)
fractiors, respectively. The fourth step used the solid residue obtained frofStlestraction step and
added into 0.5 M NBDHtHCI to extract the reducible species (Re). The oxidable fraction (Ox) was
guantified adding to the resultant solid fraction from the reducible step, 8.8Ql fbr 1h at room
temperature, then at 8& for 1h. Once the time was over, a 1 M{ZCKWWONH, was added and stir for 16h
at room temperature. The residual solid of the fifth step was weighted and digested by microwave digestion
using HCI, HNQ and HF. The solution generated from the digestion process was collected #aASICP

analysis to measureeghental concentration.
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| Reducible (Re)

«40mL 8.8 M H202, Insoluble (In)
+70 mL DI-water - T “50mL 05 M then add 50 L. 1 M N
“25°C, 1h SRS cnycooH NH,OH-HCI SEHOOONH, e +9 mL HCl, 3 mL.
' *70mL LM *25°C, 16h +pH 1.5 20,05, 25 °C, 1h; pH 2.020,0, 25 HNO3, 2ml. HF
| Water soluble MgCl, o 16h C,16h
(WL) ‘!‘f i? 0.05,25 Acid soluble (AS) e
e R _ Oxidizable (Ox)
e

Figurel8. Sequential chemical extraction protocol used for this study.

After each step, the slurry was subjected to solid/liquid separation. The leachate was collected for
elemental composition analysising ICRMS, while the solid was rinsed using deionized water and dried

at 60 °C for 12 h before initiating the next step. The total amount of valuable elements in tf@ ¥eed

material was backalculated using thexpressior{4):
0 85 8r  ®© 8 @ 8p @ 8r O )

where#y , #5 , #5 , #r , and#; (ppm, representing mig) represents the element
concentration in thleachate solution in thWL, IE, AS, Re, and Ox step, respectivebhile®w ,6 ,6
6 ,andé (L) refers to the solution volume in the WL, IE, AS, Re, and Ox step, respegtiyelippm,
representing mg/Kg)representd¢he i element concentration in thesoluble solid residugy (kg) the
weight of the insolublsolid residua) anda  (kg) weight of the totasolid sample used for the te¥he
valuable elements' concentration results from equation (4) were compared to those obtained from the
elemental composition test measured with HUIS to reduce the statistical error propagation and confirm

the results' reliability.

On the other handhé valuable elements distribution in a specific occurrencde ( 0 ) was

calculatedollowing the equatio (5), whergheconcentration ofaluable elemergxtracted irdetermined

step(6 i, ppm) were multiply by the solution volume in the corresponding stipided by the back

calculatecelement concerdtionin the feed materigbo).

00 h (5)

2.2.3.4 Acidleachng test

Acid leaching is a widely used metallurgical process for the dissolution of metals employing acid

dissolution that can subsequently be treated through hydrometallurgical approaches to concentrate and
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purify the dissolved metal3.0 evaluate the leachabiliof the valuable metaltike Ni, Co, Ti, Fe, V, and

Sn from the BA and FA, a series of acid leaching tests were perform#ds study The tests were
performed in a threaeck round bottom flask made of borosilicate glass; the flask was immersed in a
temperaturecontrollable water bath and placed on a mpdisition magnetic stirrer with a heating function,

and a reflux condenser was connected to the flask to avoid water loss due to evaporation. The experimental

set up used for the acid leaching testhiswn inFigure19.

Figure19. Experimental set up used for the acid leachingstest

The leaching conditions evaluated were acid typgid,@ncentrations and leaching temperatures.
For each test, 5.0 g of solid sample was mixed with 100 mL of an acid solution at a specific concentration
for 2 h. Representative samples were collected from the slurry at different reactior(3imés 15 nin,
30 min, 90 min, 120 min) to evaluate the leaching kinelibgliquid fractions collected were centrifuged
at 4000 rpm for 3 min, and directly subjected to elemental analysis, while the solid fractions were dried at
60 °C for 12 h and digestesingHCI, HNOsand HF to determine its elemental composition. The results
were used to calculate leaching recovefigksof the valuable elementaccording to the equatialescribed

in Zhang & Honake(2020).
Y pmmb—m— (6)

whered (ppm) is the valuable elements concentration in the representative leachate sample taken
during the processyrepresents the volume of the feed solution (100 mL), @dppm) is the back

calculated total valuable elements concentration in the feed material, calculated using the @juation
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2.2.4 Statisticalanalysis

The paired-test was the statistical procedure used to develop a statistical analysis to determine the
statically level of difference or associations between the elemental content among-treaped samples.
Comparisonsvere made within the samples amaiigindividual groups, labeled as MFLland NF15, for
the magnetic and nemagnetic fractions of the five sizes, respectively. 2.9585,FIhd 2.95SF5, referring
to the float and sink samples, from the density test performed to the five sizes at 2. %p&&ivedy; and
2.6FF15, and 2.6SF5b, which stand for the float and sink-pyoducts from density test conducted at 2.6
SG.
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Chapter 3 Characterization results

3.1 Elemental composition

Elemental contents analyses reveal thattajorelements in the BAample are Si, C&e and Na,
with 18251 g/kg 40.65 g/kg, 6045 g/kg and 2238 g/kg respectively. Collectivelythey account foB8%
(w/w) of the totalsampleelement contentwhich iscoherent wittthe elemental compositiadetermined
from MSWI botton ash sampkein previous studiegMuchova, 2010Piantone et al., 2008Blanc et al.,
2018. Additionally, the XRD patterrof the MSWIBA (Figure 20) shows thatthe predominant mineral
phases identified wemglica (SiO2), calcite (CaC@) and anhydrite (CaSfD Some other phases identified
as minor phases agismondingCaAlSi;Ost4H,0) andettringite(CasAl 2(SQy)3(OH)1226H,0). Thesharp
peaks ofsilicate phasesdentified by XRD (quartz and gismondinggre consistent with the elemental
contents resultsom the BA shown inTable2, which indicates tha®i is the most abundant element in the
sample Although the Fe content is relatively high based on the elemental content resultsheerifgs
pattern was identifiefrom theXRD spectrumlikely due to the existence of iron in poorly crystallized,
amorphous structure8ccording to Piantonet al.,(2004) the dome shape in the XRD pattern between 10°
and 15A ( 2 djesencs of @teaus ftaciorin theesamie.
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Figure20. XRD pattern of the bottom ash sample.
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The elemental composition analys@able 2) showedthat the material also contain@sinor
elements, such as Co, Ni, V, Mn, and $he total rare earth elements (TREES) content in the sample,
calculated as the sum of the 15 lanthanides plus yttrium, was 28.56 mg/kg. Sc and Ce were the primarily
constituents of th& REE content in the samp({5.89 mg/kg and 4.60 mg/kg, respectively).

As for the elemental composition of the MSWA, the analyses reveal that 71% (w/w) of the
sample iscomprisedby Si, Ca, Na and Zn, with 56.17 g/kg, 13.25 g/kg, 27.06 g/kg, and 14.39 g/kg,
respectively. Compared to the BA, the major elements have aallolesver concentration in the FA;
however, the Zn content in the FA is about 4 times higher, due to the formation efan@d during the
combustion, which is easily volatilize and absorb on the fl(Bah et al., 20)3Ni and V content in the
FA, as trace elements were nearly an order of magnitude lower than the those in the BA sample, while Sn
and Ag concentration are slightly higher than the BA results, with 630.3 mg/kg and 16.0 mg/kg,
respectively. Due to the refractory materials resistance donggosition by heat, they are collected and
concentrated in the BA, which increases the Fe content in the BA stream. The Sc concentration results were
not included because the data was not reliable, causing statistical differences in the TREE resalts betwe
the duplicates?an et al(2013; Wan et al(2006; Piantone et a({2003 studies found similar FA elemental
compositions as the results obtained in this study and presented and compared to th8AVISWI
composition in th@ able2.

Table2. Elemental contents of major elememténor elementsandmainrare earth elements in the MSWI
BA and FAsample.

Major elements (g/kg)

Si Ca Fe Na Mg Ti P Zn Cu
BA 182.51 40.66 60.45 22.38 7.52 9.22 5.05 3.91 2.15
FA 56.17 13.25 4.15 27.06 4.38 3.14 2.42 14.39 0.57

Minor elements (mg/kg)

Co Ni \% Mn Sn Sr Ag Mo
BA 42.67 122.06 129.29 871.01 178.50 252.20 7.91 15.31
FA 10.91 36.91 73.14 284.80 630.30 153.66 16.00 13.93

Rare earth elemen(mg/kg)

TREE Sc Y La Ce Nd Sm Eu Gd
BA 28.56 15.89 0.46 3.71 4.60 2.14 0.36 0.20 0.31
FA 12.84 - 0.50 3.81 4.68 2.15 0.34 0.13 0.31
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TheXRD resultsof the ground FA sampkhowthe appearance of large amountighly soluble
inorganic saltslike halite (NaCl) andsyylvite (KCI). Other mineral phases identified in the XRD spectrum
shown inFigure21, werecalcite (CaCQ), anhydrite (CaSg), and gypsum (CaS€H.0), portlandite (Ca
(OH),) and Silica (Si@. The domeshapeat the beginning of the spectrum reveals a prominent presence
of amorphous or poorly crystalized phases. Thegstallinestructureshave been observed in MSWA
samples in previous studié&/én et al., 2008Piantone et al., 2003andare consistent witthe elemental
compositionresults obtained in the cumestudy.lIt is importantto mentionthata carbonates component
decompose at a temperature close td Buggesting thaifter the incineration process, CaO is added to
the fly ashes to contrgbH and promote thePTE dissolution causing the formation and presence of

carbonates components in the final stream of the FA.
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Figure21. XRD pattern of thdély ash sample.

