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Municipal Solid Waste Incineration (MSWI) Ash Characterization 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 recovery. The first study of this
thesis investigated the physical, chemical, and mineralogical characterization of MSWI-BA 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, and a float-sink test. As for the
chemical and mineralogical characterization, the sample was subjected to XRD, XRF, SEM-EDX, and
elemental composition analysis. Additionally, sequential chemical extraction and acid-leaching tests were
conducted. The results from this section revealed that carrying out a combination of beneficiation processes
using the MSWI-BA sample previously classified into the coarse, middle, and fine-size fractions could lead
to better metal concentration yield and recovery optimization. The wet magnetic separation showed
outstanding metallurgy indicators towards Fe, with enrichment ratios close to 2.0 and recovery values near
to 80%. Metals such as Cu and Co were also enriched by 1.51 and 1.66, respectively, suggesting that the
magnetic separation performance and enrichment are a function of the bound of multi-metallic oxides
fractions. The 2.95 SG density test reached enrichment ratios higher than 2.0 in Fe, Cu, Co, and Ni in the
coarse fraction of the BA fraction, which decreases when reducing the size fraction. 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. Complementary 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 were copper oxide, copper sulfate, and cupric sulfite. While, the
main Fe-rich 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 magnetic separation can be explained by the presence of metallic inclusions, where these
elements exhibit an affinity for the iron-bearing particles. The acid leaching test revealed that metals such

as Fe, Mn, Co, Cu, and Zn can be efficiently leached by using 1M HCI within the 30 min of reaction.

The second part of this research study constituted the evaluation of the effect of the particle size
reduction, which was performed to assess the intraparticle heterogeneity of MSWI BA. The evaluation
consisted of particle size reductions by crushing and grinding for different residence times and then

subjecting the sample to a sequence of physical concentration tests, such as particle size distribution, froth



flotation, and wet magnetic separation. Additionally, the elemental composition after each test was
determined through ICP-MS analysis to compare the particle size effect in the recovery and concentration
of the valuable elements. The elemental composition results revealed that the comminution process
promotes the interaction of Fe, Zn, and Cu, in the fine fraction, by generating more surface area. In contrast,
the minor elements were not significantly enriched by 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 using 0.338 g/ton diesel as a collector,
adjusting and controlling the pH between 8.8 to 9.2 throughout the test, the 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 were observed in the concentrate stream of the forth flotation,
suggesting that these elements are associated with the organic matter in the BA sample. In contrast, the wet
magnetic separation results revealed significant enrichment ratios of Fe, Mn, Co, and Ni after 10 min of

grinding.
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GENERAL AUDIENCE ABSTRACT

The Bottom Ash (BA) generated by the incineration of household solid waste has been identified
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 this research 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 was evaluated. The results suggest
that Ti, Fe, Cu, and Zn are the major and most valuable elements, while Mn, Co, Ni, Sb, 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 declared 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 metric tons, respectively. 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
reduce the third-party 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 lifecycle while reducing landfilling disposal.
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Preface

This thesis is composed of six chapters in a traditional format. Chapter 1 presents the introduction
and literature review related to the Municipal Solid Waste, generation, composition, and management. It
also presents an explanation in detail about the “Energy recovery” process and the developments registered
in the literature regarding the recovery of the valuable elements identified in the by-products generated
during the combustion process. Chapter 2 describes the materials, samples and methodology used to carry
out this research. The characterization, physical concentration and the evaluation of the particle size
reduction results obtained in this research are present in Chapter 3, 4 and 5, respectively. The overall
conclusions and recommendations for future work are presented in Chapter 6. Permission for release used
and adaptations of the figures used in Chapter 1 from the corresponding authors and publishers can be seen

in Appendix B.
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Chapter 1 Literature Review

1.1 Municipal Solid Waste

Municipal solid waste (MSW), as the name implies, is waste generated from different sources such
as households, shops, offices, public institutions, etc. (Tiseo, 2022). Its management has become a
worldwide major issue in terms of public health, land-use, pollution and economic development. Globally,
2.01 billion metric tons of MSW were generated in 2016, from which at least 33% was not properly
managed and disposed. East Asia and Asia-Pacific Rim Countries have the highest waste generation with
468 million metric tons per year, followed by Europe and Central Asia with 392 million metric tons.

Together, this represented 43% of the total global production according to the World Bank (Tiseo, 2020).
1.2 MSW generation by region

Some studies have found a positive correlation between MSW generation and economic
development, urbanization and industrialization and population (Kaza et al., 2018). Usually, waste
generation increases with the increase in goods and services consumption. The same tendency is followed
by urbanization and industrialization rates. Studies have shown that rural areas tend to purchase fewer store-
bought items, which means less packaging disposal. In addition, rural residents have higher rates of
recycling and reusing of discarded materials compared to the urban areas, where more than 50% of the
world population is concentrated. Kaza et al. (2018) designed a prediction model to determine MSW
generation at a specific time, in which the correlation with economic and population growth is assumed.
Figure 1 (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 of tons per year.
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 kg/capita/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 East and North 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%.
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Figure 1. Waste generation and urbanization rate by region. Used with the permission of World Bank
Group.

Currently, the average waste generation per capita is 0.74 kg/day. However, this index is highly
variable according to the regional differences in waste generation rates. Countries known for their high
income, such as the United States which concentrates less than 5% of the global population, generates
almost 14% of the global solid waste, for an average of 2.21 kg/capita/day. From East Asia and Asia-Pacific
Rim Countries, China accounts for 70% of the regional total solid waste, corresponding to 15.55% of the
global MSW production. However, its actual per capita waste generation is only 0.6 kg/per day, because
this country concentrates 18.47% of the world's population.

Figure 2, taken and adapted from the World Bank “What a waste 2.0” report from 2018, summarizes the

waste generation per capita per region.
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Figure 2. Average waste generation per capita by region, 2016. Adapted from 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 of the adaptation and are not endorsed by The World Bank.
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The United States Environmental Protection Agency (EPA) has been collecting and reporting waste
generation and disposal data for over 35 years. Figure 3 shows that over the past 60 years, the U.S. increased
its MSW generation rate from 88.1 to 292.4 million metric tons per year (Tiseo, 2022). World Bank studies
suggest that the increment is due to the high urbanization rate and economic development, evaluated
through Gross Domestic Product (GDP) growth. The GDP is the total value of goods and services that a
country provides in a specific time period. Thus, MSW generation also increases as a country’s industry
expands and its output grows. Kaza et al. (2018) projection determine that the U.S.’s total MSW generation
is expected to grow gradually given that its urbanization rate it’s above 85%, compared to the developing

countries with urbanization rates below 70%.
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Figure 3. U.S. municipal solid waste generation 1960-2018. Adapted from Environmental Protection
Agency, 2020a2.

1.3 MSW composition

MSW composition may vary according to the area (rural or urban), season, income level, and
urbanization. Nevertheless, at a general level, MSW composition categories are organic (e.g., food and yard
trimmings), paper, plastic, glass, metals, rubber and leather, wood and other. The largest category based on
dry weight is food and green waste (organic), representing 44% of the MSW composition. Yet, plastic,

paper, cardboard, metal, and glass make up 38% (Figure 4) (Kaza et al., 2018).

2 This is an adaptation of an original work by the U.S. EPA. The U.S. Government retains a nonexclusive, royalty-
free license to publish or reproduce these documents. These documents may be freely distributed and used for non-
commercial, scientific and educational purposes.



4%

34%

12%

[ Food and green
Glass

[ |Metal

[ | Paper and cardboard

[ | Plastic

Rubber and leather

| Wood

I Other

Figure 4. Global waste composition. Adapted from Kaza et al., 2018.

Regarding the composition of MSW generated in the United States, there are slight differences
compared to the global average composition. These differences according to Kaza et al., 2018, Syc et al.,
2018, and Muchova et al., 2008, are due to the nation's development, urbanization, and economic activities.
Figure 5 summarizes the U.S. MSW composition. Food and garden trimmings represent less than 35%,
which is about 10% lower than the global average. While metals and rubber and leather categories account
for larger proportions than the global averages (4.8% and 6.9% higher, respectively) (Environmental

Protection Agency, 2020a).
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Figure 5. United States’ waste composition. Adapted from Environmental Protection Agency, 2020a3.

% This is an adaptation of an original work by the U.S. EPA. The 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 for non-commercial, scientific and educational 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 live in areas without MSW collection services or within 10 km of
uncontrolled landfills (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, 2020b). Figure 6 outlines the preferred, environmentally
conscious strategies to manage MSW, focusing on preventing and reducing the generation from the source,
followed by recycling and composting, 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 recovery. It involves
taking advantage of the heat and energy produced by the combustion of non-recyclable materials. Among
the benefits that energy recovery presents are the reduction of carbon emissions by reducing the demand
for fossil fuels and the methane generated from landfills. In addition, it helps to reduce the waste volume
sent to dumpsites. Finally, the last strategy would be the waste disposal into controlled dumpsites or sanitary

landfills, with management practices and engineered design (leachate and gas collection).
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Figure 6. Waste Management Hierarchy. Adapted from Environmental Protection Agency, 2020a*.

The report presented by the World Bank in 2012, entitled “What a Waste: A Global Review of
Solid Waste Management” compares the strategies for managing MSW according to the income level of
the different regions. The three categories according to income are: low, medium, and high. Low- and

middle-income countries do not generally have structured programs to reduce MSW generation. In contrast,

4 This is an adaptation of an original work by the U.S. EPA. The 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 for non-commercial, 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 of MSW use, production design and reuse. Regarding recycling and composting, the
informal collection and recycling sector plays a fundamental role in low- and middle-income regions,
causing the prices for recycled products to be unregulated, and generating a high price fluctuation. In high-
income countries, recycling facilities are regulated and equipped with technologies for selection and
processing. Likewise, MSW management through composting, both on large and small scales, has become

more popular (Hoornweg & Bhada-Tata, 2012).

Regarding the implementation of controlled waste incineration as a strategy to manage MSW, only
regions with medium and high incomes implement it. However, some incinerators’ operations in middle-
income areas are usually financed or subsidized because they are not economically viable on their own.
Finally, landfilling occurs more frequently in low-income regions, without environmental or emission
controls, near urban centers, aquifers, or bodies of water. In the areas with medium income, it occurs in a
similar percentage. However, the medium income areas have environmental controls and regulations with
projections to the Clean Development Mechanism Project that allow reducing the emission of greenhouse
gases (GHG) (Hoornweg & Bhada-Tata, 2012).

Figure 7 shows the world’s MSW management statistics. About 40% of the global MSW generation
is disposed of in landfills, while 19% is 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 design that guarantees safety and security or environmental
sustainability (Kaza et al., 2018). The wealthier countries have shown better MSW management due to the
availability of investment in more technical processes and awareness campaigns. In the United States,
compared to the global distribution, the percentage of MSW 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 global trend.
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Figure 7. Global Waste Treatment and Disposal. Adapted from Kaza et al., 2018°.

1.5 Energy recovery

As was previously mentioned, this strategy consists of the controlled combustion of MSW that allows
heat recovery and energy generation. This technology can reduce the volume of waste disposed of by up to
90% (Kaza & Bhada-Tata, 2018). The MSW incineration has been widely used historically, but the
potential to be an energy source in addition to a waste management solution is presented as an innovation.
However, the associated investment, maintenance cost, and high technical capacity make it a solution
primarily used in high-income countries. The trend to manage MSW through energy recovery and
controlled incineration in the 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, which represents 12% of the total MSW
generated. Over the U.S. territory are 75 facilities (also called waste-to-energy, WtE) that generate about

550 kWh per ton of waste (United States Environmental Protection Agency, 2019).

Figure 8 illustrates 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
chamber 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 system that uses the heat to produce steam for electricity

generation. However, throughout the process, by-products are generated, like Fly Ash (FA), composed of

® 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 of the adaptation 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 and treated through
a highly advanced air pollution control (APC) process prior to being released into the atmosphere. FA
represents ~3-5% by weight of the MSW processed (Kaza & Bhada-Tata, 2018). A second by-product
called Bottom Ash (BA) is generated, and as the name implies, it is deposited at the bottom of the
incineration chamber (Mutz et al., n.d.). BA’s annual production is approximately 25-30% by weight of the
total incinerated MSW (Wang et al., 2021) and 80-90 wt.% of the total solid residues from the incineration
process (Kaza & Bhada-Tata, 2018).
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Figure 8. Schematic diagram of Waste to Energy facility. Taken from Kaza & Bhada-Tata, 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 content in MSWI ashes due the environmental concerns
(Wang et al., 2021; Pan et al., 2013; Reimann, 1989; Zhang et al., 2008). The studies agreed that BA is a
heterogeneous material, and its composition may vary according to incinerated MSW composition,
combustion conditions and incinerator type. Kinnunen, 2006, states that due to the heterogeneity of BA, all

BA particles have discrete chemical and physical properties.

In a general, it was determined the main heavy metals contained in the by-products were, in
decreasing order, Zn > Pb > Cu > Cr > Ni > Cd, but their concentrations are higher in the fly ash samples
than in the BA samples. The high heavy metal concentration in the fly ash results from the FA’s fine

particles that provide sufficient specific surface area for metal enrichment. According to Kinnunen, 2006
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the Cd and Cr source are colored newsprint and plastic house ware, while Ni and a portion of the Cd come
from batteries. The major sources of Pb are plastic films, wood, textiles, and PVC. Electrical appliances are
the main Cu source in the MSWI by-products.

Bunge (2019) reported that bulk BA has a density of ~1.2 t/m?, which could increase up to 1.5 t/m3
through compaction. The major components in the BA material are classified into mineral fraction, slag,
native metals, unburnt organic matter, and grit. Figure 9 shows the components distribution in the BA
matrix. The mineral fraction has diameters bigger than 2 mm and usually comprises glass, porcelain, tiles,
and cement particles. While slag is molten material partially 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
material, presenting some weakly magnetic properties. The native metal fraction represents ~11%,
comprising ferrous (Fe) and non-ferrous metals (NFe). According to the study by Syc et al. (2018), ferrous
metals can be 5-13% (mainly iron scrap) and 2-5% non-ferrous metals by dry weight. The unburnt organic
matter comes from the paper, cardboard, leather, and wood contained in the MSW feedstock. Grit is the

fine particles from all the previous categories plus metal oxides.

| Mineral fraction Slag Metals Organics Grit (<2 mm)

Figure 9. Bottom ash composition. Used with the permission of Bunge, 2019.

