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Abstract

Sustainable soil stewardship provides the basis for terrestrial ecosystems and geochemical
cycles. However, the unprecedented urbanization in the last decades brought massive solid waste
stockpiles worldwide, detrimental to soil health and the neighborhood flora and fauna. Herein,
in-situ solidification/stabilization (S/S) has been proposed as a remediation strategy to prevent
further pollution in the contaminated sites. But the challenges of substantial CO, emission and
the sensitive durability attributed to the ordinary Portland cement (OPC), which is the most

widely used binder in the S/S technique, place this strategy under scrutiny.

In this work, we examined the feasibility of mitigating or negating the use of OPC in the S/S
process of pyrite ash and phosphogypsum, the primary hazardous solid wastes generated in the
phosphate industry. One traditional binder (OPC) and five alternative low-carbon footprint
binders (calcium aluminate cement, mayenite mixed with blast furnace slag, alkaline-activated
blast furnace slag, commercial CEMENT III/B, and y-Al>O;) were applied in the remediation
process. After the physicochemical and mineralogical characterization of the stabilized products,
we constructed the geochemical modeling to reveal the potential mechanisms of contaminant
retention and ensure long-term environmental availability. Finally, we evaluated how integrating
these innovative technologies could shed light on reducing greenhouse gas emissions and offer
technical benefits in future field trials. The overall findings underscore the immobilization
mechanisms of pollutants using different binder strategies and highlight the urgent need to bridge
the zero-emission insights to sustainable S/S technologies. The constructed geochemical
modeling, in tandem with the inclusion of more solid waste types and properties in the following
models, will be pivotal in predicting the availability and efficiency of green and sustainable

remediation strategies.
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Sommario

La gestione sostenibile del suolo rappresenta la condizione primaria per garantire 1’equilibrio
degli ecosistemi terrestri e i cicli geochimici. La crescente urbanizzazione degli ultimi decenni
ha portato alla produzione di enormi volumi di rifiuti solidi in tutto il mondo, particolarmente
dannosi per la salute umana, della fauna e della flora circostante. Il processo di
solidificazione/stabilizzazione in situ (S/S) ¢ stata proposto come strategia di bonifica sostenibile
al fine di prevenire la mobilizzazione degli inquinanti in siti contaminati. Di contro le
problematiche legate all’utilizzo di cemento Portland (OPC), che rappresenta il legante idraulico
piu utilizzato nella tecnica S/S, quali elevate emissioni di CO, durante la sua produzione e la sua
durabilita rappresentano un grande limite all’utilizzo di questa strategia di bonifica. In questo
lavoro, ¢ stata investigata la possibilita di superare queste problematiche riducendo al massimo
I’utilizzo di OPC nel processo S/S nella bonifica di due rifiuti solidi particolarmente inquinati
quali ceneri di pirite e fosfogesso ovvero i principali scarti di produzione dell'industria dei
concimi fostatici. Nel processo di bonifica sono stati quindi investigati parallelamente il legante
tradizionale (OPC) e cinque leganti alternativi a bassa impronta di CO; (cemento alluminoso,
mayenite miscelata con loppa d'altoforno, loppa d'altoforno ad attivazione alcalina, un cemento
di tipo I1I/B e y-Al>O3). Il lavoro ha previsto una preliminare caratterizzazione fisico-chimica dei
leganti idraulici e delle miscele legante idraulico/suolo inquinato ed una successivo modeling
geochimico con il fine di identificare e quantificare i meccanismi di ritenzione dei contaminanti
e garantire un riciclo del rifiuto solido efficace e sostenibile nel tempo. Infine, ¢ stata eseguita
una valutazione preliminare dell'integrazione di queste tecnologie innovative di bonifica
accoppiata ad una alta efficienza di bonifica con contemporanea riduzione delle emissioni di gas
serra e offrendo allo stesso tempo vantaggi tecnici nelle bonifiche di grandi volumi di rifiuti solidi.
I risultati complessivi del lavoro hanno permesso 1’identificazione dei principali meccanismi di
immobilizzazione degli inquinanti e il loro grado di efficienza, ed hanno evidenziato come un
approccio “CO; free” sia urgente per garantire la sostenibilita di tecnologie S/S. La modellazione
geochimica costruita sulla base delle caratteristiche dei rifiuti solidi rappresenta uno step
fondamentale per prevedere I’applicabilita ed efficienza delle diverse strategie di bonifica

disponibili in termini di sostenibilita ambientale ed economica a lungo termine.
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Chapter 1