Some of the elements detected in the samples, suth, &n, V, Co, Ni, Ti, Sn, and REE, have
been defined as critical elements by the US Department of the Interior based on their importance for the
development and the high risk associated with its supply chain (Department of the Interior, 2022). However,
studies have been carried out to determine the concentration and leaching characteristics of heavy metals,
precious elements, and other elements due to environmental concerns about MSW, but little has been
studied on the concentration, distribution, and ben& of valuabl e el ement s. ( G)
al., 2008; Morf et al., 2013; Funari et al., 2015; Park et al., 2021; Jung and Osako 2009 and Morf et al.

2013). The distribution of critical and valuable elements between the grain size fractiotise dnd
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products of physical fractionation has not been thoroughly investigeddiionally, thevaluable elements

content shown ifable2 wascompared with theatural occurrence of the elements in the earth crust. The

ore gradeof Ti is 0.75%(Force et al., 1977hile for Cuis between 0% (British Geological Survey,
2007)andfor Mn is 0.1% (Emsley et al.,2001). The grade otheseelements in the BA bproduct are
6.02%,1.41%, and 0.56%, respectiveljkewise, from the FA samplthe Zn andSn content represent
20.38% and 0.89%, while the natural occurrence of these elehssdsgrade of 5.5% for Zn(Wang,
2016)and 0.5% for SriElliott et al., 1997)As for the Fe, although natural occurrences of hematite and
magnetite can contairalues greater tha&0% of iron, someconomically exploitabldeposis have a grade

in ranges between 11% to 33%hich can be compared with the 8% of Fe contained in the BA sample.

Hence a new perspective on MSW as a secondary source of valuable elements has sparked interest and

research.

3.2 Transfer coefficients and elemergdistribution

To evaluate the distribution of the critical and valualdengints among the BA and FA, the transfer
ratios K) of eachelementvere calculated. The methodology was adopted similarly by Zhang et al. (2008)
to assess the distribution of heavy metals antbadifferent types of residueand by Funari et a(2015
to determine raw materials distribution between solid residues from an lItalian incinerator. For this study,
the transfer ratios and enrichment ratios were calculated for the following critical and valuable elements:
manganeseun), cobalt (Co), nickel (Ni), copper (Cu), zinc (Zn), titanium (Ti), iron (Begdtin (Sn). The
transfer ratios of the elements previously mentioimethe BA Kga) and the FA Kera) sampleswere

calculated by the following equations:

0 @

0 )

WhereFA (%) and BA (%)epresenthe mass flow in percent of the fly ash and bottom ash after
the incineration process, respectivelygaGind Gea are thei-elementconcentration in mg/kg in the
corresponding byroduct. © use the equations, it waecessary to make assumptions based on the
literature and information provided lblye WtE facility operatorAccording witha databasebtained there
are 74 WE facilities across the U.S. with a total average processing capacity of 1272.43 ton/desednd b
on several studieKfza & Bhadarata, 2018 Wang et al., 2021Wiles, 1996 Tang et al., 2015BA
represent 30 % byeight of the total incinerated MSWvhile the FA accounts% by weight of the MSW

processedwhich is consistent witthe BA to FA rdio presented bfpou et al(2017)as6:1. In this manner,
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BA and FA total production were determined and their percentages from the total ash production, the results
reveals that BAepresents 85.7%, while FA is 14.2%. Variations between + 5% were ahrcted to
determine how susceptibtbe resultswere regarding the element distribution among theiogucts.

However, there were no significant variations in the elemental distribution.

Figure22 andFigure 23 illustrate the transfer coefficients of selected elements to determine their
distribution among the BA and FA samples aaentify the most useful residue for the recovery of the
valuable elements. The analysiévealsthatvolatile elements, like Zn an@in are scattereid the MSWI
by-products, wherea8o, Mn, Ti,Fe,and basic metals, such as Cu, and Ni are primarily found in the BA
stream This type ofelemental distribution has been observed beforAdtgup et al.(2011), Funari et al.
(2015) andMorf et al.(2013) Due to the lack of reliable results for the Sc concentration in the FA stream,
its distributioncannot be determinethowever, based on the literatueehigher concentration of $@as
been found in the BA streankunari et al.2015.

Mn Co
EKBA EKBA
uKFA EKFA

N1 /n

EKBA EKBA

EKFA EKFA

Figure22. Mn, Co, Ni, and Zmistribution between BA and Féamplesalculated followinghe
expressiong$7) and g).
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Figure23. Ti, Fe, SnandCu distribution between BA and FFamplesalculated followinghe
expression§7) and @).

Based on the transfer coefficients @ahd mass balance of the BA and FA production from the
MSW incineration process, @an bedetermine that the most usefuksidue for the recovery of valuable

elements is BA. Therefore, the results presented hereinafter will be focuBéd on
3.3 Leachability of the valuable metals

A series of acid leaching tests were conducted under different experimental condiietesritone
the BA valuable metals' recovery and leaching kinetics. The acids used in this study werandNHTI,
and each acid was tested at 0.5 M, 1 M, 1.5 M, and 2 M, and the temperature was set upBbiu=rC.
al. (2017)describes thaacidic condiions can greatly enhanced the valuable elements mobilization and
lead to higher recovemnalues which is consistent with most of the results obtam&dhown irfFigure24
(a). It summarizes the effect of the HCI concentration on the valuable elements' recovery from the BA
sample. The leaching recoveries of Cu and Fe from the BA samples were 23% and 28%, respectively, when
using 0.5M HCI, while their recovery was%9%nd 92% when increasing the HCI concentration to 1 M,
respectively. Sc, Fe, Cu, Zn, and Mn could be released by 1 M HCI, and fakthationsin acid
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concentratiorhadnegligible recoveries' improvements. In contrast, the leaching recoveries of Gb and
when 0.5 MHCI was used as lixiviant were 75% and 52%, respectively; nevertheless, by increasing the
acid concentration up to 2 M, the highest recovery values were achilezteasFigure 24 (b)
summarizedhe effect of the HN@concentration on thieaching characteristics of the valuable elements
in the BA sampleswhich shows a similar pattern as that of the HCI concentration, wheredching
recoveries of the valuable metals increased when increasing the acid concerfmtiorample the
leaching recovery ofi, Cu and Smwas increased significantlyhen increasing HNgoncentration from

0.5 M to 1 M; their recovery increase by 20, 35, aBdbsolute percentage, respectively. Some elements
such as Sc, V, Fe, Mn, and ,Zvere extracted when using HN@t 0.5 M and further recovery increment
wasminimal when increasing the lixiviant concentration. As for Co and Ni, similar leaching behago
observed when using HNOwhere the recovery reached 80% and 83%, respectatelfie highest acid
concentration, at 2M.
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Figure24. Effect of theacid concentratioon the valuable elements' recovery from the BA samjile
(2) HCl and (b) HNQ.

Additionally, the leaching kinetics of the valuable elements from the BA sangke evaluated
The tests were carried out under similar conditions for a period of 120 miri@t@8ompare the valuable
elements leaching behavior at 1 M, M5and 2 M HCI.Figure25 (a) revealshat Zn, Co, Mn, Cu, and Fe
present high leachability characteristics because recoveries closer or greater than 80% were achieved within
the first 30 min using HCI at 1 M. While Sc and Ti recoveries do not exceed 40% even using HCI at 2
and after 20 minutesof reaction(Figure 25 (c)). In contrast, medium leachability characteristics were
observedor Sn, V, and Niwith recoveries 075%, 76%, ad 78%, respectively, under 1.5 M HCI, which
areconsiderably higher than the recaesrobtainedising 1 M HCl,of 59%, 68%, and 706, respectively.
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Recovery (%)

Figure25. Leachingkineticsof the valuable elements from BA sampkng(a) 1 M, (b) 1.5 M, and (c) 2

performed by keepingll the leaching variablesxcept temperatureongant and using 2 M HCI as the
lixiviant. The temperatures evaluated were 25 °C, 50 °C, 75 °C, and 90 °C, which were achieved by
immersing the flask in a temperattgentrollable water bathAs presented ifrigure 26, higher leaching
temperaturdadnegligible effect on the leaching recoveries of Sc, Ti, V, and\FereasZn, Sn, and Cu
achieved the highest recovery under 75H8wever, as for Co, NendMn, a significant improvement in

their recoveries was noticed when increasing the temperature from 25 °C toRfr ®ample, around

51% of Ni was extracted when the leaching test was carried out at 25 °C, while at 90 °C, the Ni recovery
was increased up ®3%. Similar results were observed by Prameswara et al. (2022), where Ni recovery

increased by 50% when increasing the leaching temperature from 30 °C to 90 °C. According to Fu et al.
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The effect of temperature on the leaching recovery of valuable metals was evaluated. The tests were

35




(2018), this incrmentin the leachability results occurred because éigbmperatures can encourage the
oxidation and sulfuration of the material, causing a reduction in the pH, which will promote the realized
and leachability of elements such as Ni and Co. This phenomenon indicates that the solubility of these
valuable metls could be improved under higher leaching temperatures.
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Figure26. Effect of the temperature on the leaching recovery of the valuable metals from BA sample
using HCl at 2 M.