Jung & Osako 2009 performed water extraction tests on 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 results showed that 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 neutral pH. Wang et al. 2021 also studied the variables that could contribute to the heavy
metals leaching. Mn and Cr leaching behavior is associated with pH, chemical oxygen demand (COD),

chloride ions and alkalinity. In contrast, the leaching behavior of Zn and Cu are mainly subjected to pH and



alkalinity variables. Some other variables that could affect the elements’ leaching properties are waste

content as organic matter, heavy metals species, and chemical bounds.

Nevertheless, studies like Syc et al., 2018; Muchova et al., 2008; Morf et al., 2013; Funari et al.,
2015, and Park et al., 2021 have found significant concentrations of valuable elements which generate a
new perspective on MSW as a secondary source of these elements. In fact, Jung & Osako 2009 stated that
Ag, In, Pd, Pb, and Zn contents in the FA samples are higher than the natural mineral occurrence. Park et
al. (2021) established that BA and FA contain 185.80 mg/kg and 179.19 mg/kg of rare earth elements
(REE), respectively. The results from a study conducted by Morf et al. (2013), showed an average
concentration of 11 mg/kg, 120 mg/kg of Co and Ni, respectively, and 74 mg/kg of Sn, and 11 mg/kg of V

in an MSW incinerator from Hinwil, Switzerland.

Funari et al. (2015) sampled untreated BA and FA residues to determine their elemental
composition and major chemical compounds through the analytical techniques of inductively coupled
plasma spectrometry (ICP-MS) and X-ray fluorescence spectrometry (XRF). The results showed that silica
(SiOy) and calcium oxide (CaO) are the main constituents for both by-products, with concentrations higher
than 30g/100g and 20g/100g, respectively, for BA samples. On average, FA samples contain >30g/100g of
CaO and about 10g/100g of SiO,. The iron content is about10g/100g expressed as Fe,O3 and ~8 mg/kg of
Al,Os in the bottom ash samples. The titanium and magnesium content are present as oxides with an average
concentration of 1.25 mg/100 mg and 5.16 mg/100 mg, respectively. As for the FA results, Al,Oz, MgO,
and KO concentrations are around 5g/100g, while Fe;O3 and TiO> content are <3 g/100 g. The magnesium
oxide (MgO) present in the by-products could be derivates from metallurgical processes, electronic devices,

and agricultural fertilizer.
1.7 Developments in Valuable Elements Recovery from MSWI by-products

In recent years, the increasing need, use, and production of modern high-tech has increased the
demand for raw materials and the production of metals. However, natural resources and mineral deposits
are limited, which have led to an expanded search for resources that can meet the world's demand for
valuable elements. In addition, the circular economy is a model of production and consumption in which
alternative sources are the main focus, reducing material use and being less natural resource intensive. The
goal would be to make the mining supply chain more sustainable. Hence, energy recovery and valuable
components recovery from MSW make it an integral part of the circular economy model. Figure 10 show

the circular economy model applied to the MSW process.
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Figure 10. The circular economy model applied to the consumer goods lifecycle from MSW. Taken from

Kinnunen, 2006. Used with the permission of Helsinki University of Technology.

Several studies have been conducted under the premise that MSWI contains potential economic
levels of valuable elements and, therefore, would be considered an alternative source of such elements, like
Funari et al. (2015) who concluded that the average elemental and chemical compounds concentration in
MSWI is comparable to economic ore concentrations. Since the 1990s, several technologies and flowsheets
for downstream processing to metal recovery (mainly for NFe metals) have been developed and some of
them have been applied in WtE facilities on an industrial scale. The Syc et al. (2020) article presented a
comprehensive review of the different technological approaches 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 factors for the recovery efficiency. Mechanical
processing and physical separation are widely used to process, concentrate and recovery metals from the
bulk BA matrix (Bunge, 2019). Magnetic susceptibility, electrical conductivity, and density are the most

prominent physical properties in metals in the BA matrix.

Many WE 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. Below, the most frequent

pretreatment and treatment methods will be described.

1.7.1 Pretreatment methods

¢ Comminution: Besides reducing the average particle size and shape, the target of comminution is to
reach the liberation of valuable and hazardous elements trapped in conglomerates and BA bulk matrix.
Additionally, by reducing the particle size, a larger surface area will be available for chemical or
physical interactions, thus increasing the recovery efficiency of following treatments (Kinnunen, 2006).
The feed size distribution and the desired particle size are selected parameters to determine which

comminution type is appropriate. The forces applied to achieve the size reduction could be provided by
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crushing, using compression or impact forces, or by grinding, through attrition and abrasion (Wills &
Finch, 2016a). When the liberation size of the particles is bigger than 10 mm, crushing is pertinent
(Wills & Finch, 2016b). Nevertheless, Bunge 2019 mentions that the ductile oversize material like steel
sheets and the unburnt material like wood and paper in the BA could clog the crusher, limiting the
compression crushers' ability to process BA. If the particle size needs to be smaller than 1 mm to achieve
the liberation size, grinding will be better suited (Wills & Finch, 2016c¢).

e Classification: The most common treatment limitation is the particle size, thus in order to obtain
homogeneous and narrow- size fractioned material flows, the comminution product is separated by size
fraction. In conventional MSW processing facilities, the material classification is often carried out on
screens, which allow for the removal of the contaminants and classify the material in two or three
streams (Syc et al., 2020). The oversized items, like large pieces of iron and metal scrap, are usually
removed by a finger sieve or bar sizer (Bunge, 2019). The intermediate size fraction is classified
through a drum or trommel, and the fine fraction is commonly classified by vibrating screens, where
the vibration reduces the blinding phenomenon, in which the screen apertures are plug with pieces of
material (Wills & Finch, 2016d).

1.7.2 Treatment operations

e Magnetic separation: This technique works according to the material's magnetic susceptibility. The
treatment classifies the particles as ferromagnetic or paramagnetic depending on if the particles have
strong or weak magnetic properties. Due to the high magnetic susceptibility, low-intensity magnetic
separation (LIMS) is mainly used for ferromagnetic particles. In contrast, paramagnetic materials, such
as iron oxides and stainless steel, are concentrated through high-intensity magnets (HIMS). Materials
like glass and non-ferrous metals not recovered by the HIMS process are classified as non-magnetic.
In the MWS processing, magnetic separation is often carried out after BA is discharged. In advanced
treatment plants, multi-step magnetic separation is employed for different size fraction streams.
Magnetic separation is regularly used to recover large pieces of Fe scrap, steel cans, and fine magnetic
particles of iron oxides and agglomerate (Kinnunen, 2006). Figure 11 illustrates 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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Figure 11. Scheme of the magnetic separation's working principle. Used with the permission of Bunge,
20109.

e Eddy Current Separation (ECS): It is usually applied after the magnetic separation over the non-
magnetic stream to recover non-ferrous metals like Al, Cu, and stainless steel, based on the conductive
properties. This equipment generates an alternating magnetic field caused by loops of electrical current
induced by conductors (Ramachandra Rao, 2006). The input material enters to the magnetic field and
if particles contain metal, the metal containing material will be accelerated and deflected at a specific
force, which is accordance to the magnet strength, particle mass, density, and electrical conductivity.
In contrast, the non-conductive particles will be unaffected on their regular trajectory. Figure 12 shows
the ECS working principle.

Input material| ——
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Figure 12. Eddy current separation working principle scheme. Used with the permission of Bunge, 2019.
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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; however, small particle size (> 1 mm) and geometry are
the main limitations, because it implies that higher excitation frequencies will be required (about three
orders of magnitude higher frequency). Particles larger than 10 mm subjected to an electromagnetic
field can reach different deflection trajectories, facilitating their separation (Kinnunen, 2006). The 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 non-ferrous particles, the thickness of the feed layer on the belt, and the ECS capacity
(t/h) (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 wet eddy current separators, Magnus
ECSs, and backward operating ECSs. Nevertheless, none have been performed at full scale (Settimo et
al., 2004).

Sensor-Based Sorting is mainly used to separate metal and glass particles. Its working principles are
illustrated in 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 sends a signal to 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 metals in particles larger than 4 mm (Syc et al., 2020). It facilitates the recovery of all metals

even if they are enclosed or trapped in a mineral matrix, regardless of their magnetic force magnitude.
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Figure 13. Sensor sorters working principle. Used with the permission of Bunge, 2019.

X-ray fluorescence and optical sensor have been applied and studied to detect and distinguish materials

based on their physical properties (e.g., color, shape). However, because of the system’s complexity
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and the associated cost, the sensor system is suitable for materials with high economic value (Syc et
al., 2020).

Density Separation: This process is based on the different specific gravities between two or more
elements or components. In terms of MSWI ash, the alloys and the valuable metals, such as gold,
copper, and brass have a specific gravity between 3.2 — 4, while the bulk ash fraction density is usually
about 2.6 kg/dm? (Holm et al., 2017; Syc et al., 2020) The separation process can be carried out either
dry or wet; however, both scenarios have some limitations. When processing MSWI ash, the density
separation can be performed right after the extraction from the incinerator. In this scenario, the particles
will be liberated but wet and clogged. Alternatively, after waiting until the material is dry, the BA will
have gone through a solidification process (Bunge, 2019). Ramachandra Rao, 2006 asserts that a wet
density separation will facilitate and increase the separation efficiency and valuable metals recovery.
Some techniques apply water as the aqueous medium to carry out density separation; however, air and
another aqueous medium with a known specific gravity can be used. Equipment widely used in mineral
processing and, nowadays, in metallurgical waste processing for density separation are the shaking
tables, pneumatic tables, and Jigs. Syc et al., 2020 mentioned some studies that have determined that
10 to 20% of the elemental metals are enriched in the fine fraction (0.5 - 2 mm) and could be recovered
through density separation. The gravity separator has shown significant recovery values for non-ferrous
(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 revealed several studies have been conducted in order to determine the MSWI by-

products composition and their main characteristics, most of them motivated by environmental concerns.

Likewise, significant advances and technological developments have been carried out using incineration

by-products from different WtE facilities across the world to determine the best way to treat, remove or

recover the potential toxic elements. However, a comprehensive characterization and a thorough overview

of the physical, chemical, and mineralogical characterization of the valuable elements in the MSWI by-

products is not yet available in the literature recovery. Therefore, this study aims to enhance the

understanding of the MSWI by-products by carrying out a systematic characterization in order to determine

the most suitable mineral concentration method. The specific objectives of this research are:

Determine the physical, chemical, and mineralogical characteristics of the valuable elements and their

distribution among the MSWI by-products.
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Carry out a systematical physical concentration study of the valuable elements in the MSWI by-
products based on their density, size distribution and magnetic susceptibility.
Subject the samples to different grinding residence times to evaluate the intra-particle heterogeneity

and its effect in the physical properties of the valuable metals in MSWI by - products.
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Chapter 2 Materials and methodology

2.1 Materials

2.1.1 Sample collection and preparation

The BA and FA samples used in this study were collected from a waste-to-energy facility located
in New Jersey, U.S. Every year, this WLE facility processes over 540,000 tons of solid waste and produces
about 500 pounds of ashes for every ton of waste incinerated (Olsen, 2006). The annual electricity generated
is 42 MW. All the samples were transported and delivered to the Mineral Processing Laboratory at Virginia
Tech in closed plastic buckets. Before analysis, the BA sample was placed on a flat surface in an
approximately 3 cm thickness layer and subjected to 5 to 7 days of air-drying at room temperature to reduce
mineralogical changes that could be induced by drying the sample in an oven at higher temperatures. Once
the sample was dry, coarse objects and materials like iron, glass, ceramic, and non-mineral materials were
sorted by hand. On the other hand, the FA sample did not require preparation prior to the following tests.
Each sample was conning and quartering. In total, four subsamples were taken and analyzed. It is worth
noting that in the present research, the elements association, distribution and mineralogical arrangements

will be referred to as minerals, although it does not meet the conditions of its strict definition.

2.2 Methodology

MSWI ash samples were fractionated based on differences in physical properties, such as particle
size, magnetic susceptibility, and density. The wet sieving method was used to assess the particle size
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 high-intensity magnet to separate the magnetic material from each sample. Float-sink test was performed
using a heavy liquid medium to separate the particulate materials based on the specific gravities. A
comprehensive mineralogical characterization study was accomplished. The dominant mineral phases
from the MSWI ash samples were determined through XRD, while the mineral phases of trace elements
were characterized by SEM-EDX. Complementary information was obtained using XRF. To identify
the chemical nature of the MSWI samples, elemental analysis, and leachability tests were performed,
while the loss on ignition and the occurrence modes of the valuable elements were determined. Figure

14 sum the systematic characterization methodology design for the MSWI1 samples.
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Figure 14. MSWI systematic characterization plan.

2.2.1 Physical characterization

2.2.1.1 Particle size distribution:

The BA subsamples were pulverized in an electric mill for a residence time of 2 min, while a non-
mechanical comminution process (mortar and pestle) was used for the FA subsamples. Figure 15(a) shows
the BA sample condition before and after being pulverized in the electric mill, while Figure 15(b) shows
the FA sample non-mechanical comminution. The products generated were used to determine the particle
size distribution through wet sieving, according to the ASTM C92 standard method. The entire samples
were sieved on screens with mesh sized 75 (0.2mm), 100 (0.15mm), 150 (0.1 mm), 200 (0.074 mm), 325
(0.045 mm) and 400 (0.0385 mm), generating 7 different size fractions. The sieving products were dried in

a furnace at 60 °C, and then subjected to further compositional and chemical analyses.

Figure 15. Comminution process (a) BA sample pulverized in an electric mill, b) FA non-mechanical

comminution.
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2.2.1.2 Wet magnetic separation:

Magnetic separation tests were performed using a neodymium bar magnet. A certain amount of the
samples was mixed 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 outside wall of the beaker, and under the
function of magnetic force, magnetic particles were attached to the wall. After that, the slurry containing
the material without magnetic susceptibility was poured out from the beaker and recorded as the non-
magnetic fraction. The 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 content in the fractionation products in the metal content in the feed, and it
is calculated following the equation (1); where c¢;, and f; represent the assay of the i element in the magnetic

stream and in the feed, respectively.