General introduction

1. Aims of the study

Exposure to potentially toxic elements (PTEs) continues to be one of the biggest public health challenges
worldwide, particularly in developing countries (Hou et al., 2020). Growing commitments to reach the 2030
agenda for 17 Sustainable Development Goals through careful in-situ or ex-situ management of PTEs is a
critical step forward in delivering sustainable development in future grand climate changes (Sachs et al.,
2019; Dooley et al., 2022). To date, the successful commercialization and industrialization of the in-situ
solidification/stabilization (S/S) technologies in the management of PTEs have been assessed (Bonomo et
al., 2009; Contessi et al., 2020; Wang et al., 2022c). However, the increasing focus attributed to the net-
zero emissions and potential risks related to the conventional use of ordinary Portland cement (OPC) makes
this methodology under denunciation (Wang et al., 2020a; Watari et al., 2022). Herein, developing
alternative low-carbon and cost-effective binders is important for facilitating these traditional remediation

technologies. Against these knowledge gaps, the primary objectives of this work include three aspects:

(1) comprehensive multi-approached investigation for the mineralogical and physicochemical information
of the collected solid wastes (pyrite ash and phosphogypsum), aiming to reveal the potential PTEs bearing
phases within the raw wastes and provide insights into the possible PTEs redistribution mechanisms with

the interactions of weathering process;

(2) deploying lower-carbon emission and efficient alternative binders (cement I1I/B (CEM I1I/B), calcium
aluminate cement (CAC), mayenite mixed with blast furnace slag (MAY), alkaline-activated blast furnace
slag (ABS), and y-Al>O3) to mitigate the use of OPC and reduce the mobility of PTEs in the stabilized pyrite
ash and phosphogypsum. In addition, quantifying the carbon footprint and profitability of the proposed

strategies with perspective to confirm their niche in the broad market and real engineering trails;

(3) developing applicable geochemical modeling to give a more comprehensive insight into revealing the
potential PTEs retention mechanisms and predict the PTEs leaching behavior in the interaction between the

stabilized products and environments.

4|Page



Chapter 1

2. Thesis outline

The main contents of this thesis are structured as five different sections, presented in Chapters 2 to 6,
which have been published, submitted, or are ready for submission to a peer-reviewed scientific journal,
and a general conclusion related to the overall findings in this thesis, presented in Chapter 7. The primary

content of each chapter is briefly introduced below.

In Chapter 2, we proposed a methodology to construct a geochemical model that can directly provide a
reliable prediction and mineralogical interpretation of contaminants leaching in multiple leaching scenarios
by only considering the raw solid waste characterization without any additional processing. In this chapter,
we characterized the contaminants-bearing phases in the collected pyrite ash wastes and determined the pH
parallel leaching behavior of lead, zinc, and sulfates. With this bulk sample information, we used the
PHREEQC to develop geochemical modeling, aiming to evaluate the mineralogical evidence that controls
the release of the contaminants. The validation of the experimental observations illustrates that this
approach is promising to provide a fundamental understanding of most essential retention mechanisms and,
in most cases, adequately predict the leaching behavior. In addition, the results of this chapter set the basis

for the forthcoming solidification/stabilization designs of pyrite ash.

In Chapter 3, with the perspective of validating the possibility of using a cement-free pathway to enhance
PTEs retention, we used one traditional binder (OPC) and four alternative binders (CEM 11I/B, CAC, MAY,
and ABS) to immobilize the pyrite ash. To date, although OPC is the most widely used and welcome
commercially manufactured material in the S/S field trials, the use of OPC has been proven insufficient in
cases with high lead concentrations. In addition, the production of OPC results in substantial carbon
emissions, which puts this material under scrutiny. Herein, in this work, four different binders with lower-
carbon footprints were applied in the pyrite ash remediation strategy design. After the S/S process, leaching
tests and characterization experiments were applied to the stabilized products to investigate the PTEs
retention capacity and the attributed immobilization mechanisms. Further, we quantified the CO, emissions
and overall benefits of each binder scenario, highlighting the urgent need to bridge the zero-emission

insights to sustainable in-situ S/S technologies.

In Chapter 4, we propose to characterize and simulate the retention and leaching behavior of fluorides and
phosphates in OPC stabilized phosphogypsum. Multi-techniques, including the SEM/EDS, EPMA/WDS,
XRD, XRF, and FT-IR, were implemented to deepen the mechanisms associated with fluorides and
phosphates immobilization in the stabilized products. pH-dependent leaching tests were carried out to verify
the solidification/stabilization effectiveness and reveal fluoride and phosphate leaching behavior.
Afterward, the geochemical modeling was constructed as a promising tool to interpret experimental results

with emphasis on the pH values influencing the leaching, aiming to establish the links between leaching
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Chapter 1

and mineralogy controls.