In conclusion, most valuable metals, such as Fe,®),Cu, and Zn, can be extracted from the
BA sample using 1M HCI as «&iviant, with recoveryvaluesgreater than 80%. According Eégure 25,
the leaching reactias a fast procesandequilibriumcan be achievedithin thefirst 30 minutes. Likewise,
the release of elementich as Co, Ni, and Mis sensitive to the reaction temperatukehigher recovery
valuecanbe obtained when relatively highleaching temperatures are used; nevertheless, the economic

feasibility should also be considered.

3.4 Modes of occurrenceand associationof the valuable elements

As described in Sectio®.2.3.3 the sequential chemical extraction (SCE) test was performed to
identify the binding and leaching characteristics of the valuable metals from the BA sample, where the
metals are extracted by reacting with a sequence of aggntsaat specific conditions. The valuable
elements extracted were quantified and classified into six different occurrence modespiuater(\WL),
ion-exchange (IE), acidoluble (AS), reducible (Re), oxidable (Ox), and insoluble @igure27 shows
the distribution of Fe, Ti, Zn, Cu, and selected trace elements in the different modes of occurrence in the
BA sample. Around 839%f Ti and 82%of Sc occurred in an goluble form, indicating that these elements

will not dissolve under strong acidic and oxidizing conditions (e.g-mBOHO, plus 50mL
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CHsCOONH,). These results are consistent with the low leaching recovery obtained for these elements
under strong acidanditions and high temperaturdsigure 25 (c)). A minimal amount of the valuable
elementsvaspresent as water soluble, iemchangeable, or acid soluble forms. As for the Zn, Co, and Mn,
they present the higher reducible form content, which means that 49% of the Zn, 45% of the Co, and 30 %
of the Mn are easidp leach compared to the Ti and Sattls mostly insoluble. The oxidizable distribution
among the valuable elements is higher in Cu and Sn, with 57% and 46%, respectively, indicatieg that
canbe extracted under oxidizing leaching conditions. The occurrence modes distribution obs@ued in

Zn, Ti, and Ni have been previously observed by Britidsscher et al. (2002) and Alam et al. (2019).
Fromthe elements' leachability characteristicpossible to infethataconcentration anliberationprocess

previousto theleachingstepcanfacilitate and improve theecoveryof the valuable elements.
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Figure27. Distribution of theoccurrencenodesof the valuable elements from the BA sample.

3.5 Mineralogical characterization

The data generatdtbm the SEM/ELX analysiscarried out in the BA sample were collected based
on the valuable elements selected for this study and previously mentiaeetion3.2. It is worth noting
that the samples were sprinkled over a dogided carbon tape and coated with a 15 nm thick layer of
Pd/Pt This suggeststhat measurements of C and Pd/Pt dikely due to the sample preparation
Additionally, based on the elemental composition characterization study done in the present study and
literature review, Zr has not been associated with the MBXMinatrix. However Zr content was identified
when excluding the tHrom the ELIX readings.The Zr content identified in the EDanalysis can result

from the overlap peak identification of the KB¥pectrum. The energy peak of the Zr energy peak is at
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2.042 keV, while the Pt energy peak is 2.0488 Kedo, 2006) the elenent used to coat the samples, as
described in sectioR.2.2.3

Based on the elemental composition andKEdpectra of particle$ and2 shown inFigure28, it can
be inferredthat Fe can be founidh the BA sampleas iron oxides. These results are consistent thith
section3.1 findings where it was determined that the MSWI ash was enriched in iron constituents. The
different oxidation states (mainB# and3+) are suggested by the different elemental distribudiweh the
Fe-O ratioshown in the EX spectrain Figure 28. This premiseis consistent withRissler et al(2020
study in which is concluded that the different oxidatstatemay be present duetothe oxygem v ar i abl e
presence andeccessin the fuel bed in the combustion chambElowever, the different elemental
distributioncanalso becaused by the presence and increment of other elements in the particle, such as Ca
and Siand their binding with O atomédditionally, as previously mentioned ihe Section3.1regarding
the elemental compositionf the byproducts Zn tends toform ZnCk formed during the combustion

process ashownin the EDX spectraof particle3 in Figure29.

. Spectrum 89

4 6 E] keV 0 2 4 [

Figure28. EDX spectra of Particlé (left) and particle (right).

Figure29. BSEimage (top left) elemental map&ottom left) andEDX spectrgright) of particle3.
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Other Ferich constituents were found as metallic inclusions, spinel in a seriesTofs@bstituted
varieties, and secondary products, like theSkeach gel phasefigure30 shows irosphosphorus particle
depleted of oxygen embedding in a calcisificate matrix. By merging the information provided by the
diagram phase of the IrdPhosphorus system, the P&ID ays$ results, and the elemental content from
the EDX spectra of the particle, which reveals a ~40 wt.% of P content, it is possible to conclude that the

particle is likely a FeP metallic inclusion, formed in the combustion chamber at high temperatures
(Okamoto, 1990).

= (b) O K series

L 10pm

Ca K series

10um

Fe K series P K series Si K series

Figure30. (a) BSEimageand(b) elemental mapof a FeP metallic inclusion from th&A raw

sample.

Previous studiegWei et al., 2011Mantovani et al., 2091have identifiedspinel group minerals in
the MSWIBA. Thegeneral composition of the spinel groupsAB,O4, whereA represents metatith a
valence plus twocommonlyFe, Mg, Zn, Ni or Mn, and B refers to metals witnvalenceof plus three,
often Al, Fe or Cr. In this study aluminumspinel,and magnetitspinelseries wee found.Through the
i Ma p 0 P& doddit was possible to demonstrate txistence of th&e;04-FeAl,O4 systemwhich
is thetransition from magnetitéFe;O4) to hercynite (FeADs), through theoctahedrabubstitutionof Fe**
by Al**and St*(Figure31(a, b))
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Figure31. BSEimage (op lef), elementamaps(bottom left) andEDX spectrgright) of (a) octahedral
substitution of F& by Si*andAl®*, and(b) tetrahedral substitution of Peby Mg?*, C&*, and Mr¥* from
the MSWI-BA sample.

Overall, the main findings from this chapter wénat the BA was identified abe mostvaluable
MSWI by-productdue to its enrichment iaritical and valuable elementsased on the results obtained
through thetransfer codfcients methodology Furthermore, the leachability and reaction kinetics of the
valuable elements from the BA sample were assesstdlassiBd according to the recovery achieved and
the acid conditions usefihe SEMEDX analysis vascarried out in order to determine the valuable element
association and chemical binding properfid®e main Fé bearing speciation was identified as iron oxjdes

spinetgroup, in the transition frotmagnetiteto hercyniteand netallic inclusions
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Chapter 4 Physical concentrationresults

According to the results obtainedsaction3.2, which concluded that the BA sample is enrichment
in valuable elements, a systematic physical concentration was carried out using this sample. The sample
with internal sample code, UB, was sorted by hand to remove the clastic rock particles and tified class
into five-size fractions. The five size fractions generated were particles with a diameter between mesh sized
-50/+100,-100/+170-170/+200-200/+325, and325. A portion of each size subsample was collected for
chemical and mineralogical charadétation. As showed irFigure 32, the remaining portion of the sample
was collected and used as the feed material for wet magepiicatiorand density separatioThe first
density separation process was performed using the heavy liquid medium, LMT, at 2.95 specific gravity,
and the procedure technique was done following the descrifptionsection2.2.1.3 Once the float and
sink material were collected, rinsed, anidrthe float materiatollectedwas used as a feed for a second

density separation stage performed using the LMT at 2.6 specific gravity.
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Figure32. Systematic physical characterizatidowsheetof theBA sample.