_ G
ER =/, @)
While the recovery (R;) index represents the proportion of a metal in the feed that is recovered into
the fractionation products, and it calculated using the equation (2); where Y represent the mass yield of the
magnetic fraction, and c;, and f; represent the assay of the i element in the magnetic fraction and in the
feed.

R =Y x (Ci/fi) )

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 digested and 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 1SO 1171:2010.

2.2.1.3 Float-Sink test

The float-sink test separates the particulate materials based on the specific gravities’ differences in
a heavy liquid medium, relying on a function of the density’s differences regardless of the particle size.
Considering the MSWI, the valuable metals or alloys have a specific gravity between 3.2 — 4 (Holm et al.,
2017), while the matrix ash fraction density is about 2.6 kg/dm?® (Syc et al., 2020). The density separation

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 a high-speed centrifuge for 10 min at 3000 rpm,
where the centrifugal force accelerated the particles’ separation according to their specific gravities. The
lighter particles floated on the liquid surface were collected, whereas the particles of higher specific gravity
sank. Subsequently, a small amount of raw sample was re-added to the heavy liquid. The procedure was
repeated until the particles of higher specific gravity were enough to further tests. Float and sink by-products
were rinsed several times with hot tap water to remove the residual LMT. Figure 16 illustrate the filtration

step from the float-sink test and the overall experiment set up.

Figure 16. Float- Sink test set up.

2.2.2 Mineralogical characterization

2.2.2.1 X-ray Diffraction (XRD)

As part of the mineralogy characterization the X-ray diffraction analysis was conducted using a
Bruker D8 Advance Twin diffractometer with Ni-filtered Cu-Ka radiation (A = 0.154 nm) generated at a
voltage of 40 kV and a current of 40 mA. The patterns were recorded over a 260 range of 7° to 69° with a
step size of 0.05°. MDI Jade 6.5 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 were analyzed to determine major (> 1 %), and minor (0.1 — 1%) element composition
using a Niton XL2 handheld X-ray fluorescence (XRF) analyzer equipped with a 10 kW Ag tube anode,

located at the Mineral Processing Laboratory of Virginia Tech. To conduct the test, the samples were
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comminuted by hand using a mortar and pestle until a powder material was obtained, and then placed as
loose powder into an XRF sample cup previously assembled.

2.2.2.3 Scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM/EDX)

Scanning electron microscopy (SEM) coupled with energy-dispersive X-Ray spectroscopy (EDX)
analyses were performed to create a comprehensive elemental map and determine the samples'
mineralogical characteristics. Before SEM-EDX analysis, samples were sprinkled on a double-sided carbon
tape mounted on an SEM aluminum stub coated with a 15 nm thick layer of Pd/Pt using a desktop sputter
coater (208 HR, Cressington Scientific Instrument, England, UK). The SEM-EDX analysis was performed
using a JSM-IT500HR SEM (JEOL, MA, U.S.) equipped with an Ultim Max EDX detector (Oxford
Instruments, Abington, U.K.). The spectrum showed values between 10,000 and 100,000 cps and the
accelerating voltage used was between 15 kV and 20 kV. The EDX data was analyzed using AZtech
software (Oxford Instruments, Abington, U.K.). Utilizing AZtech, a ‘Map’ mode was employed over a
selected area to identify the distribution of elements of interest using elemental maps of the area. In contrast,
‘Point & 1.D.” (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 the by-products of MSWI, it was necessary to perform a series of tests
and experiments for which reagents were used. Table 1 lists the chemicals, their grade, concentration,

supplier, and the section that describes the test in which it was used.
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Table 1. List of chemicals used and related information.

) Chemical ) ]
Chemical name grade Concentration | Purchase from Section
formula
o Thermo Fisher 2.2.3.1,
Hydrochloric acid HCI Trace metal 37 wt% N 2233
Scientific, U.S. o
2.2.34
o Thermo Fisher 2.2.31,
Nitric acid HNO; Trace metal 67 wt% L 2233
Scientific, U.S. o
2.2.34
. Thermo Fisher 2.2.31,
Hydrofluoric acid HF Trace metal 50 wt% o 2233
Scientific, U.S. .
2.2.34
. ) Thermo Fisher
Magnesium chloride MgCl, Pure > 99 wt% o 2.2.3.3
Scientific, U.S.
L . Thermo Fisher
Acetic acid CH3COOH Certified ACS > 99.7 wt% S 2.2.33
Scientific, U.S.
Hydroxylammonium Thermo Fisher
. NH;OH-HCL Pure > 99 wt% S 2.2.33
chloride Scientific, U.S.
) - Thermo Fisher
Hydrogen peroxide H>0> Certified ACS 30 wt% S 2.2.3.3
Scientific, U.S.
) Thermo Fisher
Ammonium acetate | CH3COOHNH4 Pure 97 wt% o 2.2.33,
Scientific, U.S. 2233

2.2.3.1 Elemental composition - Inductively coupled plasma spectrometry (ICP-MS)

In order to determine the total elements composition and valuable metals content in the MSWI by-
products, the inductively coupled plasma spectrometry (ICP-MS) analysis was used. The solid samples
were ashed in a furnace at 750 °C for 2 h to remove the unburnt organic material; then, the after-ashed
material was digested. 9 mL of hydrochloric acid (37 wt% concentration), 3 mL 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 procedure is explained in Figure 17Figure 17. The
procedure of microwave-assisted digestion used to determine the BA and FA samples' elemental
composition., which was carried out in a closed microwave digestion system (Multiwave GO Plus, Anton
Paar, USA). The vessels were placed and subjected to 185 °C for 35 min. Microwave-assisted digestion is
an efficient sample dissolution method for obtaining metal concentrations from incinerator ashes because
the elevated temperatures increase the acids’ oxidative potential, accelerating the sample decomposition. It

prevents the volatilization and atmospheric contamination generated by an open system and dissolutions
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methods (Jung et al., 2004). Once the process was complete, the samples were diluted 100 times in 5%
HNO3 solution and analyzed for metals concentrations using a Thermo Electron iCAP-RQ inductively
coupled plasma mass spectrometer (ICP-MS) per Standard Method 3125-B (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;

Figure 17. The procedure of microwave-assisted digestion used to determine the BA and FA samples'

elemental composition.

2.2.3.2 Loss of ignition (LOI)

The loss on ignition refers to the total amount of material lost, including organic matter content and
the CO- lost from carbonates. To carry out the procedure, the samples were split and placed in a ceramic
crucible with known weight, and the sample dry mass was measured (mi). Then the crucible was placed
into a furnace at 750 °C for 2 h, once the crucible cools down, the sample was weight (m;). The LOI content
was calculated in % following the equation (3):

c="1"24100 (3)

my
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2.2.3.3 Sequential chemical extraction (SCE)

Sequential chemical extraction tests were performed to identify the binding and leaching
characteristics of metals from the MSW incineration by-products. The SCE is a widely used protocol, where
the solid sample is tested in a stepwise manner utilizing a sequence of acid reagents at specific conditions
to identify and quantify the metals leached under each step. Tessier et al. (1979) applied a 5 steps extraction
method to quantify 5 fractions. The exchangeable fraction is quantified using magnesium chloride at pH
7.0 with continuous agitation, the carbonate- bound fraction is determine using sodium acetate at 1 M, the
fraction bounded to iron and manganese oxides is quantified by continuous agitation of the solid residue
from the carbonate-bound fraction in 20 mL of hydroxylammonium chloride in 25% of acetic acid (v/v).
The organic-matter bound fraction is determined according to Gupta & Chen, (1975) method, in which the
solid residue from the 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 solid residue from the organic matter bound step is the final residue of the sequential extraction
and is digested following the procedure explained in the section 2.2.3.1. Likewise, in 1982 Sposito
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 Na; EDTA, and 4 M HNOs, respectively.

The protocol used in this study, presented in Figure 18 classified the major and trace elements into
five different occurrence modes. At the beginning, 5.0 g of solid was weighted and leached with 70 mL of
type | deionized water (DI) with a resistivity value of 18.0 MQ-cm at room temperature for 1 h to determine
the water-soluble fraction of metals (WL). The solid residue from the previous step was reacted with 1 M
MgCl, and 0.11 M CH;COOH at room temperature to extract the ion-exchange (IE) and acid soluble (AS)
fractions, respectively. The fourth step used the solid residue obtained from the AS extraction step and
added into 0.5 M NH2OH-HCI to extract the reducible species (Re). The oxidable fraction (Ox) was
guantified adding to the resultant solid fraction from the reducible step, 8.8 M H,0, for 1h at room
temperature, then at 85 °C for 1h. Once the time was over, a 1 M CH3;COONH, 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, HNOs and HF. The solution generated from the digestion process was collected for ICP-MS

analysis to measure elemental concentration.
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| Reducible (Re)

. «40mL 8.8 M H202, Insoluble (In)
. i Ton-exchange (IE add 5
+70 L. Dl-water ange@E) vSomL 08 M then add S0.mL 1 M
*25°C, 1h ) T CH,COOH NH,OH-HCI 35 °C. | bt m;n 85 o +9 mL HCL, 3 mL
' T M R +pH 1.5 005,25 °C, 1h; pH 2.0+0.0, 25 HNOS3, 2 ml. HE
. Water soluble .-ﬂf__ ‘ 00525 " 16h C,16h
(WL) i Acid soluble (AS) e —
I ’ | Oxidizable (Ox)
e

Figure 18. 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 analysis using ICP-MS, 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 the feed (Ef)
material was back-calculated using the expression (4):

Ef = ((Ci,WL X V) + (Ci,IE X VIE) + (Ci,AS X VAS) + (Ci,Re X VRe) + (Ciox X Vox)) + (M )) (4)

(mm)

where Ciwe, Ciies Cias, Cire » and Cjox (Ppm, representing mg/L) represents the i element
concentration in the leachate solution in the WL, IE, AS, Re, and Ox step, respectively, while Viy;, Vig, Vas,
Vre, and Vo, (L) refers to the solution volume in the WL, IE, AS, Re, and Ox step, respectively; C;y, (ppm,
representing mg/Kg) represents the i element concentration in the insoluble solid residue; m;,, (kg) the
weight of the insoluble solid residual, and m,, (kg) weight of the total solid sample used for the test. The
valuable elements' concentration results from equation (4) were compared to those obtained from the
elemental composition test measured with ICP-MS to reduce the statistical error propagation and confirm

the results' reliability.

On the other hand, the valuable elements distribution in a specific occurrence mode (MOy) was

calculated following the equation (5), where the concentration of valuable element extracted in determined

step (C;;, ppm) were multiply by the solution volume in the corresponding step, divided by the back-

calculated element concentration in the feed material (Ef).

CijXV;
Moy =4 ®
2.2.3.4 Acid leaching 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

25



purify the dissolved metals. To evaluate the leachability of the valuable metals like Ni, Co, Ti, Fe, V, and
Sn from the BA and FA, a series of acid leaching tests were performed in this study. The tests were
performed in a three-neck round bottom flask made of borosilicate glass; the flask was immersed in a
temperature-controllable water bath and placed on a multi-position 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 tests is shown in Figure 19.

Figure 19. Experimental set up used for the acid leaching tests.

The leaching conditions evaluated were acid types, acid concentrations 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 reaction times (5 min, 15 min,
30 min, 90 min, 120 min) to evaluate the leaching kinetics. 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, HNOs and HF to determine its elemental composition. The results
were used to calculate leaching recoveries (R,) of the valuable elements, according to the equation described
in Zhang & Honaker (2020).

CixV

Ri = 100% Xm

(6)

where C; (ppm) is the valuable elements concentration in the representative leachate sample taken
during the process, V represents the volume of the feed solution (100 mL), and Ef (ppm) is the back-

calculated total valuable elements concentration in the feed material, calculated using the equation (4).
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2.2.4 Statistical analysis

The paired t-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 the pre-treated samples.
Comparisons were made within the samples among six individual groups, labeled as MF1-5 and NF1-5, for
the magnetic and non-magnetic fractions of the five sizes, respectively. 2.95FF1-5, and 2.95SF1-5, referring
to the float and sink samples, from the density test performed to the five sizes at 2.95 SG, respectively; and
2.6FF1-5, and 2.6SF1-5, which stand for the float and sink by-products from density test conducted at 2.6
SG.
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Chapter 3 Characterization results

3.1 Elemental composition

Elemental contents analyses reveal that the major elements in the BA sample are Si, Ca, Fe and Na,
with 182.51 g/kg, 40.65 g/kg, 60.45 g/kg and 22.38 g/kg, respectively. Collectively, they account for 88%
(w/w) of the total sample element content, which is coherent with the elemental compositions determined
from MSWI bottom ash samples in previous studies (Muchova, 2010; Piantone et al., 2004; Blanc et al.,
2018). Additionally, the XRD pattern of the MSWI-BA (Figure 20) shows that the predominant mineral
phases identified were silica (Si02), calcite (CaCOs) and anhydrite (CaSO4). Some other phases identified
as minor phases are gismondine (CaAl,Si>Os-4H,0) and ettringite (CasAl2(SO4)3(OH)12:26H,0). The sharp
peaks of silicate phases identified by XRD (quartz and gismondine) are consistent with the elemental
contents results from the BA, shown in Table 2, which indicates that Si is the most abundant element in the
sample. Although the Fe content is relatively high based on the elemental content results, no Fe-bearings
pattern was identified from the XRD spectrum likely due to the existence of iron in poorly crystallized,
amorphous structures. According to Piantone et al., (2004) the dome shape in the XRD pattern between 10°
and 15° (20) is due to the presence of a vitreous fraction in the sample.
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Figure 20. XRD pattern of the bottom ash sample.
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The elemental composition analyses (Table 2) showed that the material also contained minor
elements, such as Co, Ni, V, Mn, and Sn. The total rare earth elements (TREESs) 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 the TREE content in the sample (15.89 mg/kg and 4.60 mg/kg, respectively).

As for the elemental composition of the MSWI-FA, the analyses reveal that 71% (w/w) of the
sample is comprised by 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 an overall lower concentration in the FA;
however, the Zn content in the FA is about 4 times higher, due to the formation of ZnCl,formed during the
combustion, which is easily volatilize and absorb on the fly ash (Pan et al., 2013). Ni 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/Kkg,
respectively. Due to the refractory materials resistance to decomposition 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 results between
the duplicates. Pan et al. (2013); Wan et al. (2006); Piantone et al. (2003) studies found similar FA elemental
compositions as the results obtained in this study and presented and compared to the MSWI-BA
composition in the Table 2.

Table 2. Elemental contents of major elements, minor elements, and main rare earth elements in the MSWI
BA and FA samples.

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 42.67 122.06 129.29 871.01 178.50 252.20 791 15.31
FA 10.91 36.91 73.14 284.80 630.30 153.66 16.00 13.93

Rare earth elements (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

29



The XRD results of the ground FA sample show the appearance of large amounts of highly soluble
inorganic salts, like halite (NaCl) and sylvite (KCI). Other mineral phases identified in the XRD spectrum,
shown in Figure 21, were calcite (CaCQs), anhydrite (CaSQ.), and gypsum (CaSO4-2H,0), portlandite (Ca
(OH).) and Silica (SiO2). The dome-shape at the beginning of the spectrum reveals a prominent presence
of amorphous or poorly crystalized phases. These crystalline structures have been observed in MSWI-FA
samples in previous studies (Wan et al., 2006; Piantone et al., 2003), and are consistent with the elemental
composition results obtained in the current study. It is important to mention that a carbonates component
decompose at a temperature close to 700° C, suggesting that after the incineration process, CaO is added to
the fly ashes to control pH and promote the PTE dissolution, causing the formation and presence of

carbonates components in the final stream of the FA.
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Figure 21. XRD pattern of the fly ash sample.

Some of the elements detected in the samples, such as Zn, Mn, 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 benefit of valuable elements. (Syc et al., 2018; Muchova et
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 fractions and the by-
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products of physical fractionation has not been thoroughly investigated. Additionally, the valuable elements
content shown in Table 2 was compared with the natural occurrence of the elements in the earth crust. The
ore grade of Ti is 0.75% (Force et al., 1977), while for Cu is between 0.5-3% (British Geological Survey,
2007) and for Mn is 0.1% (Emsley et al., 2001). The grade of these elements in the BA by-product are
6.02%, 1.41%, and 0.56%, respectively. Likewise, from the FA sample the Zn and Sn content represent
20.38% and 0.89%, while the natural occurrence of these elements has a grade of 5-15% for Zn (Wang,
2016) and 0.5% for Sn (Elliott et al., 1997). As for the Fe, although natural occurrences of hematite and
magnetite can contain values greater than 60% of iron, some economically exploitable deposits have a grade
in ranges between 11% to 33%, which can be compared with the 39.5% 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 elements distribution

To evaluate the distribution of the critical and valuable elements among the BA and FA, the transfer
ratios (K) of each element were calculated. The methodology was adopted similarly by Zhang et al. (2008)
to assess the distribution of heavy metals among the different types of residues, and by Funari et al. (2015)
to determine raw materials distribution between solid residues from an Italian incinerator. For this study,
the transfer ratios and enrichment ratios were calculated for the following critical and valuable elements:
manganese (Mn), cobalt (Co), nickel (Ni), copper (Cu), zinc (Zn), titanium (Ti), iron (Fe), and tin (Sn). The
transfer ratios of the elements previously mentioned in the BA (Kga) and the FA (Kra) samples were
calculated by the following equations:

FA(%)XCira

K-, =
FA BA(%)XCigpa+FA(%)XCiFa

()

_ BA(%)X Ciga
BA (%)X C ijpa+FA (%)X Cira

Kpa )]

Where FA (%) and BA (%) represent the mass flow in percent of the fly ash and bottom ash after
the incineration process, respectively. Cisa and Ciea are the i-element concentration in mg/kg in the
corresponding by-product. To use the equations, it was necessary to make assumptions based on the
literature and information provided by the WtE facility operator. According with a database obtained, there
are 74 WtE facilities across the U.S. with a total average processing capacity of 1272.43 ton/day, and based
on several studies (Kaza & Bhada-Tata, 2018; Wang et al., 2021; Wiles, 1996; Tang et al., 2015) BA
represent 30 % by weight of the total incinerated MSW, while the FA accounts 5% by weight of the MSW

processed, which is consistent with the BA to FA ratio presented by Dou et al. (2017) as 6:1. 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 BA represents 85.71 %, while FA is 14.29 %. Variations between + 5% were conducted to
determine how susceptible the results were regarding the element distribution among the by-products.

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

Figure 22 and Figure 23 illustrate the transfer coefficients of selected elements to determine their
distribution among the BA and FA samples and identify the most useful residue for the recovery of the
valuable elements. The analysis reveals that volatile elements, like Zn and Sn are scattered in the MSWI
by-products, whereas Co, Mn, Ti, Fe, and basic metals, such as Cu, and Ni are primarily found in the BA
stream. This type of elemental distribution has been observed before by Astrup et al. (2011), Funari et al.
(2015), and Morf et al. (2013). Due to the lack of reliable results for the Sc concentration in the FA stream,
its distribution cannot be determined; however, based on the literature, a higher concentration of Sc has
been found in the BA stream. (Funari et al., 2015).

Mn Co
EKBA EKBA
uKFA EKFA

N1 /n

EKBA EKBA

EKFA EKFA

Figure 22. Mn, Co, Ni, and Zn distribution between BA and FA samples calculated following the
expressions (7) and (8).
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Figure 23. Ti, Fe, Sn, and Cu distribution between BA and FA samples calculated following the
expressions (7) and (8).

Based on the transfer coefficients and the mass balance of the BA and FA production from the
MSW incineration process, it can be determined that the most useful residue for the recovery of valuable

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

A series of acid leaching tests were conducted under different experimental conditions to determine
the BA valuable metals' recovery and leaching kinetics. The acids used in this study were HNOz and HCI,
and each acid was tested at 0.5 M, 1 M, 1.5 M, and 2 M, and the temperature was set up at 75 °C. Dou et
al. (2017) describes that acidic conditions can greatly enhanced the valuable elements mobilization and
lead to higher recovery values, which is consistent with most of the results obtained as shown in Figure 24
(@). 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 89% and 92% when increasing the HCI concentration to 1 M,
respectively. Sc, Fe, Cu, Zn, and Mn could be released by 1 M HCI, and further elevations in acid
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concentration had negligible recoveries' improvements. In contrast, the leaching recoveries of Co and Ni
when 0.5 M HCI was used as lixiviant were 75% and 52%, respectively; nevertheless, by increasing the
acid concentration up to 2 M, the highest recovery values were achieved. Whereas Figure 24 (b)
summarized the effect of the HNOs concentration on the leaching characteristics of the valuable elements
in the BA samples, which shows a similar pattern as that of the HCI concentration, where the leaching
recoveries of the valuable metals increased when increasing the acid concentration. For example, the
leaching recovery of Ti, Cu and Sn was increased significantly when increasing HNO3 concentration from
0.5 M to 1 M; their recovery increase by 20, 35, and 32 absolute percentage, respectively. Some elements,
such as Sc, V, Fe, Mn, and Zn, were extracted when using HNO;3 at 0.5 M, and further recovery increment
was minimal when increasing the lixiviant concentration. As for Co and Ni, similar leaching behavior was
observed when using HNOs, where the recovery reached 80% and 83%, respectively, at the highest acid

concentration, at 2M.

C_JosM[_J10M[_J15M[__J20M @) [ JosM[__J1.oM_J15M[__]20M (b)
100 T i 100
. i b
moal B T
80 - E % } 80 % % }
i i
| AT AL i i
< S il A
S A I &
> 60 i > 60+ Al 4
> r he g A A = =
§ S A
j} D
@ 40 @ 40
20 20 -
O T T 0 T T T T
Sc Ti \% Fe Mn Co Ni Cu 2Zn Sn Sc Ti \% Fe Mn Co Ni Cu Zn Sn

Figure 24. Effect of the acid concentration on the valuable elements' recovery from the BA sample with
(@) HCI and (b) HNO:..

Additionally, the leaching kinetics of the valuable elements from the BA sample were evaluated.
The tests were carried out under similar conditions for a period of 120 min at 75 °C to compare the valuable
elements leaching behavior at 1 M, 1.5 M, and 2 M HCI. Figure 25 (a) reveals that 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 HCl at 2 M
and after 120 minutes of reaction (Figure 25 (c)). In contrast, medium leachability characteristics were
observed for Sn, V, and Ni, with recoveries of 75%, 76%, and 78%, respectively, under 1.5 M HCI, which
are considerably higher than the recoveries obtained using 1 M HCI, of 59%, 68%, and 70%, respectively.
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Figure 25. Leaching kinetics of the valuable elements from BA sample using (a) 1 M, (b) 1.5 M, and (c) 2
M HCI.

The effect of temperature on the leaching recovery of valuable metals was evaluated. The tests were

performed by keeping all the leaching variables except temperature constant 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 temperature-controllable water bath. As presented in Figure 26, higher leaching

temperature had negligible effect on the leaching recoveries of Sc, Ti, V, and Fe. Whereas Zn, Sn, and Cu

achieved the highest recovery under 75 °C. However, as for Co, Ni, and Mn, a significant improvement in

their recoveries was noticed when increasing the temperature from 25 °C to 90 °C. For example, 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 to 83%. 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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(2018), this increment in the leachability results occurred because higher temperatures 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 metals could be improved under higher leaching temperatures.
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Figure 26. 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, Mn, Co, Cu, and Zn, can be extracted from the
BA sample using 1M HCI as a lixiviant, with recovery values greater than 80%. According to Figure 25,
the leaching reaction is a fast process, and equilibrium can be achieved within the first 30 minutes. Likewise,
the release of elements, such as Co, Ni, and Mn, is sensitive to the reaction temperature. A higher recovery
value can be obtained when relatively higher leaching temperatures are used; nevertheless, the economic

feasibility should also be considered.

3.4 Modes of occurrence and association of the valuable elements

As described in Section 2.2.3.3, 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 acid reagents at specific conditions. The valuable
elements extracted were quantified and classified into six different occurrence modes, water-soluble (WL),
ion-exchange (IE), acid-soluble (AS), reducible (Re), oxidable (Ox), and insoluble (In). Figure 27 shows
the distribution of Fe, Ti, Zn, Cu, and selected trace elements in the different modes of occurrence in the
BA sample. Around 83% of Ti and 82% of Sc occurred in an insoluble form, indicating that these elements

will not dissolve under strong acidic and oxidizing conditions (e.g., 40-mL H.O, plus 50-mL
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CH3COONHy,). These results are consistent with the low leaching recovery obtained for these elements
under strong acid conditions and high temperatures (Figure 25 (c)). A minimal amount of the valuable
elements was present as water soluble, ion-exchangeable, 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 easier-to leach compared to the Ti and Sc that is mostly insoluble. The oxidizable distribution
among the valuable elements is higher in Cu and Sn, with 57% and 46%, respectively, indicating that they
can be extracted under oxidizing leaching conditions. The occurrence modes distribution observed in Cu,
Zn, Ti, and Ni have been previously observed by Bruder-Hubscher et al. (2002) and Alam et al. (2019).
From the elements' leachability characteristics is possible to infer that a concentration and liberation process

previous to the leaching step can facilitate and improve the recovery of the valuable elements.
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Figure 27. Distribution of the occurrence modes of the valuable elements from the BA sample.

3.5 Mineralogical characterization

The data generated from the SEM/EDX analysis carried out in the BA sample were collected based
on the valuable elements selected for this study and previously mentioned in section 3.2. It is worth noting
that the samples were sprinkled over a double-sided carbon tape and coated with a 15 nm thick layer of
Pd/Pt. This suggests that measurements of C and Pd/Pt are likely 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 MSWI-BA matrix. However, Zr content was identified
when excluding the Pt from the EDX readings. The Zr content identified in the EDX analysis can result
from the overlap peak identification of the EDX spectrum. 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 keV (Liao, 2006), the element used to coat the samples, as
described in section 2.2.2.3.

Based on the elemental composition and EDX spectra of particles 1 and 2 shown in Figure 28, it can
be inferred that Fe can be found in the BA sample as iron oxides. These results are consistent with the
section 3.1 findings, where it was determined that the MSWI ash was enriched in iron constituents. The
different oxidation states (mainly 2+ and 3+) are suggested by the different elemental distribution and the
Fe-O ratio shown in the EDX spectra in Figure 28. This premise is consistent with Rissler et al. (2020)
study in which is concluded that the different oxidation state may be present due to the oxygen’s variable
presence and access in the fuel bed in the combustion chamber. However, the different elemental
distribution can also be caused by the presence and increment of other elements in the particle, such as Ca
and Si and their binding with O atoms. Additionally, as previously mentioned in the Section 3.1 regarding
the elemental composition of the by-products, Zn tends to form ZnCl; formed during the combustion

process as shown in the EDX spectra of particle 3 in Figure 29.
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Figure 28. EDX spectra of Particle 1 (left) and particle 2 (right).

Figure 29. BSE image (top left), elemental maps (bottom left), and EDX spectra (right) of particle 3.
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Other Fe- rich constituents were found as metallic inclusions, spinel in a series of Al-Ti substituted
varieties, and secondary products, like the Fe-Si-rich gel phase. Figure 30 shows iron-phosphorus particle
depleted of oxygen embedding in a calcium-silicate matrix. By merging the information provided by the
diagram phase of the Iron-Phosphorus system, the P&ID analysis 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).

11 (b) O K series

L 10pm
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Fe K series P K series Si K series

Figure 30. (a) BSE image and (b) elemental maps of a Fe-P metallic inclusion from the BA raw

sample.

Previous studies (Wei et al., 2011; Mantovani et al., 2021) have identified spinel group minerals in
the MSWI-BA. The general composition of the spinel groups is AB,O4, where A represents metal with a
valence plus two, commonly Fe, Mg, Zn, Ni or Mn, and B refers to metals with a valence of plus three,
often Al, Fe, or Cr. In this study, aluminum-spinel, and magnetite-spinel series were found. Through the
“Map” and “P&ID mode it was possible to demonstrate the existence of the Fe;O4-FeAl,O, system, which
is the transition from magnetite (FesO4) to hercynite (FeAl,O.), through the octahedral substitution of Fe3*
by AIP*and Si** (Figure 31(a, b))
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Figure 31. BSE image (top left), elemental maps (bottom left), and EDX spectra (right) of (a) octahedral
substitution of Fe®* by Si**and AI®*, and (b) tetrahedral substitution of Fe?* by Mg?*, Ca?*, and Mn?* from
the MSWI -BA sample.