4.1 Wet Sieving

4.1.1 Size fractionation characteristics

Funari et al. (2015) and Naderizadeh et al. (2016) have reported that the accumulation of metals could

be related to particle size. Therefore, size reduction and wet sieving tests were carried out to evaluate the
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distribution of the valuable metals and efetine which size fractions are dominant in valuable metals.
Additionally, obtaining a homogeneous stream in terms of particle size provides 4fi@ctenated
material to optimize the efficiency of ettsikewngcomi ng
test was performed in order to reduce stickiness and the obstruction aéshevith particulate material

(Born, J. P.,2018).

As Figure33shows, the enchment ratio of the Zn was close to 1.25 in the particles with a diameter
smaller than 45 um (minus 325 mesh) and less than 1.0 in the middle and coarse size. fiditons
indicatesthat Zn is enriched in the finer fraction of the sample. In contrashegits such as Fe and Sc tend
to decrease their concentration as the BA patrticle size is reduced. The Fe enrichment ratio was below 1.0
in the fractions of particles with a diameter below 74 um (minus 200 mesh), while for the Sc, a similar
result was obsged in particles in the minus 325 mesh fraction. These results suggest that Fe and Sc are
enriched in the coarse fraction of the BA sample. Takayuki Shimaoka (2014) found coarse unburned iron
pieces from the MSWI feedstock originated from the iron contsiaed thin sheets. At the same time, Xia
et al. (2017) concludkthat the primary mineral for Fe is hematite due to the metal oxidation in the
combustion process. However, Cu, Mn, Co, Ni, Sn, and V distrimitbowed an even enrichment in
coarse and fim fractions, most likely due to the low concentrattbthe mentioned elementsthe middle
size fraction. Researchers like Yao et al. (2010), Xia et al. (2017), and Chimenos et al. (1999) have found
that valuable elements, such as Sn, Cu, and Zn, acerwated in fine particle size fractions because they
trend to form pure solid melts in small particles during the combustion process. As for the Ti distribution
and enrichment, it did not vary considerably in the different size fracfidns.is show in Figure 33,

whereall the enrichment ratios are closeltegardless of the particle size.
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andzZn and (b) Mn, Co, Ni, SmandV.
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Regarding the mass yield as a function of the size fradtignre34 shows that the particle size
with a diameter bigger than 150 um, labeled as the coarse fraction, represents 24% (w/BAcfample.
In comparison, the particles with a diameter between 150 pm and 45 pum, cahsidenasiddle fraction
accounts for 38% (w/w) of the BA sample. The remaining 38% comprises fine fractions with particles
smaller than 45 um. By merging the enrichment ratios and the mass yield results, it can be concluded that
classifying the ash into thewarse, middle, and firgize fractions could lead tmetter metal concentration

yields during processing for the different size fractiand optimization of the recovery test.
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Figure34. Cumulative particle sizdistribution patterrof BA sampleusingRosin Rammler Regression

4.2 Magnetic separation

4.2.1 Magnetic separation performanaedicators

After determining the valuable and critical mineral distribution in the M8WIsample among the
size fraction, magnetic separation was conducted to increagedbweery offerrous metal anather
magneticelemens. According to Yin et al. (2021), the magfic separation performance and enrichment
are a function of the bound of muHinetallic oxides fractions (e.g., f¥n; FeTi), morphology
mineralogy, and elemental distribution per size fractitgure35 (a, b) shows a significant concentration
of Fe, Cu, and Co in the magnetic fraction. The overall enrichment ratios of these elements were 1.92, 1.51,
and 1.66, respectively. These resultsdatk that these valuable elements are associated with paramagnetic
or ferromagnetic minerals and can be recovered through magnetic separation. According to statistical
analysis, Yin et al. (2021) conclutithat magnetic separation changes the elememioadison, especially
for Fe, Co, Ni, Sn, and .V
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However, when analyzingy size fraction, particles from the fine fractiorayhave a higher surface
area to volume ratiayhichincreagsthe interaction in the magnetic field. Nevertheless, in small pestic
the centrifugal force exerted by the agitator is greater than the magnetic force exerted by theTmiagnet
decreassthe concentration of the material with magnetic susceptibility. For example, Co, Ni, Zn, Ti, and
V recovery gradually decreas@€lgure36) when the particle size was reduced. These results are consistent
with Yin et al. (2021)who concluded that sizes significantly affect the valuable elementceotration
through wet magnetic separation. Regarding the remaining valuable elements (Fe, Sc, Cu, Mn, and Sn),
which showed a sizendependence behavidhesemay be attributed to higher Feontaining mineral
phases. Theguineralphases will likely bestable complexes with strong magnetic propettiameutraliz
the size effect (Caviglia et al., 2019).
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4.2.2 Mineralogical characterization of the magnetic fraction

From the mineralogicalharacterization results of the BA raw sample, described in sefpit
was possible to conclude that the mairriel constituents existed in chemical forms of iron oxides, such
as magnetite, hematite, and its transition and substituted varieties (hergpiite) groupand metallic
inclusions. As previously shown Figure36 (a, b) Ni, Mn, Cu, and Cgresented an enrichmerithese
results are likely due to the elemt configuration of the elements mentioned above, which have an unpaired
electron in thel orbital allowing them to exhibit magnetic propertmsaffinity for Fe SEM/EDX results
from the magnetic fractioshowedthat Mn, Cr, and Nivere associated witthe ironbearing particles,
indicating their affinity with Fg(Figure 37). The previous statement can be linked to the geochemical
classification by Goldschmidt (1937yhe authorclassified Ni and Mn as highly siderophile elements,
while Cr is considered moderately siderophile.

Ni K series

Figure37. BSEimage (bp left), elementamaps (bottom leff)JandEDX spectrgright) of a Fe-rich

constituenfrom the magnetic fractioanriched with(a) Mn and Cr and (b)Ni, and Cr
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Although Cu, in its natural state, is not attracted by magnet forces, Cu was sligluiieednmainly
in the coarse fraction of the magnetic stream. It can be attributed to the previously described metallic
inclusions (sectiol.5) of Fe-Cu particles and the formation of CuPe clustered in Fe oxides, as shown
in Figure38. Rissle et al. (2020) identifie€uFeO, as one of the Cu chemical forms in four of six MSWI
BA samples and quantified that this inverse spinel (also called Cuprospinel) accounts for up to 16% of the
Cu occurred chemical forms. Cuprospinel is characterizetkipyagnetic propertiesvhich according to
Zhang et al. (2017) study, decreayaedudng theparticle sizelt explains the decrease in thierichment

ratioresultsobserved in the sectigh2.1, when reducing the grain size

Figure38. BSEimage(left) andEDX spectra (rightpf apossible Fe&Cumetallic inclusion surrounded

by Cai Si matrixfrom themagnetic fraction ofhe BA sample

Othernontargeted elements were found in thagnetic fractiormineralogical characterization
performedusingSEM/EDX, such as SiAl, and CaThese can be attributed to therich mineras likely
beingembedded immorphous silioeus glas®or in a partially crystallized aluminosilicate matrikigure
39displays the @mental map ofniron spinel in a series of Al andTi** substituted varietiesmbedded
in a CaSi enriched matrixln another study\ei et al, 2017) it wasconcluded thaévenafteratwo-step
magneticextractionof a WtE BA samplehigh Ca and Siontentwere found in the magnetic streahese
outcomes and fitings suggest th&nger comminution timesouldliberate theninerals and particles that

contain the valuable elements andrease theelectivity of the process.
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(b)

Figure39. (a) BSEimage and (b) elemental maps of arfeh particle embeddeih Si-Ca enrich matrix
from the magnetic fraction dhe BA raw sample.

On the other hand, as expected, the diamagnetic mineral phases, which were delsridRBd
analyses in sectioB, such as Silica, Calcite, Anhydrite, Ettringite, and Gismondine, were observed in the
non-magnetic fraction of the BA sampleikewise, Figure 40 shows the SEMEDX results of a C«&5-O
particle (most likely CuSg) and a ZrS-O particle (likely ZnSG) observed in the nemagnetic fraction.

Reslts published by Tuaat al.(2010)indicated that CuO and Cus@ominated the Cu speciation in the

BA, while a study byZhanget al.(2020) showed that Zn speciation was mainlySi@, and ZnSQ@ in

fresh MSWIBA from China. Although CuS£exhibits paramauggtic properties, the particle size is about

25 microns, which could cause the centrifugal force exerted by the agitator to be greater than the magnetic

force exerted by the magnet.

S K series

Zn K series

Toprd

S K series

Figure40. BSEimage(left), andelemental mapgight) of (a) Cu-S-O particle, and (b) z+&-0 particle

from the nommagnetic fraction ofhe BA sample
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4.3 Density separation

4.3.1 Density separation performance indicators
To address the limitations that magnetic separation has with smatlgarie, current MSWI
BA treatment plants operate under several sig@sding a mechanical separation process. Based on
study byGyc et al . (-2D9% @f Oa)uable alemenisnirdthe MGBA are present in the fine
fraction, which cannot be figiently concentrated through sendmsed sorting or magnetic separation. In
some WILE facilities, after concentrating the ferrous raetadl other magnetic elements through magnetic
separation, the nemagnetic stream frequently goes under an extra gtegpmminution and sieving
processes. The passing material from the sieving process feeds the density separation process, usually done

using centrifugal concentrator equipment such as a jigger, hydrocycloter, @intable sorting.