Overall, the main findings from this chapter were that the BA was identified as the most valuable
MSWI by-product due to its enrichment in critical and valuable elements, based on the results obtained
through the transfer coefficients methodology. Furthermore, the leachability and reaction kinetics of the
valuable elements from the BA sample were assessed and classified according to the recovery achieved and
the acid conditions used. The SEM-EDX analysis was carried out in order to determine the valuable element
association and chemical binding properties. The main Fe — bearing speciation was identified as iron oxides,

spinel-group, in the transition from magnetite to hercynite and metallic inclusions.



Chapter 4 Physical concentration results

According to the results obtained in section 3.2, 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 then classified
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, and -325. A portion of each size subsample was collected for
chemical and mineralogical characterization. As showed in Figure 32, the remaining portion of the sample
was collected and used as the feed material for wet magnetic separation and density separation. The 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 description from section 2.2.1.3. Once the float and
sink material were collected, rinsed, and dried, the float material collected was used as a feed for a second-

density separation stage performed using the LMT at 2.6 specific gravity.
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Figure 32. Systematic physical characterization flowsheet of the BA 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 determine which size fractions are dominant in valuable metals.
Additionally, obtaining a homogeneous stream in terms of particle size provides narrow-fractionated
material to optimize the efficiency of the coming concentration process (Syc et al., 2018). A wet sieving
test was performed in order to reduce stickiness and the obstruction of the mesh with particulate material
(Born, J. P.,2018).

As Figure 33 shows, the enrichment ratio of the Zn was close to 1.25 in the particles with a diameter
smaller than 45 pm (minus 325 mesh) and less than 1.0 in the middle and coarse size fractions. This
indicates that Zn is enriched in the finer fraction of the sample. In contrast, elements such as Fe and Sc tend
to decrease their concentration as the BA particle 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 observed 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 containers and thin sheets. At the same time, Xia
et al. (2017) concluded that the primary mineral for Fe is hematite due to the metal oxidation in the
combustion process. However, Cu, Mn, Co, Ni, Sn, and V distributions showed an even enrichment in
coarse and fine fractions, most likely due to the low concentration of the mentioned elements in the 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, are concentrated 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 fractions. This is shown in Figure 33,

where all the enrichment ratios are close to 1 regardless of the particle size.
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Figure 33. Valuable elements’ enrichment ratios per size fraction in the BA sample for (a) Ti, Sc, Fe, Cu,
and Zn and (b) Mn, Co, Ni, Sn, and V.
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Regarding the mass yield as a function of the size fraction, Figure 34 shows that the particle sizes
with a diameter bigger than 150 um, labeled as the coarse fraction, represents 24% (w/w) of the BA sample.
In comparison, the particles with a diameter between 150 pum and 45 pm, considered the middle fraction,
accounts for 38% (w/w) of the BA sample. The remaining 38% comprises fine fractions with particles
smaller than 45 pum. By merging the enrichment ratios and the mass yield results, it can be concluded that
classifying the ash into the coarse, middle, and fine-size fractions could lead to better metal concentration

yields during processing for the different size fractions and optimization of the recovery test.
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Figure 34. Cumulative particle size distribution pattern of BA sample using Rosin Rammler Regression.

4.2 Magnetic separation

4.2.1 Magnetic separation performance indicators

After determining the valuable and critical mineral distribution in the MSWI-BA sample among the
size fraction, magnetic separation was conducted to increase the recovery of ferrous metal and other
magnetic elements. According to Yin et al. (2021), the magnetic separation performance and enrichment
are a function of the bound of multi-metallic oxides fractions (e.g., Fe-Mn; Fe-Ti), morphology,
mineralogy, and elemental distribution per size fraction. Figure 35 (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 results indicate 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) concluded that magnetic separation changes the element distribution, especially
for Fe, Co, Ni, Sn, and V.
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However, when analyzing by size fraction, particles from the fine fraction may have a higher surface
area to volume ratio, which increases the interaction in the magnetic field. Nevertheless, in small particles,
the centrifugal force exerted by the agitator is greater than the magnetic force exerted by the magnet. This
decreases the concentration of the material with magnetic susceptibility. For example, Co, Ni, Zn, Ti, and
V recovery gradually decreased (Figure 36) when the particle size was reduced. These results are consistent
with Yin et al. (2021) who concluded that sizes significantly affect the valuable element concentration
through wet magnetic separation. Regarding the remaining valuable elements (Fe, Sc, Cu, Mn, and Sn),
which showed a size-independence behavior, these may be attributed to higher Fe- containing mineral
phases. These mineral phases will likely be stable complexes with strong magnetic properties that neutralize
the size effect (Caviglia et al., 2019).
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Figure 35. Magnetic separation enrichment ratio for (a) Ti, Sc, Fe, Cu, and Zn and (b) Mn, Co, Ni, Sn,
and V
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Figure 36. Magnetic separation recovery for (a) Ti, Sc, Fe, Cu, and Zn and (b) Mn, Co, Ni, Sn, and V of

the MSWI bottom ash sample per size fraction.
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4.2.2 Mineralogical characterization of the magnetic fraction

From the mineralogical characterization results of the BA raw sample, described in section 3.5, it
was possible to conclude that the main Fe-rich constituents existed in chemical forms of iron oxides, such
as magnetite, hematite, and its transition and substituted varieties (hercynite), spinel group, and metallic
inclusions. As previously shown in Figure 36 (a, b), Ni, Mn, Cu, and Co presented an enrichment. These
results are likely due to the electron configuration of the elements mentioned above, which have an unpaired
electron in the d orbital allowing them to exhibit magnetic properties or affinity for Fe. SEM/EDX results
from the magnetic fraction showed that Mn, Cr, and Ni were associated with the iron-bearing particles,
indicating their affinity with Fe (Figure 37). The previous statement can be linked to the geochemical
classification by Goldschmidt (1937). The author classified Ni and Mn as highly siderophile elements,

while Cr is considered moderately siderophile.

Ni K series

Figure 37. BSE image (top left), elemental maps (bottom left), and EDX spectra (right) of a Fe-rich

constituent from the magnetic fraction enriched 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 slightly enriched, mainly
in the coarse fraction of the magnetic stream. It can be attributed to the previously described metallic
inclusions (section 3.5) of Fe-Cu particles and the formation of CuFe>O4 clustered in Fe oxides, as shown
in Figure 38. Rissler et al. (2020) identified CuFe,O4 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 characterized by its magnetic properties, which according to
Zhang et al. (2017) study, decrease by reducing the particle size. It explains the decrease in the enrichment

ratio results observed in the section 4.2.1, when reducing the grain size.

Figure 38. BSE image (left) and EDX spectra (right) of a possible Fe-Cu metallic inclusion, surrounded

by Ca — Si matrix from the magnetic fraction of the BA sample.

Other non-targeted elements were found in the magnetic fraction mineralogical characterization
performed using SEM/EDX, such as Si, Al, and Ca. These can be attributed to the Fe-rich minerals likely
being embedded in amorphous siliceous glass or in a partially crystallized aluminosilicate matrix. Figure
39 displays the elemental map of an iron spinel in a series of AI** and Ti** substituted varieties embedded
in a Ca-Si enriched matrix. In another study (Wei et al., 2017), it was concluded that even after a two-step
magnetic extraction of a WtE BA sample, high Ca and Si content were found in the magnetic stream. These
outcomes and findings suggest that longer comminution times could liberate the minerals and particles that

contain the valuable elements and increase the selectivity of the process.
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(b)

Figure 39. (a) BSE image and (b) elemental maps of a Fe-rich particle embedded in Si-Ca enrich matrix
from the magnetic fraction of the BA raw sample.

On the other hand, as expected, the diamagnetic mineral phases, which were determined by XRD
analyses in section 3, such as Silica, Calcite, Anhydrite, Ettringite, and Gismondine, were observed in the
non-magnetic fraction of the BA sample. Likewise, Figure 40 shows the SED/EDX results of a Cu-S-O
particle (most likely CuSO4) and a Zn-S-O particle (likely ZnSO.) observed in the non-magnetic fraction.
Results published by Tuan et al. (2010) indicated that CuO and CuSO, dominated the Cu speciation in the
BA, while a study by Zhang et al. (2020) showed that Zn speciation was mainly Zn;SiO4 and ZnSQ; in
fresh MSWI-BA from China. Although CuSO. exhibits paramagnetic 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
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Figure 40. BSE image (left), and elemental maps (right) of (a) Cu-S-O particle, and (b) Zn-S-O particle

from the non-magnetic fraction of the 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 small particle sizes, current MSWI-
BA treatment plants operate under several steps including a mechanical separation process. Based on a
study by Syc et al. (2020), around 10-20% of valuable elements in the MSWI-BA are present in the fine
fraction, which cannot be efficiently concentrated through sensor-based sorting or magnetic separation. In
some WHE facilities, after concentrating the ferrous metals and other magnetic elements through magnetic
separation, the non-magnetic stream frequently goes under an extra step of comminution 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, hydrocyclone, and/or air table 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. Then, they compared the composition based on a series of
float-sink separations. The medium was prepared using DI water and CaCl, at 95% purity at different
medium densities (1.0 g/cm?, 1.2 g/cm?, and 1.4 g/ cm®) and liquid-to-solid volume ratios (L/S) of 30, 40,
and 60. However, from the extensive literature review, the density separation process has not been scaled
up to an industrial scale. The most common aqueous medium used in the industry to perform a density
separation test is water, which presents small particle size restrictions 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, SEM/EDX from the raw sample, and the metal content determined using the
digestion system and ICP-MS analysis provided valuable information about the MSWI composition,
valuable elements content, and their mineral phases. Table 3 summarizes the estimated MSWI-BA main

mineral phases, elemental composition, and density reported in the literature.
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Table 3. Estimated minerals in MSWI-BA and density (g/cmq)

Mineral Phases / .
Elements Formula Density (g/cmd) Reference
Anhydrite CaSO, 2.31-2.97 Hudson Institute of Mineralogy, 2019
Ettringite CagAlz(SO4)3(0OH)12-26H,0 1.8 Hudson Institute of Mineralogy, 2019
Gismondine CaAl,Si;0s-4H,0 2.26 Hudson Institute of Mineralogy, 2019
Hercynite FeAl,04 3.82 Hudson Institute of Mineralogy, 2019
Magnetite Fes04 7.87 Hwang et al., 2008
Quartz SiO; 2.70 Hwang et al., 2008
Calcium carbonate CaCOs3 2.71 Hwang et al., 2008
Calcium titanate TiCaO3 3.98 Hudson Institute of Mineralogy, 2019
Cobalt oxide CoO 6.44 PubChem, 2021
Copper (11) oxide CuO 6.31 PubChem, 2021
Copper sulfate CuSOQq4 3.6 PubChem, 2021
Cupric sulfide Cus 4,76 PubChem, 2021
Iron chromite FeCr,04 4.97 Hudson Institute of Mineralogy, 2019
Iron Phosphide FeP 6.74 PubChem, 2021
Manganese iron oxide MnFeO3z-MnFeQ4 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 in Table 3, the valuable elements and their mineral phases have a higher density than the
non-targeted minerals phases. The 2.95 SG density test, illustrated in Figure 41, 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 size fraction. While Zn, Ti, Mn, and Sn, although their enrichment ratios are below 2.0, their enrichment
tendency decreases with the size fraction reduction. Similar behavior is observed in the valuable elements’
recovery in Figure 42, where valuable elements and their mineral phases with significant density

differences, such as Fe, Fe-rich constituents, Cu speciation, and Co-minerals, had recovery over 80%.

49



3.0 3.0

[Tl Jsc[_Jre[ Jcu[ ]zn @ [ Imn[_Jco[ INi[_Jsn[_ v (b)

2.5 1 254

Enrichment ratio
- N
(¢ o
1 1
)_].4
)_H
H4
)_H
,_H
| B
; B
Enrichment ratio
= N
[42] o
1 1
,_H
)_H
,_H
)_H
)_H
,_H

=
o
|

=
o
|

0.0
-50/+100 -100/+170  -170/+200  -200/+325 -325 -50/+100 -100/+170  -170/+200  -200/+325 -325

Figure 41. Density separation enrichment ratios for (a) Ti, Sc, Fe, Cu, and Zn and (b) Mn, Co, Ni, Sn, and
V at 2.95 specific gravity of the MSWI-BA sample per size fraction.
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Figure 42. Density separation recovery for (a) Ti, Sc, Fe, Cu, and Zn and (b) Mn, Co, Ni, Sn, and V at
2.95 specific gravity of the MSWI-BA sample per size fraction.

Like Hwang et al. (2008) study, different cutting densities were evaluated. The float material from
the 2.95 SG test was collected, rinsed, and dried and then used as a feed for a second-density separation
stage at 2.6 S.G. The second stage aims to work as a scavenger process and recover the valuable particles
that did not sink in the first stage. As expected, the sink fraction yield increased as the medium density
decreased. From Figure 43 (b), it is observed that by decreasing the cutting density, the enrichment ratios
of the minor elements (Mn, Co, Ni, Sn, and V) were similar across the different size fractions. It is worth
noting from Figure 43 (a) that the enrichment ratio of Fe was slightly higher in the fine fraction than in the
coarse fraction. This observation could be associated with the minor Fe enrichment achieved in the fine
fraction in the first float-sink test stage. Although most of the valuable elements’ recovery from the float-

sink test at 2.6 SG was above 80%, as shown in Figure 44, the enrichment ratios were low.
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Figure 43. Density separation enrichment ratio for (a) Ti, Sc, Fe, Cu, and Zn and (b) Mn, Co, Ni, Sn, and
V at 2.6 specific gravity of the MSWI-BA sample per size fraction.
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Figure 44. 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 MSWI-BA sample per size fraction.

From the results and the metallurgical indexes from the density separation, it can be concluded that
most elements were considerably enriched with a 2.95 SG cutoff density, except for the Sc and V, which
enrichment ratios were closer to 1.0 regardless of the size fraction. As for the 2.6 SG 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 selectivity were observed.

4.3.2 Mineralogical characterization of the Sink fraction

Based on the MSWI-BA mineral phases and the estimated minerals existing in the BA sample
summarized in Table 3 and the metallurgical indicators described in section 4.3.1, enrichment in the

valuable elements was observed in the sink fraction due to their specific gravities. To estimate the mineral
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phases concentrated in the sink fraction, SEM/EDX analysis was performed. Fe-rich constituents such as
iron oxides (Figure 45), most likely magnetite with a specific gravity of 7.87 (Hwang et al., 2008), were
identified. However, the EDX spectra (Figure 45, bottom right) revealed a minor content of Mn, Al, Ca,
and Si (0.3 wt.%, 0.2 wt.%, 0.2 wt.%, and 0.2 wt.%, respectively), indicating the association of
aluminum/calcium-silicate mineral phases. Likewise, Figure 46 depicts the BSE image and the elemental
maps of a Fe-spinel group particle with Cr ** partial substitution, which has an approximate specific gravity
of 4.97 (Hudson Institute of Mineralogy, 2019).
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Figure 45. BSE image (left), EDX spectra (top right), and elemental maps (bottom right) of most likely

magnetite with aluminum/calcium-silicate mineral phases association from the sink fraction of the BA

density test.
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Figure 46. BSE image (left), and elemental maps (right) of a Fe-spinel group with Cr3*

substitution (iron chromite) from the sink fraction of the BA density 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, copper sulfate, and cupric sulfite, with specific gravities of 6.31, 3.6, and 4.76,
respectively. Figure 47 depicts a copper oxide particle clustered in a calcium-silicate matrix. Nevertheless,
according to Rissler et al. (2020), the Cu can be present in diverse oxidation states (0, 1+, and 2+) in the

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

Cu L series

1OpmI

O K series

Figure 47. BSE image (left) and elemental maps (right) of a copper oxide particle from the sink fraction

of the BA density test.

As previously mentioned, copper sulfide was also identified as one of the mineral phases of copper.
Through the mineralogical analysis done using the SEM/EDX results in the sink fraction of the density test,
an enriched area of copper sulfide was identified (Figure 48). The particle is likely associated with calcium
oxide (Ca0) and calcium titanate (CaTiOs), based on the EDX spectra elemental content results depicted
in Figure 48 (left). These findings and associations have been previously observed and described by Arickx
et al. (2008), who studied the speciation of Cu in the MSWI-BA through optical microscopy and electron
microprobe (WDX/EDX). This study concluded that metallic Cu, Cooper oxide, and Cu.O were the most

abundant Cu speciation. Likewise, it concluded that copper mineral phases were frequently together with
Ca, Cl, and S.
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Figure 48. BSE image (left), elemental maps (middle and top left), and EDX spectra (right) of a Cu-S
metallic inclusion, surrounded by CaO and CaTiO; from the sink fraction of the BA density test.

As observed in section 4.3.1, Ti was slightly enriched through the float-sink test at 2.95 cutoff
density. According to the SEM/EDX results, the main Ti speciation enriched in the sink fraction was
calcium titanate (CaTiOs), as shown in Figure 49. This mineral phase deduction of the Ti is consistent with
llyushechkin et al. (2020) characterization study of inorganic matter of Australian MSWI, in which it was
concluded that calcium titanate (CaTiOs), calcium oxide (CaO) and calcium silicate (Ca;SiO4) were the
major calcium-rich phases in the MSWI ashes. Additionally, the enrichment of Ti in the sink fraction is
consistent, considering that this mineral phase has a specific gravity of 3.98 (Hudson Institute of

Mineralogy, 2019), which is a higher density than the agueous medium used (2.95).

Figure 49. BSE image (left) and elemental maps (right) of a calcium titanate particle 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 distributions in the by-products
generated from each separation process, a paired t-test was performed. The comparisons were made within
the samples among six individual groups of samples, with a total of 5 samples each group (n=5). Groups
one and two refer to the magnetic separation by-products labeled MF 1-5 (magnetic fraction) and NF1-5
(non-magnetic fraction). Groups three and four stands for the density test performed at 2.95 SG, labeled as
2.95 FF1-5, and 2.95 SF1-5, referring to the float and sink samples, respectively. The float and sink fraction
from the density test carried out at 2.6 SG constitute groups five and six, marked as 2.6 FF1-5 and 2.6 SF1-
5, respectively. Significant differences were considered when the calculated p-value was less than 0.05.
The p-values calculated from the paired t-test for the content of the valuable element are presented in Table
4,

Table 4. p-values of paired t-test for valuable elements content among magnetic, non-magnetic, float

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

p - values Total elemental content (ppm)
SFvs. FF SF vs. FF
(n=5) MFVs.NF 1 (At 2.95 5G) (At 2.6 SG)
Sc v/ 5.66 x107 v/ 2.56 x10* v/ 8.00 x10°
Ti 0.215 v 0.016 v 0.029
Vv 0.247 0.340 0.095
Fe v 2.57 x1073 v 6.42 x1073 v 0.017
Mn v 0.039 v 2.50 x10° v 3.11 x10°
Co v 0.044 v 0.047 v 0.029
Ni v 0.036 v'5.19 x10* v 6.71 x10°
Cu 0.440 v 3.99 x1073 v 9.45x10°3
Zn 0.067 v 0.027 v 0.015
Sn v 1.36 x10°3 0.110 0.088

MF refers to the magnetic fraction of the BA sample.

NF refers to the non-magnetic fraction of the BA sample,

SF stands for the sink fraction from 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 to the p-value < 0.05.



The results unveiled significant differences in the distribution of Sc, Fe, Mn, Co, Ni, and Sn between
MF and NF. The test indicated that the elemental distribution mentioned above did change through
magnetic separation. Regarding the float-sink separation at 2.95 SG and elemental redistribution, results
shown that a 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 calculated in section 4.3.1
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, the statistical analysis unveils differences in the distribution,
but it is limited to determining the enriched fraction. For example, the p-value for the Sc distribution after
the density test at 2.95 was 2.56 x10, indicating a significant difference between the sink (SF) and float
fraction (FF). However, the enrichment ratio index from section 4.3.1 was 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; Lu et al., 2009; Wei et al., 2017), named “enrichment coefficient”
(EC) was used. This parameter indicates the presence of an element in the concentrate stream compared to
the tailing stream. It is calculated following the equation (9); where c; represent the assay of concentrate of
the i element, in the j size fraction in the magnetic stream or sink fraction and t; represents the from non-

magnetic stream or float fraction, according to the test being evaluated.

_ Cij
EC ="y 9)

The relative enrichment coefficient of valuable elements from the magnetic separation and density
separation at 2.95 SG and 2.6 SG are shown in Table 5 and Table 6 (a, b), respectively. Coefficients greater
than 1.0 for a specific element in a determined size 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 of the process to concentrate
these elements and their mineral phases. Likewise, there is a decreasing tendency in the EC values when
reducing the particle size, suggesting a correlation between the particle size fraction and valuable elements’

concentration.
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Table 5. Relative enrichment coefficient of valuable elements in the magnetic material per 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 1.46 151
Sn 1.45 1.53 1.53 1.60 1.21 1.46
\% 0.95 1.02 1.20 0.93 1.13 1.04

The relative EC from the float-sink at 2.95 SG presented in Table 6 suggests a high processing
efficiency to concentrate Fe, Cu, Mn, Co, and Ni, with average values of 5.65, 3.97, 3.01, 4.97, and 3.92,
respectively. However, a significant variance can be observed in the enrichment coefficients of the Mn and
Ni in the coarse fraction of the sample compared to the fine fraction. The comparison between the EC in
the coarse and the fine fraction, showed a reduction of 79, 80, 68, 75, and 64 absolute percent change in Fe,
Cu, Mn, Co, and Ni, respectively. These outcomes indicate a correlation between the elements’ enrichment
through the density separation and the particle size, similar to the phenomenon described in the magnetic
separation section. As for the 2.6 density separation process fed with the float fraction from the 2.95 SG
density test, the overall EC values are considerably lower than the EC values obtained through the other
separation methods, most likely due to the low assay of the valuable elements in the feed stream. Likewise,
as previously concluded in section 4.3.1, the Sc cannot be efficiently enriched by float-sink regardless of
the cutoff density used.
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Table 6. Relative enrichment coefficient of valuable elements in the sink material from the density test at
(a) 2.95 SG and (b) 2.6 SG per 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 1.34 151 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 1.91 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 1.87 111 1.41 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 2.63 297 161 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 study were that classifying the sample into the
coarse, middle, and fine-size fractions could lead to better metal concentration yields. Likewise, the
magnetic separation results showed that its performance and enrichment of the valuable elements is a
function of the bound of multi-metallic oxides fractions and the metals affinity for Fe-rich particles. The

mineralogical characterization of the magnetic fraction concluded that the main Fe-rich constituents existed

58



in chemical forms of iron oxides, such as magnetite, hematite with substituted varieties, spinel group, and
metallic inclusions. However, non-targeted elements, such as Si, Al, and Ca, were also enriched because
the Fe-rich minerals were likely embedded in amorphous siliceous glass or a partially crystallized
aluminosilicate matrix. As for the 2.95 SG density test, enrichment ratios higher than 2.0 were obtained for
Fe, Cu, Co, and Ni in the coarse fraction of the BA fraction, which decreases when reducing the size
fraction. The SEM-EDX analysis carried out using the sink material from the density test revealed that
magnetite, iron chromite, copper oxide, copper sulfate and calcium titanate are the main valuable elements’

speciation with a specific gravity higher than 2.95.
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Chapter 5 Evaluation of the effect of the particle size

reduction

The evaluation of the effect of the particle size was performed to assess the intraparticle
heterogeneity of MSWI BA. The evaluation consisted 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 particles. Veasey & Wills (1991), states that the
critical function of the comminution process is to liberate the minerals from each other. Deficient mineral
comminution can lead to higher energy consumption costs and the generation of ultra-fine material that
may be lost or unrecoverable in the subsequent mineral processing (Somasundaran, 1986).

As previously described in section 3.5, some of the major and minor mineral phases are embedded
in the molten matrix and in the Si-Ca enriched matrix, which binds the crystalline and metallic fractions
according to the findings from Mantovani et al. (2021). Hence, in order to determine the intraparticle
heterogeneity and resources potential, the BA sample was ground for different time intervals under the
same conditions. After each comminution process, the ground material was collected, and prepared for the
physical characterization tests and elemental composition determination through ICP-MS analysis after
being digested.

5.1 Materials and methods

5.1.1 Materials

The BA sample used for the evaluation of the particle size was collected from a Waste-to-Energy
(WIE) facility in New Jersey, U.S. The sample was transported and delivered on May 24th, 2021, to the
Mineral Processing Laboratory at Virginia 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 days of air-drying
at room temperature. Once the sample was dry, coarse objects and materials like iron, glass, ceramic, and
non-mineral materials were sorted by hand. Subsequently, the sample was piled into a cone-shaped heap,
and then 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. In total, two

subsamples were taken and analyzed.

5.1.2 Physical characterization
In order to determine the effect of the particle size evaluated as a function of the grinding residence

time, on the physical properties and valuable elements recovery from the BA sample, a sequence of physical
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separation tests were performed after the comminution process. These tests included particle size
distribution, magnetic separation, and froth flotation. The physical tests were carried out to evaluate the
samples’ particle size, magnetic susceptibility, density, and surface hydrophobicity properties and how they
correlated with the different total grinding times. The magnetic separation test was performed following
the conditions previously described in section 2.2.1.2.

5.1.2.1 Particle size reduction by grinding

The comminution process was performed in a Wet Batch Laboratory Mills Series 01-HD attrition
mill (Union Process Inc., Ohio, U.S.). The grinding process was carried out with the samples at 25% solid
concentration with a total of 2.8 kg of Type 52100 Chrome Steel Balls (Union Process Inc., Ohio, U.S.) of
1/4" diameter at a rotational speed of 400 rpm. The residence time chosen to perform the particle size
reduction is shown in Table 7. After each comminution process, the samples were collected for the
following tests.

Table 7. Grinding residence time used.

Test Internal sample code Residence time (min)
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 a 1-L bench-scale Denver flotation machine. The slurry was
brought to a solid concentration of 5% and thoroughly mixed using a high-speed overhead stirrer. Then, a
pH regulator was added followed by 5 min of conditioning time. Subsequently, diesel was added as the
collector, and five more min of conditioning time was taken. The pH was monitored and adjusted during
the conditioning time as needed. Once the desired pH was reached and stabilized, one drop of methyl
isobutyl carbinol (MIBC) was added into the slurry to promote bubble generation. Following another 5 min
to float the slurry, the concentrate, and the tailings (non-floated material) were then collected, labeled,
filtered, and dried for further analyses. The froth flotation experiment set up is illustrated in Figure 50. It is
worth noting that the purpose was to evaluate whether flotation is viable, not to optimize flotation
performance; thus, only a few tests were conducted. Table 8 lists the experimental conditions used for the

froth flotation tests.
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Figure 50. Froth flotation experiment set up.

Table 8. Experimental conditions used for the froth flotation tests.

Test No. Conditions
1 0.168 g/ton Diesel, pH 8.8 (pH was adjusted with HCI)
2 0.338 g/ton Diesel, pH 9 (pH was adjusted with HCI)
3 0.084 g/ton Diesel, pH 9 (pH was adjusted with HCI)
4 0.168 g/ton Diesel, pH 12 (no pH adjustment)

Diesel is a non-polar hydrocarbon oil widely used as collector in coal and organic matter separation
through flotation test because of its capacity to extend the hydrophobic effect (Mulleneers, 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. The collector dosage (diesel) was selected based on the literature review and
adjusted according to the results and flotation kinetics evaluated in preliminary results. As for the pH,
previous studies (Kemal, 2007; Carlson & Kawatra, 2013) have concluded that higher organic matter

removal can be obtained under slightly basic values.
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5.1.2.3 Acid leaching test

A series of acid-leaching tests were performed to determine the effect of particle size on the
valuable elements' leachability. The test setup was previously shown in Figure 19, and the test conditions
were setup based on the sample characterization and valuable elements' leachability determined and
described in section 3.3. The leachability and recovery of the valuable elements was evaluated at different
lixiviant concentrations to determine the acid concentration influence and the effect of particle size as a
function of the grinding time. Likewise, to evaluate the valuable elements leachability kinetics, 5.0 g of
solid sample was mixed with 100 mL of HCI at 1.0 M. Representative samples were taken from the slurry
at 5, 30, 60, and 120 min for a total leaching duration of 2 h. 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, HNOs and HF to determine its elemental composition, according to

the equations (4) and (6) described in Section 2.2.3.3 and 2.2.3.4, respectively.