Hwang et al(2008) estimated the bulk density of the MSWI ash using the results of XRD analysis
and the elemental content of single elements. Tiey compared the composition based on a series of
float-sink separations. The medium was prepared using DI water &bid &a95% purity at different
mediumdensitieg1.0 g/cni, 1.2 g/cm, and 1.4 g/ ¢ andliquid-to-solid volumeratios (L/S) of 30, 40,
and 60 However, from the extensive literature review, the density separation process has not been scaled
up to an industriascale The most common aqueous medium used in the industry to perform a density
separation test is water, which presents small padimterestrictions and selectivity limitations. This study
used LMT at 2.95 SG and 2.6 SG as the medium liquid to evaluate the recovery of the valuable elements.
The results of XRD analysis, SEEDX from the raw sample, and the metal content determined thsn
digestion system and IGH®S analysis provided valuable information about the MSWI composition,
valuable elements content, and their mineral phdsdde 3 summaizes the estimated MSVWBA main

mineral phases, elemental composition, and density reported in the literature
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Table3. Estimatedminerals inMSWI-BA and density (g/cr)

Mineral Phases / )
Elements Formula Density(g/cny) Reference
Anhydrite CaSQ 2.31:2.97 Hudson Institute of Mineralogy, 201
Ettringite CasAl 2(SQy)3(OH)1:£26 H.O 1.8 Hudson Institute of Mineralogy, 201
Gismondine CaAlLSi;Ost4H,0 2.26 Hudson Institute of Mineralogy, 201
Hercynite FeAlLO, 3.82 Hudson Institute of Mineralogy, 201
Magnetite Fe;04 7.87 Hwang et al., 2008
Quartz SiO; 2.70 Hwang et al., 2008
Calcium carbonate CaCQ 2.71 Hwang et al., 2008
Calcium titanate TiCaO3 3.98 Hudson Institute of Mineralogy, 201
Cobalt oxide CoO 6.44 PubChem, 2021
Coppe (1) oxide CuO 6.31 PubChem, 2021
Copper sulfate CusQ 3.6 PubChem, 2021
Cupric sulfide Cus 4.76 PubChem, 2021
Iron chromite FeCpO4 4.97 Hudson Institute of Mineralogy, 201
Iron Phosphide FeP 6.74 PubChem, 2021
Manganesé&on oxide MnFeQ-MnFeQy 3.6-4.74 PubChem, 2021
Manganese oxide MnO 5.37 PubChem, 2021
Titanium dioxide TiO2 4.23 PubChem, 2021
Zinc chloride ZnCl, 291 PubChem, 2021
Zinc oxide Zn0O 5.61 PubChem, 2021
Copper Cu 8.93 Hwang et al., 2008
Zinc Zn 7.12 Hwang et al., 2008

As shown inTable3, the valuable elements and their mineral phases have a higher density than the
norttargeted minerals phases. The 2.95 SG density test, illustrafgédure41, showed enrichment ratios
higher than 2.0 in Fe, Cu, Co, and Ni in the coarse fraction of the BA fraction, which decreases when
decreasing the size fraction. As for Sc and V, their enrichment ratios are reasonably constant regardless of
the sizefaction. While Zn, Ti, Mn, and Sn, although their enrichment ratiosedosv2.0, theirenrichment
tendency decreases with the size fraction reductd:i
recovery inFigure 42, where valuable elements and their mineral phases with significant density

differences, such as Fe,-Feh constituents, Cu speciation, and-@merals, had recoveigver 80%.
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Figure4l. Density separation enrichment ratfor (a) Ti, Sc, Fe, Cu, and Zn and (b) Mn, Co, Ni, Sn, and
V at 2.95 specific gravity of the MSVWBA sample per size fraction.
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Figure42. Density separation recoveiigr (a) Ti, Sc, Fe, Cu, and Zn and (b) Mn, Co, Ni, Sn, arad V
2.95 specific gravity of the MSWBA sample per size fraction.

Like Hwang et al. (20083tudy; different cuttingdensities werevaluatel. The float material from
the 2.95 SG test was collectethsed,and dried andhen used as a feed for a secalethsity separation
stageat 2.6 S.GThe secondtageaims towork as ascavengeprocessand recover the valuable particles
that did not sinkin the first stageAs expectedthe sink fraction yield increased as the medium density
decreased-romFigure43 (b), it is observedhatby decreasing theutting density, the enrichment ratios
of the minor elements (Mn, Co, Ni, Sn, and V) were similar across the different size gatti®nvorth
notingfrom Figure43 (a) thatthe enrichment ratio of Fe was slightly higher in the fine fradianin the
coarse fractionThis observatiorcould beassociatedvith the minor Fe enrichment achiewkin the fine
fraction in the firstfloat-sink teststageAl t hough most of t he fronathedleab | e

sink test at 2.6 S@asabove 80%, as shown Kigure44, the enrichment ratios welaw.
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Figure43. Density separatioanrichment ratio foa) Ti, Sc, Fe, Cu, and Zn and (b) Mn, Co, Ni, Sn, and
V at 26 specific gravity of the MSWBA sample per size fraction.
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Figure44. Density separation recovery for (a) Ti, Sc, Fe, Cu, and Zn and (b) Mn, Co, Ni, Sn, and V at 2.6

specific gravity of the MSWBA sample per size fraction.

From the results and the metallu@itndexes from the density separationaihbe concluded that
mostelements were considerably enriched veth95 SG cutoff density, except for the &l V, which
enrichment ratis werecloser t01.0 regardless of the size fraction. As for the @& test performed as a
scavenger process to recover the remaining valuable elements of the float material from the first stage of

the density test, no noticeable enrichment and selectigtgabserved

4.3.2 Mineralogical characterization of the Sink fraction

Based orthe MSWIBA mineral phaseandthe estimated minerals existing in the BA sample
summarized inTable 3 and the metallurgical indicatorgescribed in sectiod.3.1, enrichment in the

valuable elements was observed inghmk fraction due to their specificayities. To estimate the mineral

51



phases concentrated in thiek fraction,SEM/EDX analysis was performe&erich constituents such as
iron oxides (Figure45), most likely magnetite with a specific gravity 7.87 (Hwang et al., 2008 were
identified. However,the EDX spectra(Figure45, bottom righj revealed a minor content Mn, Al, Ca,
and Si (0.3wt.%, 0.2 wt.%, 0.2 wt.%, and 0.2wt.%, respectively indicating the associationof
aluminum/calciurrsilicate mineral phasekikewise, Figure46 depict the BSEimage and the elemental
maps of &e-spinelgroupparticlewith Cr3* partial substitution, whichasan approximate specific gravity
of 4.97(Hudson Institute of Mineralogy019.

O K series

")(;

Figure45. BSEimage(left), EDX spectra (top right), anelemental map&ottom right)of mostlikely

25pm

25pm

magnetitewith aluminum¢alciumsilicatemineral phases association from the sink fractiotheBA

density test.

Fe K series

f 100um
Cr K series

% " 100pum
O K series

Figure46. BSEimage (left) and elemental maps (right) ofaspinel group with Cr

substitution (iron chromitdyom the sink fraction of the BAensit test
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On the other hand, the Cu enrichment in the coarse fraction through density separation was higher
than the magnetic separation. It could be justified by the relatively high specific gravity of its mineral
phases, like copper oxide, coppeitfate, and cupric sulfite, with specific gravities of 6.31, 3.6, and 4.76,
respectivelyFigure47 depics a copper oxide particldusteredn acdcium-silicatematrix. Nevertheless
according tcRissler et al(2020, the Cucan be present in diverse oxidation &€ 1+, and 2% in the

MSWI-BA due to thevariation in the presence and access of oxygen in the fuel bed in the combustion
chamber

Cu L series

O K series

Figure47. BSEimage (left) and elemental maps (rightlaafopper oxidgparticle from the sink fraction
of the BAdensity test

As previouslymentionedgopper sulfide wasalsoidentified asone of hemineral phasesf copper.
Through the mineralogical analysiene using the SEMDX results in the sink fraction of the density test,
an enriched area obpper sulfide was identifie(Figure48). The particle idikely associated witlealcium
oxide (CaO)andcalcium titanate (CaTi¢), based on th&DX spectra elemental content resulepicted
in Figure48 (left). These findings and associations have been previously obsed/dédsamibed byArickx
et al.(2008) who studed the speciation of Cu in the MSWBA through optical microscopy and electron
microprobe (WDX/EDX). This study concluded tmaetallic Cu,Cooper oxideandCu,O were the most

abundant Cu speciatiohikewise,it concluded that copper mineral phases were frequently together with
Ca, Cl, ad S.
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Figure48. BSEimage(left), elemental mapéniddle and top left), anBDX spectra (rightpf aCu-S
metallic inclusion surrounded baO and CaTi@from the sink faction ofthe BA density test

As observedn section4.3.1, Ti was slightly enriched through the flesitk test at 2.95 cutoff
density. According to the SEM/EDX results, the main Ti sjpdicin enriched in the sink fraction was
calcium titanate (CaTig), as shown ifrigure49. This mineral phaseeductiornof the Tiis consistent with
llyushechkin et al(2020)characteriation studyof inorganic matter oAustralian MSWI,in whichit was
corcluded thatcalcium titanate (CaTig), calcium oxide (CaOand calcium silicat¢CaSiOs) were the
major calciumrich phases in the MSWI ashe&dditionally, the enrichment of Ti in the sink fraction is
consistent considering that thisnineral phase laa specific gravity of 3.98 Hudson Institute of

Mineralogy, 2019 whichis a higher density than tlagjueous mediumsed (2.95).