5.1.2.4 Elemental composition - Inductively coupled plasma spectrometry (ICP-MS)

The total elements composition and valuable metals content in the by-products generated from the
different residence grinding times of the BA sample were determined by inductively coupled plasma
spectrometry (ICP-MS) analysis. The solid samples were ashed in a furnace at 750 °C for 2 h to remove
the unburnt organic material. Then, the ashed material was digested using a closed microwave digestion
system (Multiwave GO Plus, Anton Paar, USA). The sample preparation consisted of adding 9 mL of
hydrochloric acid, 3 mL of nitric acid, and 2 mL of hydrofluoric acid of trace metal grade to 0.100 g of the
solid sample in a digestion vessel. For this procedure, the vessels were heated to 185 °C for 35 min. Once
the process was complete, the samples were diluted 100 time in 5% HNO; solution and analyzed using a
Thermo Electron iCAP-RQ inductively coupled plasma mass spectrometer (ICP-MS) per Standard Method
3125-B (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.

5.2 Results and discussions

5.2.1 Size fraction characterization and elemental composition

The particle size characteristics and the valuable elements redistribution caused by ball milling
were evaluated on the MSWI-BA sample. The particle size distribution was measured after 10, 30,60,90
min of grinding, and results are presented in Figure 51. The distribution was linearized assuming a Rosin-
Rammler distribution. The parameters and calculation for each data ser from the sieve analysis are presented
in Appendix A. From the figure it can be noted that after 60 min of grinding more than 90% of the particles

in the BA sample have a diameter below 38 microns. Furthermore, most of the size reduction comes from
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the particles below 200 mesh, which on average sharply increased about 30% of the total distribution. A
study conducted Bond (1953) called the third theory of comminution, concluded that as for grinding, small
particles require more energy for particle breakage than large particles due to interparticle heterogeneity
and conglomerations. 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 particle size.
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Figure 51. Particle size distribution of the BA sample subjected to different grinding 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 elemental composition and valuable elements distribution from
the raw sample described in section 4.1.1. The results shown that Zn was enriched in the finer fraction in
the raw BA sample (Figure 52(a)), but when grinding the sample for up to 30 min, an even redistribution
among the particle sizes can be observed (Figure 54(a)). According to Loginova et al. (2019) this
phenomenon can be explained by the increment of the specific surface area generated by the grinding
process that promotes the adherence of Zn compounds. Additionally, 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 added to perform the comminution process. According
to the Standard molar Gibbs energy of formation (A:G°) of the Zinc Hydroxide (-555.9 kJ/mol) reaction is
spontaneous, and likely to coat the new fine particles generated by the grinding process (Russian
Anatolievich Kiper, 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 in Figure 53(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 in the -150/+200 mesh size
fraction. Similar results were previously obtained by Yao et al. (2014), who concluded that the particle size
reduction caused by the abrasion-compression mechanisms involved in the ball milling, favors the mobility
and redistribution of the heavy metal and rare earth elements among the different particle size intervals in
the BA sample. In contrast, Ti and Sc content and distribution showed insignificant variance when
comparing the particle size fraction in the raw BA sample, shown in Figure 52(a), the 10 min ground by-

product presented in Figure 53(a), and the 30 min ground by-products shown in Figure 54(a).

As for the minor elements in the raw BA sample shown in Figure 52(b), Mn, Co, Ni, Sn, and V
distributions showed an even enrichment among the size fractions. This was most likely due to the low
concentration of the mentioned elements in the middle-size fraction. However, after 30 min of grinding,
Mn, Sn, and V showed an even redistribution in the different particle sizes, with slight fluctuations among
the +75 and -150/+200 mesh size fractions (Figure 54(b)). These results are consistent with the Loginova
et al. (2019) study, in which a comprehensive characterization of the particle size fractions of the MSWI-
BA was carried out. Likewise, it is worth noting possible sources of contamination introduced during the
grinding process caused by the used of stainless-steel balls that could increase or modify the V content and
distribution in the BA samples. Regarding the contents of Co and Ni in the raw BA sample, there was a
smooth content increment in the coarse fraction (Figure 52(b)). Enrichment that after 10 min of grinding is
redistributed in the different particle sizes (Figure 53(b)). This could be caused by the low content of these
elements in the original sample. Similar results were previously observed by Yao et al. (2014), who
concluded that the comminution process, either through continuous fluidization or ball milling, does not

impact the mobility and redistribution of elements present at the ppm level.
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Figure 52. (a) Major and (b) minor elements distribution per size fraction from the BA raw sample.
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Figure 53. (a) Major and (b) minor elements distribution per size fraction from the BA sample after 10

min grinding time.

+75 mesh [ ]-75/+100 mesh [ ]-100/+150 mesh (a)
| ]-150/ +200 mesh [ ]-200/ +325 mesh|[ | -325/ +400 mesh

25

] -150/ +200 mesh ] -200/ +325 mesh[ ] -325/ +400 mesh

+75 mesh [ ]-75/+100 mesh [ ]-100/ +150 mesh (b)

| ]- 400 mesh - 400 mesh T
2.0 M 2.0 4
f 2
HlE & S 15
1.5 i E : }{ M
I g Al f i
e = S il & | i
1.0 4 P - Bege| S L0 (] B E
e
L
0.5 0.5+
0.0 0.0 -
Ti Sc Fe Cu Zn Mn Co Ni Sn \Y

Figure 54. (a) Major and (b) minor elements distribution per size fraction from the BA sample after 30

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 therefore improve the valuable elements' concentration and recuperation

without optimizing flotation performance; thus, only a few tests 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 evaluated under four test conditions based on two parameters, the

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

described in Table 8. The loss of ignition refers to the total amount of material lost, including organic matter
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content and the CO; lost from carbonates. The LOI was calculated following equation (3) described in
section 2.2.3.2. The results of the loss of ignition calculated for the concentrate stream according to the
different grinding times and test conditions are presented in Table 9. The raw BA sample, which is the feed
material, has an average of 14.73% loss of ignition. Nevertheless, Table 9 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 by-products 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.

Table 9. Loss of ignition of the concentrate stream generated by the forth flotation tests.

Test 1 Test 2 Test 3 Test 4
UB-1 6.63 % 5.23% 3.23% 11.10 %
UB-2 6.55 % 4.25% 413 % 7.10 %
UB-3 7.72% 6.45 % 6.43 % 9.13%
uUB-4 11.87 % 10.38 % 10.42 % 12.38 %

As for the valuable elements' recovery, Figure 55 (a-e) presents the enrichment ratio of the major
elements (Ti, Sc, Fe, Cu, and Zn), achieved after the organic matter removal and the likely liberation of the
element associated and embedded in it. The graphs are presented by valuable elements and each line color
represent the results obtained under different test conditions, while each axis refers to the different grinding
times. The literature review states that longer grinding times expose the organic matter and liberate the
elements associated with it. This phenomenon benefits the interaction between the reagents and the solid
material, favoring the valuable elements concentration. Valuable elements, such as Ti and Fe (Figure 55 (a,
c)), were slightly enriched when the sample was ground for 60 min and the slurry was floated under Test 2
and Test 3 conditions, which reduced the organic matter to 6.45% and 6.43%, respectively. The results for
Sc, Cu and Zn (Figure 55 (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
contribute 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 obtained in the Test 2 conditions
and under shorter grinding times. This suggests that the generation of fine particles could worsen the

flotation performance.

Regarding the test conditions, the lowest organic matter content and highest enrichment 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 regardless of the 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 the collector dosage, 0.338 g/ton used
in Test 2 (depicted in blue in Figure 55), appears to favor the organic matter removal but saturated the slurry
because it does not significantly improve the overall major elements concentration compared to the results

obtained using 0.168 g/ton of collector (depicted in red in Figure 55).

(@)

UB-1 UB-4

UB-3

—H—Testl —@— Test2 —A— Test3 Test 4

Figure 55. Effect of the grinding residence time of the BA sample in the enrichment ratio of (a) Ti, (b) Sc,
(c) Fe, (d) Cu, and (e) Zn from a forth flotation carried out under different set up conditions described in
Table 8.

The enrichment of the minor elements (Mn, Co, Ni, Sn, and V) achieved through the froth flotation
tests are shown in Figure 56 (a-€). It can be observed from Figure 56 (a-e) that the pH strongly correlates
with the overall performance and valuable elements concentration. Similar results were observed with the
major elements and previously described in Figure 55 (a-e). Breitenstein et al. (2016) determined that

slightly alkaline values favor the valuable elements’ recovery, especially Cu and its mineral phases and
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alloys. Additionally, when the sample was subjected to less than 60 min of grinding time, lower organic
content and higher enrichment ratios were achieved for Co, Sn, and V (Figure 56. b, d, and e, respectively),
suggesting that the presence of fine particles could decrease the valuable elements’ recovery through
flotation. Several studies (Arnold & Aplan, 1986; Yu et al., 2017; Norori-McCormac et al., 2017) agreed
that the presence of fine particles could generate a layer of slime that may coat the particles. This could
obstruct the interaction between the particles and the reagents, ultimately resulting in increased collector

consumption.

uB1 uB4

—H—Testl —@®— Test2 —A—Test3 Test 4

Figure 56. Effect of the grinding residence time of the BA sample in the enrichment ratio of (a) Mn, (b)
Co, (c) Ni, (d) Sn, and (e) V from a froth flotation carried out under different set up conditions described
in Table 8.

5.2.3 Magnetic separation

After determining the redistribution of the valuable elements after 10-, 30-, 60-, and 90-min
grinding times, a magnetic separation test was performed to establish the correlation between the grinding
time and the recovery of the valuable elements through wet magnetic separation. According to a study

developed by Youcai, Z. (2017), the recovery rate of Fe could be increased from 6.4% to 7.6% and up to

69



15% when reducing the particle size from 300-100 mm to 100-80 mm and 70-25 mm, respectively. Figure
57 (a, b) reveals significant Fe, Mn, Co, and Ni enrichment in the magnetic fraction after 10 min of grinding
time. The enrichments ratios reached were 1.97, 1.57, 1.50, and 1.64, respectively. The high Fe recovery
achieved after 10 min of grinding could be explained by Del Valle-Zermefio et al. (2017) who inferred that
a ferrous oxide layer coats the small ferrous particles in the MSWI-BA, causing the obstruction of the
magnetic properties of the particles. Overall, smaller particle sizes, as a result of longer grinding times, tend
to decrease the recovery of valuable elements. This could be caused by the centrifugal force exerted by the

agitator being greater than the magnetic force exerted by the magnet.
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Figure 57. Effect of the grinding time of the BA sample on the (a) major elements and (b) minor elements

recovery after a wet magnetic separation.

5.2.4 Leachability of the valuable metals

In order to evaluate the effect of particle size reduction on the valuable elements leaching behavior
and kinetics, a series of acid-leaching tests were conducted under different experimental conditions. To
assess the valuable elements’ leachability, recovery, and their correlation with the particle size as a function
of the grinding time, the tests were carried out using HCl as a lixiviantat 0.5 M, 1 M, 1.5 M, and 2 M. The
results are illustrated in Figure 58 (a-d). Overall, the figure reveals negligible fluctuations in the leaching
behavior of the valuable elements when the sample is subjected to longer grinding time, suggesting a low
correlation between these two variables. Contrary to this proposition, the lixiviant concentration
significantly affected the recovery of some valuable elements. For example, Fe, Co, Mn, Ni, and Sn
increased their leachability by 28%, 10%, 11%, 19%, and 21%, respectively, when using HCI at 2.0 M
(Figure 57 (d)) rather than HCI at 0.5 M (Figure 57 (a)) as a lixiviant. These results are coherent with Dou
et al. (2017) conclusion that acidic conditions can lead to higher recovery values. On the other hand, Cu

and Zn showed a high leachability capability, reaching recoveries greater than 80% when using 0.5 M HCI
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(Figure 57 (a)). Meanwhile, V, Ti, and Sc were observed to have low leachability capabilities because they
did not exceed 40% recovery even when using strong acid conditions such as HCl at 2.0 M (Figure 57 (d)).
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Figure 58. Valuable elements leachability at (a) 0.5 M HCI, (b) 1.0 M HCI, (c) 1.5 M HCI, and (d) 2.0 M
HCI as a function of the grinding time.

Likewise, the effect of the particle size, as function of the grinding time on the leaching kinetics of
the valuable elements, was assessed using HCl at 1.0 M as a lixiviant. The tests were conducted for a period
of 120 min at 75°C. Representative samples were taken from the slurry at 5, 30, 60, and 120 min. Figure
59 (a-d) shows the leaching kinetics results after 10, 30, 60, 90 min of grinding, respectively. The results
from the 10 min ground sample (Figure 59 (a)) suggest that Ti, Sc, V, Sn reach equilibrium in the first 5
min of leaching, while Mn, Ni, Co, and Zn take 60 min of leaching to achieve the maximum recovery and
the reaction equilibrium. As for the Fe and Cu, after 60 min of reaction still present considerable fluctuations
in their recovery values. However, Cu, Zn Co, Ni and Mn can be considered metals with high leachability

properties because they achieve a recovery greater than 70%. The leachability kinetics of Ti, Sc, and Sn
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remained the same when the BA sample is ground for 30 min (Figure 59 (b)). However, the recovery of V,
Zn, Ni, and Co increased 41%, 77%, 74%, and 70%, respectively after 5 min of reaction, indicating that
grinding times between 10 to 30 min could favor their recovery. In contrast, results from longer grinding
times, such as 60 and 90 min (Figure 59 (c-d)) have negligible effect in the recovery and the leaching kinetic
of the valuable elements.
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Figure 59. Effect of the (a) 10 min, (b) 30 min, (¢) 60 min, and (d) 90 min grinding time on the leaching

kinetics of the valuable elements using 1.0 M HCI.

5.3 Conclusions

A MSWI BA sample was subjected to an evaluation of the effect of the particle size reduction to
understand the intraparticle heterogeneity and the effect of the particle size reduction on the physical

properties, chemical properties, and the recovery indicators. After analyzing the particle size distribution
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after grinding the sample for different residence times, it was determined that the fine particles require more
energy to break. Most of the size fractions reach a steady state within the first 30 min of grinding. This
represents 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. The elemental content revealed that
the comminution process promotes the generation of a more specific surface area that enables the adherence

of elements, such as Fe, Zn, and Cu, in the fine fraction.

In contrast, the minor elements showed an even enrichment among the size fractions. It is postulated
that the comminution process does not impact the mobility and redistribution of the elements concentrated
in a ppm level. From the concentration mechanisms used in this study, the froth flotation allowed Cu and
Zn to be efficiently concentrated when the sample was ground for less than 30 minutes, reaching enrichment
ratios of 2.41 and 2.25, respectively. Wet magnetic separation results revealed significant enrichment ratios
of Fe, Mn, Co, and Ni after 10 min of grinding. However, the recovery of valuable elements decreased in
the samples subjected to longer grinding times. This could be caused by the centrifugal force exerted by the
agitator being larger than the magnetic force exerted by the magnet. These results suggest that combining
subsequent beneficiation processes could lead to better valuable elements concentration yield and their

recovery optimization.

Additionally, the effect of the particle size reduction, as a function of the grinding time on the
leachability and valuable elements mobility was evaluated by acid leaching tests. The results showed
negligible fluctuations in the leaching behavior of the valuable elements when the sample is subjected to
longer grinding times. In contrast, the concentration of leached valuable elements varied significantly when
using different lixiviant concentrations. The Cu, Fe, Zn, Co, and Ni leaching kinetics and recoveries in the
leaching tests revealed that these metals are suitable for concentrating, enriching, and recovering through

hydrometallurgical methods.
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Chapter 6 Conclusions and recommendations for

future work

6.1 Conclusions

The literature regarding the MSWI composition, behavior, and speciation is still limited. Previous
characterization studies have quantified the potential toxic elements (PTE) and the heavy metal content in
the incineration by-products driven by environmental concerns. However, a comprehensive
characterization and a thorough overview of the physical, chemical, and mineralogical characterization of
the BA in order to determine the most suitable mineral processing method is not yet available in the
literature. In this work, one BA and one FA sample were analyzed to determine their elemental composition
and distribution to select the most useful residue for recovering valuable elements. The elemental
composition was determined by a combination of the digestion method, XRD and XRF tests. The transfer
coefficient was calculated to evaluate the valuable elements’ distribution among the MSWI by-products.
The results revealed that the BA is a promising source of valuable elements, such as Ti, Fe, Zn, and Cu
with a total concentration of 9.22, 60.45, 3.91, and 2.15 g/kg, respectively. Furthermore, the leachability
and reaction kinetics of the valuable elements from the BA sample were assessed. Metals such as Fe, Mn,
Co, Cu, and Zn were extracted using 1M HCI as a lixiviant, reaching recovery values greater than 80%. As
for the kinetics of the reaction, equilibrium was achieved within the first 30 min. On the other hand, minor
elements like Co and Ni were sensitive to the reaction temperature, suggesting that higher recoveries can

be obtained by increasing the leaching temperature.

In order to assess the valuable elements' mobility and association characteristics, a sequential
chemical extraction (SCE) semiquantitative test and SEM-EDX analysis were performed. The results
showed that a minimal amount of the valuable elements was present as water-soluble, ion-exchangeable,
or acid-soluble forms. 83% of Ti and 82% of Sc occurred in an insoluble form, indicating that these elements
will not dissolve under strong acidic and oxidizing conditions, which is consistent with the leaching results
obtained in this study. The oxidizable distribution among the valuable elements is higher in Cu and Sn.
Additionally, about 10% of the Fe is present in reducible mode. This result is consistent with the information
obtained by the EDX spectra. Fe was found in varieties of Fe-O ratios, indicating metal oxides in different
oxidation states and structural arrangements. The SEM-EDX results revealed the presence of magnetite-
spinel in transition to aluminum-spinel by octahedral substitution of Fe3* by Si**and AI** and tetrahedral

substitution of Fe?* by Mg?*, Ca?*, and Mn?*. These substitutions in the crystalline structure also explained
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Mn, Cr, and Ni enrichment in the Fe-bearing particles. Metallic inclusions, such as Fe-S, Fe-Cu, Cu-S, and
Fe-P, were also identified as the predominant metal speciation in the BA sample.

Once the chemical and mineralogical characterization of the BA sample was completed, the sample
was divided according to its physical properties, such as particle size, magnetic susceptibility, and density.
The sample was fractionated in 5 size fractions (50/+100 mesh, -100/+170 mesh, -170/+200 mesh, -
200/+325 mesh, and -325 mesh) and subjected to a series of physical characterization tests. The elemental
composition per size fraction revealed that Zn is enriched in the finer fraction, while Fe and Sc are enriched
in the coarse fraction. From the particle size distribution and elemental enrichment per size fraction, it can
be concluded that classifying the sample into the coarse, middle, and fine-size fractions could lead to better
metal concentration yields.

Regarding the valuable elements’ enrichment ratios and recovery achieved through magnetic
separation, the valuable elements that exhibited affinity with Fe-bearing particles were efficiently
concentrated and achieved higher enrichment ratios. The enrichment ratio of Fe was close to 2.0 among the
different particle sizes, and recovery was nearly 80%. Metals such as Cu and Co were enriched by 1.51 and
1.66, respectively, suggesting that the magnetic separation performance and enrichment are a function of
the bound of multi-metallic oxides fractions. However, when decreasing the size fraction, the centrifugal
force exerted by the agitator was greater than the magnetic force exerted by the magnet causing a reduction
in the concentration of the material with magnetic susceptibility. The mineralogical characterization of the
magnetic fraction concluded that the main Fe-rich 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 magnetic separation can be explained by the presence of
metallic inclusions, where these elements exhibit an affinity for the iron-bearing particles. Other non-
targeted elements, such as Si, Al, and Ca, were enriched because the Fe-rich minerals were likely embedded

in amorphous siliceous glass or a partially crystallized aluminosilicate matrix.

In comparison, the 2.95 SG density test reached enrichment ratios higher than 2.0 in Fe, Cu, Co,
and Ni in the coarse fraction of the BA fraction, which decreases when reducing the size fraction.
Subsequently, the float material from the 2.95 SG test was collected, rinsed, dried and then used as a feed
for a second-density separation stage at 2.6 S.G. The results from this test 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. Complementary information was obtained
by the mineralogical characterization of the sink fraction. The Cu enrichment, which was higher than the

magnetic separation results, can be justified by the relatively high specific gravity of its mineral phases,
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like copper oxide, copper sulfate, and cupric sulfite, with specific gravities of 6.31, 3.6, and 4.76,
respectively. The slight enrichment of Ti when using a 2.95 cutoff density could be attributed to its
predominant speciation as calcium titanate (CaTiOs), considering that this mineral phase has a specific
gravity of 3.98.

Finally, in this study, the BA sample was subjected to an evaluation of the effect of the particle size
reduction to understand the intraparticle heterogeneity and determine the effect of the particle size reduction
on the physical properties and recovery indicators. Most of the particles reached a fine size fraction, defined
as a diameter below 45um after 60 min of grinding. The elemental content revealed that the comminution
process promotes the interaction of Fe, Zn, and Cu, in the fine fraction, by generating more surface area. In
contrast, the minor elements were not significantly enriched by reducing the size fraction, suggesting that
the comminution process does not impact the mobility and redistribution of the elements in low
concentrations. From the beneficiation methods used in this section, the froth flotation using 0.338 g/ton
Diesel as a collector and adjusting the pH between 8.8 to 9.2 and controlled throughout the test can
efficiently reduce the organic matter content in the BA sample from 14.73% to 5.23%, 4.25%, 6.45% or
10.38% according to the grinding time (10, 30, 60, 90 min, respectively). Slight enrichment ratios were
observed in the concentrate stream of the froth flotation, suggesting that these elements exhibit an affinity
and are associated with the organic matter in the BA sample. The wet magnetic separation results revealed
significant enrichment ratios of Fe, Mn, Co, and Ni after 10 min of grinding. These results suggest that
combining subsequent beneficiation processes could lead to better valuable elements concentration yield
and recovery optimization. These results reinforce the opportunity to find and extract valuable elements
from alternative sources, turn the mining industry into less natural resource intensive, and keep materials,

energy, and resources in a lifecycle loop while reducing landfilling disposal.
6.2 Recommendations for future work

Throughout the development of this study a series of limitations, methodologies and information
were collected and are summarized in this section as recommendations for future studies, research, and

work related to the MSWI characterization and beneficiation.

1. The results presented in this study were obtained by using the MSWI by-products from only one
Waste-to-Energy facility in the U.S and the results cannot be taken as a generalization of all MSWI
by-products. As mentioned before, the composition and elemental distribution in the incineration
by-product can vary depending on economic development, urbanization, economic activities,
seasons, and combustion process. However, the key factor to determine the potential value in the

ashes generated by the incineration of MSW, is the changes in the composition that the season
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could cause. A more robust dataset of the valuable element content in the MSW as function of the
season, can lead to a stockpile segregated based on their feed grades, hence the concentration
process can be standardized and reduce redundant test. This information would also contribute to
minimizing the sampling error that would enable the development of more accurate beneficiation

models.

This study presented an alternative to recover valuable elements and with it, contribute to the
circular economy. However, the final BA application would determine the need for specific

treatment technologies, environmental requirements, and technical barriers to overcome.

The results presented in this research constitute a basis for defining specific physical properties
concentration routes. However, the extraction and purification of the valuable elements

concentrated is still under investigation and a technical evaluation will be needed.

The comminution process used in the evaluation of the effect of the particle size reduction was
carried out using ball milling for grinding. However, it is necessary to investigate the effect of
alternative or unconventional particle size reduction mechanism in order to reduce the fine particle

generation which could hinder the beneficiation effectiveness.

As expressed in this study, valuable elements such as Mn, Cr, Cu, and Ni exhibit an affinity for the
iron-bearing particles, which were not identified by XRD spectrum. This is likely due to the
existence of iron poorly crystallized or embedded in amorphous siliceous glass or in a partially
crystallized aluminosilicate matrix. To have a better understanding of the tendency of these
elements to form a bond with the Fe-particles, there interaction and reactivity, further investigation

regarding the amorphous phase is recommended.

The wet magnetic separation performed in this study was chosen over the dry magnetic separation
to avoid the adherence of non-magnetic particles into the magnetic fraction caused by the strong
electrostatic attraction between the pulverized ash particles. However, by performing a wet
magnetic separation in a water medium, it cannot be ensured that the speciation remained the same
through the process. Dissolution of soluble constituents and possible reactions can have taken place
between the medium and the ash. Additional investigation is suggested to suppress chemical

reactions and mineralogical changes in the sample.

The gravity separation test carried out in this study was performed using lithium metatungstate as

a heavy liquid medium. By increasing the cutoff density, the valuable elements, with a specific
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gravity above 2.95, were separated from the bulk ash fraction, with an approximate specific gravity
of 2.6. However, further investigation is required to overcome the technical barriers and limitations
to scale-up the concentration process.
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Appendix A: Particle Size Distribution

Fit the data set entered to the equation:

Y =n* X -n*In(DN)

where: Y = In(-In(R))
X =In(D)

Raw BA sample

D R X Y
Sieve, um Cumulative Fitted Y Fitted %
%Retained retained
420 - 0.0%
236 0.5% 5.47 1.67 1.61 0.7%
167 5.5% 5.12 1.06 0.92 8.2%
121 40.5% 4.79 -0.10 0.26 27.3%
85 53.2% 4.44 -0.46 -0.44 52.6%
57 68.8% 4.04 -0.98 -1.25 75.0%
40 87.8% 3.70 -2.04 -1.94 86.6%
26 100.0% 3.26 -2.81 94.2%
R2 = 0.9743
n= 2.009534 (Note: R is relative to the
n* In (Dn) -9.37263 derived X and Y, and not D and R.)
Dn 106.068

UB-1: BA sample subjected to 10 min of grinding

D R X Y
Sieve, um Cumulative Fitted Y Fitted %
%Retained retained
420 - 0.0%
236 3.4% 5.47 1.22 1.18 3.8%
167 7.4% 5.12 0.96 0.96 7.4%
121 12.4% 4.79 0.74 0.74 12.2%
85 20.9% 4.44 0.45 0.51 18.8%
57 28.9% 4.04 0.22 0.25 27.7%
40 33.5% 3.70 0.09 0.02 35.9%
26 100.0% 3.26 -2.81 94.2%
R2= 0.9883
n= 0.656073 (Note: Rz is relative to the
n *In (Dn) -2.40231 derived X and Y, and not D and R.)
Dn 38.92543
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UB-2: BA sample subjected to 30 min grinding

D R X Y
Sieve, um Cumulative Fitted Y Fitted %
%Retained retained
420 - 0.0%
236 1.2% 5.47 1.49 1.40 1.7%
167 4.2% 5.12 1.16 1.14 4.4%
121 11.7% 4.79 0.77 0.89 8.7%
85 17.1% 4.44 0.57 0.63 15.2%
7 25.5% 4.04 0.31 0.33 24.8%
40 30.6% 3.70 0.17 0.07 34.1%
26 100.0% 3.26 -2.81 94.2%
R2= 0.9688
n= 0.750198 (Note: R is relative to the
n *In (Dn) -2.70185 derived X and Y, and not D and R.)
Dn 36.65387 |

UB-3: BA sample subjected to 60 min of grinding

D R X Y
Sieve, um Cumulative Fitted Y Fitted %
%Retained retained
420 - 0.0%
236 0.5% 5.47 1.66 1.68 0.5%
167 0.9% 5.12 1.56 158 0.8%
121 1.1% 4.79 1.50 1.48 1.2%
85 1.4% 4.44 1.45 1.37 1.9%
57 3.50% 4.04 1.21 1.26 3.0%
40 4.4% 3.70 1.14 1.15 4.2%
26 100.0% 3.26 -2.81 94.2%
R2 = 0.9603
n= 0.299239 (Note: R is relative to the
n * In (Dn) 0.044995 derived X and Y, and not D and R.)
Dn 0.860394 |
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UB-3: BA sample subjected to 90 min of grinding

D R X Y
Sieve, um Cumulative Fitted Y Fitted %
%Retained retained
420 - 0.0%
236 0.2% 5.47 1.83 1.85 0.2%
167 0.2% 5.12 1.80 1.78 0.3%
121 0.4% 4.79 1.72 1.71 0.4%
85 0.6% 4.44 1.64 1.63 0.6%
7 1.0% 4.04 1.54 1.55 0.9%
40 1.3% 3.70 1.47 1.48 1.3%
26 100.0% 3.26 -2.81 94.2%
R2 = 0.9876
n= 0211949 (Note: R is relative to the
n * In (Dn) 0.692005 derived X and Y, and not D and R.)
Dn 0.038199 |
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