Figure49 BSEimage (left) and elemental maps (right) afadcium titanateparticle from the sink
fraction of the BA density test
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4.4 Statistical analysis

To determine whether there is a statistical difference in element distributiaghe imyproducts
generated from each separation process, a patestiwas performed. The comparisons were made within
the samples amorgjx individual groups of samplesvith atotal of 5 samples each group (n=&roups
one and two refer to the magnesieparation byroducts labeled ME-5 (magnetic fraction) and NFA
(nonrmagnetic fraction). Groups three and fetanddor the density test performed at 2.95 SG, labeled as
2.95FF1-5, and 2.955F 15, referring to the float and sink samplesspectively. The float and sink fraction
from the density test carried out at 2.6 SG constitute groups five and six, marke&@&2 #nd 2.665F1-

5, respectively. Significant differences were considered when the calculatddepwas less than 0.05.
The pvalues calculated from the pairetest for the content of the valuable element are preseniabla
4.

Table 4. p-values of paired-test for valuable elements contearthong magnetic, nemagnetic float

fraction, sink fraction at 2.95 and 2.6 specific gravity of the BA sample.

p - values Total elemental content (ppm)
SF vs. FF SF vs. FF
(n=5) MEVS.NF 1 at2.9556) | (At2.6 SG)
Sc V 5.66 x1C° V 2.56 x10* V 8.00 x1@°
Ti 0.215 V 0.016 V 0.029
\Y 0.247 0.340 0.095
Fe V 2.57 x1@° V 6.42 x16° V 0.017
Mn V 0.039 V 2.50 x1@® V 3.11 x1@®
Co V 0.044 V 0.047 V 0.029
Ni V 0.036 V 5.19 x10¢ V 6.71 x1C°
Cu 0.440 V 3.99 x1@ V 9.45x10°
Zn 0.067 V 0.027 V 0.015
Sn V 1.36 x1G° 0.110 0.088

MF refers tathemagnetic fraction of the BAample.

NF refers to th@on-magnetic fraction of the BA sample

SF stands for the sink fractidrom the density tests of the BA sample,

FF stands for the float fraction from the density tests of the BA sample,

SG stands for the specific gravity

V refers tothep-value < 0.05



The results unveiled significant differences in the distribution of Sc, Fe, Mn, Co, Ni, and Sn between
MF and NF.The testindicatal that the elemeant distribution mentioned aboveid change through
magnetic separation. Regarding the flsiaik separatiorat 2.95 SGand elemental redistributipnesults
shown thath total of 8 elements, Sc, Ti, Fe, Mn, Co, Ni, Cu, and Zn, are statistically different between the
FF and SF. These outcomes are consistent with the enrichment ratio indicator calculatednid.Setti
where most elements were enriched. Sc, Ti, Fe, Mn, Co, Ni, Cu, and Zn distribution was changed through
the density test performed 2.6 SG. However, théstitatl analysis unveils differences in the distribution,
but it is limited to determining the enriched fraction. For example, tredye forthe Sc distribution after
the density test at 2.95 was 2.56 ®lihdicating a significant difference betweer tink (SF) and float
fraction (FF). However, the enrichment ratio index from sectib8.1was slightly over 0.5 among the

different particle size fractions.

To address this limitation and evaluate the influence of the size fraction in the redistribution of the
elements after each separation process (magnetic separation and density test), a parameter previously used
by other researchers (Kukier et al., 2003; La &t . , 20009; We i et al ., 2017) , N
(EC) was used. This parameter indicates the presence of an element in the concentrate stream compared to
the tailing streamlt is calculatedollowing the equation (9)where® represent thassay otoncentrate of
thei elementin thej size fractionin the magnetic stream or sink fraction @andepresentshefrom non

magnetic stream or float fractioagcording to the testeingevaluaed

05 M. 9)

The relative enrichment coefficient of valuable elements from the magnetic separation and density
separation at 2.95 SG and 2.6 SG are showilite 5 andTable6 (a, b) respectively. Coefficients greater
than 1.0 for a specific element in a deterrdisize fraction indicate that it is enriched in the magnetic
fraction or the sink material, according to the corresponding process. Overall, Fe had the highest EC value,
followed by Co and Cu in the magnetic fraction, indicating the effectiveness ofatesprto concentrate
these elements and their mineral phases. Likewise, there is a decreasing tendency in the EC values when
reducing the particle size, suggesting a correlat]

concentration.
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Table 5. Relative enrichment coefficient of valuable elements in the magnaterialper size fraction of
the UB sample

Enrichment coefficient (EC) by size fraction
Elements
-50/+100 -100/+170 -170/+200 -200/+325 325 | Average
Ti 1.91 1.79 1.86 1.67 1.63 1.77
Sc 2.28 2.27 1.88 1.13 1.98 1.91
Fe 5.03 4.13 3.07 4.02 2.59 3.77
Cu 3.41 1.77 1.47 1.92 1.13 1.94
Zn 1.67 1.52 1.61 1.84 1.03 1.53
Mn 1.32 1.05 1.39 1.77 1.13 1.33
Co 3.20 2.25 1.67 1.42 1.68 2.05
Ni 2.27 1.46 1.29 1.07 1.46 1.51
Sn 1.45 1.53 1.53 1.60 1.21 1.46
\Y, 0.95 1.02 1.20 0.93 1.13 1.04

Therelative EC from the floatsink at 2.95 SGoresented ifmable 6 suggesta highprocesisg
efficiencyto concentratd-e, Cu,Mn, Co, and Nj with average values of 5.68.97,3.01, 4.97, and 3.92,
respectivelyHowever, a significant variance can be observed in the enrichment coeffafiémds/n and
Ni in the coarse fraction of the samglempared to the fine fractiohe comparison betwedhe EC in
the coarse and the fine fraction, steal& reductiorof 79,80, 68 75 and64 absolutepercentchangen Fe,
Cu, Mn, Co, and Ni, respectivelyhese outcomes indicadecorrelation between tleel e m enmrichmmeint
through the density separatiand the particle sizesimilar tothe phenomenon describedthe magetic
separatiorsection As for the 2.6density separation process fed with the fiioattion from the 2.95 SG
density testthe overall EC values amonsiderably lower than the EC values obtained thraliglother
separation methogdmost likely due tahe lowassayof the valuable elemenits the feed streantikewise,
as previously concluded in sectidrB8.1, the Sccannot be efficientlyenriched by floatsink regardless of
the cutoff density used
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Table6. Relative enrichment coefficient of valuable elements irsthke materiafrom the density test at
(a)2.95 SGand (b) 2.6 Ser size fraction of the UB sample

Enrichment coefficient (EC) by size fraction

-50/+100 -100/+170 -170/+200 -200/+325 325 | Average

(a) Elements

Ti 1.34 1.51 1.45 1.18 0.99 1.29
Sc 0.58 0.56 0.52 0.41 0.42 0.50
Fe 9.82 7.40 4.95 4.02 2.05 5.65
Cu 7.07 4.99 3.44 2.93 1.44 3.97
Zn 2.29 2.05 1.68 1.37 0.86 1.65
Mn 4.35 3.85 2.97 2.51 1.36 3.01
Co 5.97 4.77 2.92 2.76 1.47 4.97
Ni 5.25 4.98 4.13 3.36 1.89 3.92
Sn 3.24 1.81 1.22 1.05 1.04 1.67
\% 1.28 1.19 1.10 0.87 0.80 1.05

Enrichment coefficient (EC) by size fraction
(b) Elements

50/+100 -100/+170 -170/+200 -200/+325 325 | Average

Ti 2.07 2.10 1.10 191 1.25 1.68
Sc 0.82 0.90 0.48 0.57 0.71 0.69
Fe 1.83 1.72 1.49 1.80 0.93 1.55
Cu 191 2.56 1.24 1.43 1.12 1.65
Zn 1.92 1.87 1.11 141 1.18 1.50
Mn 2.01 1.88 1.50 1.86 1.17 1.68
Co 1.97 2.78 1.28 1.66 1.18 1.77
Ni 2.63 2.97 1.61 2.50 1.20 2.18
Sn 0.93 1.64 1.05 1.27 1.12 1.20
\Y 1.32 1.30 0.94 1.05 1.01 1.12

The main findings from the physical concentration stwdyethat classifying the sample into the
coarse, middle, and firgize fractions could lead to better metaincentration yieldsLikewise, the
magnetic separation results showed ilmperformance and enrichmeat the valuable elements &
function of the bound of mulinetallic oxides fractionandthe metalsaffinity for Ferich particles The

mineralogical characterization of the magnetic fraction concluded that the maam Eenstituents existed
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in chemical forms of iron oxides, such as magnetite, hematite with substituted varieties, spinel group, and
metallic irclusions.However,nontargeted elements, such as Si, Al, and Ca, aks@enriched because

the Ferich minerals were likely embedded in amorphous siliceous glass or a partially crystallized
aluminosilicate matrixAs for the2.95 SG density testnrichnment ratioshigher than 2.@vere obtained for

Fe, Cu, Co, and Ni in the coarse fraction of the BA fraction, which decreasesrechaingthe size
fraction. The SEMEDX analysis carried outsing the sink material from the density test reveéhed
magnetie,iron chromite copper oxide, copper sulfate and calcium titanatédtee mai n v al uabl e

speciationwith a specifiggravity higher than 2.95.
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Chapter 5 Evaluation of the effect of theparticle size

reduction

The evaluation of theeffect of the particle sizevas performed to assess the intraparticle
heterogeneity of MSWBA. The evaluationconsised of particle size reductions by crushing and grinding
for different residence times. By reducing the particle size, the free specific surface area increases, leading
to the release of valuable metals associated with coarse paiiebesey & Wills(1991) states thathe
critical functionof the comminution precess is to liberate the minerals from each otbeficientmineral
comminutioncanlead tohigher energyconsumptioncostsand thegeneration otltra-fine material that
may be lost or unrecevable in the subsequent mineral procesgdmmasundaran, 1986

As previously described in secti@®B, some of the major and minor mineral phasesarbedded
in the moltenmatrix andin the Si-Ca enricled matrix, which binds the crystalline and metallic fraction
according to thdindings from Mantovani et al(2021) Hence, in order to determirthe intraparticle
heterogeneity and resources potentia BA samplewas goundfor differenttime intervalsunder the
same conditionsAfter eachcomminutionprocess, the gundmaterial was collecte@ndprepared for the
physical characterization tests and elemental composition determination througSI@Ralysisafter
being digested

5.1 Materials and methods

5.1.1 Materials

The BA sample used for thevaluation of the particle sizeas collected from ®asteto-Energy
(WIE) facility in New Jersey, U.S. The sample was transported and delivered on May 24th, 2021, to the
Mineral Processing Laboratory ¥irginia Tech in closed plastic buckets. Before analysis, the BA sample
was placed on a flat surface in an approximately 3 cm thick layer and subjected to 5 to 7 dayryiofjair
at room temperature. Once the sample was dry, coarse objects and nikieiials, glass, ceramic, and
norrmineral materials were sorted by hand. Subsequently, the sample was piled inteshagmttheap
andthen the top of the cone was flattened by pressure. Further, the flattened sample was split into four
portions, and the opposite portions were mixed and split again to ensure homogeneity. twdotal,

subsamples were taken and analyzed

5.1.2 Physia@al characteization
In order to determine the effect of the particle size evaluated as a function of the grinding residence

time, on the physical propertiesd valuable elements recovery frime BA sample, a sequence of physical
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separationtests were performedafter the comminution process. These testsluded particle size
distribution, magnetic separation, and froth flotatibhe physicaltest were carried outto evaluate the
samplasoparticle size, magnetic susceptibilidensity and surface hydrophobicitygpertiesandhowthey

correlaed with the differenttotal grinding time. The magnetic separation tesasperformed following

the conditions previously described in sectton.1.2

5.1.2.1 Particle size reduction by grinding

The comminution process was performed in a Wet Batch Laboratory3diiles 01HD attrition
mill (Union Process Inc., Ohio, U.S.). The grinding process was carried out with the samples at 25% solid
concentration with a total &.8 kg of Type 5210Chrome Steel Balls (Union Process Inc., Ohio, W§.)
1/ 4nj data motationalrspeed of 400 rpmhd residence time chosen to perform plagticle size
reductionis shown inTable 7. After each comminution process, the samples were colldotethe
following tests

Table7. Grinding residence time used.

Test Internal sample codg Residence time (m)n
1 UB-1 10
2 UB-2 30
3 UB-3 60
4 UB-4 90

5.1.2.2 Flotation tests

The flotation test was carried out using-b thenchscale Denver flotatiomachineThe slurry was
brought to a solid concentration of 5% and thoroughly mixed using aspiegd overhead stirrer. Then, a
pH regulatorwas addedollowed by 5 min of conditining time. Subsequently, diesel was added as the
collector, and five more min of conditioning time waken The pH was monitored and adjusted during
the conditioning timeas needed. Once the desired pH was reached and stabilized, one drop of methyl
isobutyl carbinol (MIBC) was added into the slurry to promote bubble gener&diowing another 5 min
to float theslurry, the concentrateand the tailings (nofloated material) weré¢hen collected, labeled,
filtered, and driedor further analges Thefroth flotation experiment set up is illustratedfingure50. It is
worth noting that e purpose was to evaluate whether flotation is viable, not to optiitoizetion
performance; thus, only a few tests were condudtable8 lists the experimental conditions used for the

froth flotation tests.
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Figure50. Froth flotation experiment set up.

Table8. Experimental conditions used for the froth flotation tests.

Test No. | Conditions
1 0.168 g/ton Diesel, pH 8.8 (pH was adjustéth HCI)
2 0.338 g/torDiesel, pH 9 (pH was adjustedth HCI)
3 0.084 g/ton Diesel, pH 9 (pH was adjustgth HCI)
4 0.168 g/ton Diesel, pH 12 (no pH adjustment)

Diesel is a on-polar hydrocarbonil widely usedas collector in coal and organic matter separation
through flotation test because of its capacity to extend the hydrophobic(&fidEneers, 2001)In this
study, the collector (diesel) was added to the system before the frother (MIBC), to facilitate the dispersion
of the insoluble oily collector. Theollectordosagddiesel)wasselectedased on the literature review and
adjusted according to the results and flotation kinetics evaluated in preliminary results. As for the pH,
previous studiegkemal, 2007; Carlson & Kawatra, 201Bave concluded thatigher organic matter
removal can be obtained under slightly basic values.
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5.1.2.3 Acid leaching test

A series of acideaching tests were performed to determine the effect of particle sidgeon
valuable elements' leachability. The test setap previouslyshownin Figure19, and the test conditions
were setupbased on the sample characterization and valuable elements' leachability determined and
described in sectio®.3. Theleachability and recovery of thaluable elementwas evaluated at different
lixiviant concentrations to determine the acid concentration influencehaneffect of particle size as a
function of the grinding timelLikewise to evaluate the valuable elemetdgachability kinetics5.0 g of
solid sample was mixed wittDO mL of HCI atl.0 M. Representative samplagre takerfrom the slurry
at 5,30, 60, and 120 min for a total leaching duration2ofi. The liquid fractions collected were centrifuged
at 4000 rpm for 3 min, and directly subjected to elemental analysis, while the solid fractions were dried at
60 °C for 12 h and digested using HCI, HN@d HFto determine its elemental compositi@ecording to
the equations (4) and (6) described in Sec?@3.3and2.2.3.4 respectively

5.1.2.4 Elemental compositioninductively coupleglasma spectrometrf{ifCP-MS)

Thetotal elements composition and valuable metals conteéheiny-productsgeneratedrom the
different residence grinding tirmeof the BA sample were determindy inductively coupled plasma
spectrometry (ICRMS) analysis. The solid samples were ashed farnace at 750 °C for 2 h to remove
the unburnt organic materiafhen, the ashed material was digeateihg aclosed microwave digestion
system (Multiwave GO Plus, Anton Paar, USAhe sample preparation consistefdadding9 mL of
hydrochloric acigd3 mL of nitric acid, and 2 mL of hydrofluoric acid of trace metal grade to @XiGhe
solid sample in a digestion vesdedr this procedurethe vessels wereeatedo 185 °C for 35 minOnce
the process was complete, the samples were diluted 10ntis% HNG solution and analyzed using a
Thermo Electron iCARRQ inductively coupled plasma mass spectrometer-MSP per Standard Method
3125B (APHA, AWWA, and WEF, 1998) at Materials Characterization Lab of Virginia Tech. Samples

and calibration staraads were prepared in a matrix of 2% nitric acid by volume.

5.2 Results and discussios

5.2.1 Size fraction characteriion and elemental composition

The particle size characteristics and the valuable elements redistribution caused by ball milling
were evaluated othe MSWIBA sample.The particle size distribution was measured after 10, 30,60,90
min of grinding, and results are presente&igure51. Thedistribution was linearizedssuming a Rosin
Rammler distribntion. Theparameters and calculation for each data ser from the sieve analysis are presented
in Appendix A.From the figuretican be noted thafter 60 min of grindingnore than 90% of thearticles

in the BA sample have a diameter bel®@microns Furthermore, most of the size reduction comes from
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the particledbelow 200mesh,which on average sharply increased about 30%hetotal distribution. A

study conducte@ond (1953)called thethird theory of comminutiorgoncludedhatas for grinding, small
particles require more energy for particle breakage than large padidet® interparticle heterogeneity

and conglomeratns This could represent a limitation because 70% of the BA sample are particles that
belong to a size fraction below 100 mesh, which could imply a higher energy consumption to comminute

and reach the liberation patrticle size.
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Figure51. Particle size distribution of the BA sample subjected to diffegenting times.

The redistribution of the valuable elements in the BA sample was evaluated after 10 and 30 min of
grinding time and then compared with the elemeraatposition and valuable elements distribution from
the raw sample described in sectibfi.1 The results shown th&@in was enriched in the finer fraction in
theraw BA samplgFigure52(a)), but when grinding the sampler up to 30 min, an even redistribution
among the particle sizecan be observedFigure 54(a)). According to Loginova et al. (2019}his
phenomenon can bexplainedby theincrementof the specific surface aregenerated byhe grinding
process that promotes the adherenfcEn compoundsAdditionally, based on the elemental composition
and speciation, it is worth considering the formation of Zinc hydroxide as a result of the interaction of the
Zn compounds from the BA sample and the water addpdrformthe comminution process. According
to the Standard molar Gibbs energy of formatiqm&f) of the Zinc Hydroxide-655.9 kJ/mol) reaction is
spontaneous, and likely to coat the new fine particles generated by the grinding gRuss&
Anatolievich Kipe, n.d.) The Fe content in the BA raw sample tends to decrease with the particle size,

suggesting that the Fe is enriched in the coarse fraction. This tendency continues after 10 min of grinding
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time, as shown ifrigure53(a). However, after increasing the grinding time to 30 min, the Fe distribution
in the sample exhibits a normal distribution, with the highest enrichment ratio {5200 mesh size
fraction.Similar results were previously obtained ¥go et al. (2014)who concludedhat theparticle size
reductioncaused byhe abrasiortompression mechanisms involved in the ball millfiagprs themobility

and redistributiorof the heavy metal and rare eagfementsamong the different particle size intervais

the BA sample.In contrast Ti and Sc content and distributishowed insignificant variance when
comparingthe patrticle size fraction in the raw BA sample, showRigure52(a), the 10 min ground by

product presented iRigure53(a), and the 30 min ground byroducts shown ifrigure54(a).

As for the minor elements in the raw BArmsple shown irFigure52(b), Mn, Co, Ni, Sn, and V
distributions showed an even enrichment among the size fraclibisswasmost likely due to the low
concentratiorof the mentioned elements in the middiee fraction. However, after 30 min gfinding,

Mn, Sn, and V showed an even redistribution in the different particle sizes, with slight fluctuations among
the +75 and150/+200 mesh size fractio(Bigure54(b)). These results are consistent with the Loginova

et al. (2019) study, in which a comprehensive characterization of the particle size $rattlten MSWH

BA was carried outLikewise, it is worth notingpossiblesourcesof contaminatiorintroduced during the
grinding processaused by thased of stainlessteelballs that could increase or modify the V contamd
distribution in the BA sample®Regardingthe contents of Co and Ni in the raw BA sample, tless a
smooth content increment in the coarse fragtfogure52(b)). Enrichment that after 10 min of grinding i
redistributed in the different particle sizgsgure53(b)). Thiscould be caused by the low content of these
elements in the original sample. Similar results wemeviously observed by Yao et al. (2014), who
concludel that the comminution process, either through continuous fluidization or ball milling, does not

impact the mobility and redistribution of elements presg¢theppm level.
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Figure52. (a) Major and (b) minor elementsstiibution persize fraction from theBA raw sample
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Figure53. (a) Major and (b) minor elements distribution per size fraction from the BA safiptel0
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Figure54. (a) Major and (b) minor elements distribution per size fraction from the BA sampl@@fter

min grinding time.

5.2.2 Flotation test

The flotation tests were conducted to determine whether the remaining organic matter in the BA

sample could be removed and therefon@rove the valuable elements' concentration and recuperation

without optimizing flotation performance; thus, only a fevste were conducted. Likewise, the correlation

between the froth flotation recovery, the unburned carbon removal, and the particle size of the sample were

assessed. The flotation performance was evaluaiger four test conditionsased on two parametetise

valuable elements recovery and the loss of ignition of the samples subjected to a different grinding time as

described iTable8. The loss of ignition refers thié total amount of material lost, including organic matter
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content and the CQost from carbonateslhe LOI wa calculated following equation (3) described in
section2.2.3.2 The results of the loss of ignition calculated for the concentrate stream according to the
different grinding times and test conditions are present@de9. The raw BA sample, which is the feed
material, has an average of 144®ss of ignition. Nevertheles§able9 revealed a considerable reduction

in the organic matter content under Test 2 and Test 3 conditions. In contrast, the loss of ignition of the
concentrate byroducts from the froth flotation obtained under the Test 4 condition were lower than the
raw material but higher than the results obtained following the Test 2 and Test 3 conditions. These results

suggest a correlation between the test efficiency in removing the organic matter and the pH of the slurry.

Table9. Loss ofignition of the concentratgtreamgenerated by the forth flotatidests

Test1 Test 2 Test 3 Test 4
UB-1 6.63 % 5.23% 3.23% 11.10%
UB-2 6.55 % 4.25% 4.13 % 7.10%
UB-3 7.72% 6.45 % 6.43 % 9.13%
UB-4 11.87 % 10.38 % 10.42 % 12.38%

As for the valuable elements' recoveBjigure55 (a-€) presents the enrichment ratio of the major
elements (Ti, Sc, Fe, Cu, and Zn), achieved after the organiermatioval and the likely liberation of the
element associated and embedded ifihie graphs are presented by valuaienentsandeach line color
representhe result®btainedunder different test conditions, while each agirs to the different grding
times. The literature review states thanber grinding times expose the organic matter and liberate the
elements associated with fthis phenomenon benefiise interaction between the reagents and the solid
material, favoring the valuable elements concentration. Valuable elements, suam@se(iFigure55 (a,
¢)), were slightly enriched when the sample was ground for 60 min and thewhsrffoatedunder Test 2
and Test 3 conditions, which reduced the organic matter to 6.45% and 6.43%, respectively. The results for
S¢ Cuand Zn(Figure55 (b, d, e)) exhibited higher enrichment ratios when the sample was ground for less
than 60 min. These results indicate that efficient organic matter removal and short grinding times can
contribue to the liberation of these elements. Among all the conditions used to conduct the flotation tests,
the lowest loss of ignition percentage and highest enrichment ratios were obtahestest 2 conditions
and under shorter grinding timeshis suggest that the generation of fine particles could worsen the

flotation performance.

Regarding the test conditions, the lowest organic matter content andtleighehment ratios were
achieved in most valuable elements when the pH was stabilized between 8.8 to 9.2 and controlled

throughout the test. For example, the enrichment ratios achieved for Fe when the pH was not adjusted (Test
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4) were below 1.0 regardlegkthe grinding time. These results can be explained by the electrostatic force
changes caused by the shifts of the zeta potential led by the pH affecting the dispersion and particles'
aggregation (Kemal, 2007; Carlson & Kawatra, 2013). Concerning trectmlldosage, 0.338 g/ton used

in Test 2(depicted in blue ifrigure55), appears to favor the organic matter removal but saturated the slurry
because it does not sijoantly improve the overall major elements concentration compared to the results

obtained using 0.168 g/ton of collecfdepicted in red ifrigure55).
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Figure55. Effect of the grinding residence tinoéthe BA samplén theenrichment ratiof (a) Ti, (b) Sc,
(c) Fe, (d) Cu, and (e) Znom a forth flotation carried out under different set up conditaewsribed in
Table8.

The enrichment of the minor elements (Mn, Co, Ni, Sn, and V) achieved through the froth flotation
tests are shown iRigure56 (a-e). It can be observed frofigure56 (a-€) that the pH strongly correlates
with the overall performance and valuable elements concentration. Similar results were observed with the

major elements and prieusly described irFigure 55 (a-e). Breitenstein et al. (2016) determined that

slightly alkaline values favor the minadl phasbsland el e me
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