In Chapter 5, we highlight the S/S remediation of phosphogypsum toward minimizing the potential effect
on the environment from dual concerns on pollutants remediation and carbon footprint. As stated in the
previous section, the use of OPC is not qualified for phosphogypsum remediation under acid conditions.
The presumption was given as it is a range of pH that is unsuitable for hydration products stability
(approximately range from 9 to12), and the stabilized pollutants released consequently. Herein, in this work,
a more climate-friendly and lower greenhouse gas emission binder, y-Al,Os, was used as the supplementary
material to partially replace the OPC fraction. To further understand the principles of y-Al,O3 in the

mixtures systems, we developed a geochemical model to reveal the leaching and phase transport processes.

In Chapter 6, the influence of fluoride and phosphate on the early age hydration and the subsequent CO,
uptake capacity of the proposed S/S scenario is investigated through experimental observation and
geochemical modeling analysis. This work is conducted based on the findings presented in Chapters 4 and
5, of which fluoride and phosphate play different roles in the S/S systems. In addition, the sponge effect of
the S/S products, indicating the ability that reabsorbs the atmospheric CO, in the future, is explored by
quantifying the precipitated calcium carbonates in the S/S products. A cradle-to-gate CO, emission and
storage model was developed that shed an intimate view of the CO, balance along the phosphogypsum

recycling cycle, which shares new insights with those envisaged in current technology roadmaps.

In Chapter 7, we summarized the main conclusions of this thesis and briefly introduced the primary future

outlooks of our following works.

In Appendices, we shed light on using geochemical modeling (PHREEQC) and parameter fitting software
(PEST++) to quantify the roles of different Pb retention mechanisms in OPC and CAC stabilized pyrite ash

under the broad pH varial leaching tests.
3. Background
3.1. Solid waste generation and immobilization scenarios: concepts, evolutions, and mechanisms

Solid waste production has been an inevitable consequence of unprecedented economic development and
urbanization in the last few decades (Vergara and Tchobanoglous, 2012). To date, the stockpile of solid
wastes has consequently been a stinging and widespread problem in both urban and rural areas in many
developed and developing countries that directly threatens public health and the environment surrounding
it (Abdel-Shafy and Mansour, 2018; Khan et al., 2022a). The potentially toxic elements (PTEs) within the
solid waste can intricately interact with the air, soil, and waterbody leading to the mobilization of PTEs due
to the weathering process (Das et al., 2019). In Europe, it is estimated that over 340,000 contaminated sites

need to be efficiently remediated (Ausili et al., 2020). Concurrently, in the United States, the existence of
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Chapter 1

hundreds of thousands of contaminated sites was confirmed, and it would take over 100 years to remediate
all of these sites at the current pace of cleanup (Hou and O'Connor, 2020). Likewise, approximately 16%
of the topsoil in China was found that exceed the enrichment limits of PTEs based on the national
environmental standard (Jin et al., 2021). This proliferation of solid waste triggers governments and society
to be charged with managing the waste in an economically, socially, and environmentally acceptable

manncr.

Nevertheless, to minimize the side effect of solid waste stockpiles, different remediation technologies and
policies have been proposed over time (Fig.1), just as the governance of waste has evolved. From the 1970s
to the 80s, the "remove-all" strategy has been historically employed in waste management. Open pit
incineration and ground dumping were the most common methods during that period (Vergara and
Tchobanoglous, 2012). However, in the middle of the 1990s, studies found that despite the "remove-all"
methods being simple operation and relatively low-cost involvement, easy mismanagement or ineffective
execution may be easily present, producing long-term environmental, social, and economic repercussions
(Khan et al., 2022b). For instance, residents who live near the waste disposal yards may greatly increase
the prevalence of suffering several diseases like malaria, dermatitis, and gastrointestinal disorders (De and
Debnath, 2016; Das et al., 2019). Meanwhile, open burning has been confirmed that is a major source of
carcinogenic substances emissions of multiple gaseous pollutants (such as dioxin, furans, carbon monoxide,

and 1-hexene) into the atmosphere along with the incineration process (Kumari et al., 2017).

1970s—1980s \ 1990s—2000s \ ZODDs—present\

Remove-all Risk-based Green and sustainable
remediation remediation remediation

Figure.1. Different stages of solid waste remediation strategies from the 1970s to the present (Hou

and O'Connor, 2020).

Therefore, an improved type of remediation method referred to as "risk-based remediation" has been
practiced. This management is similar to ground dumping but built with some architectural upgrades such
as multiple layers composed of cement, soil, and/or clay with the aim of reducing the seepage of toxic
effluents (Zeng et al., 2005; Das et al., 2019). With the ongoing socio-economical development and
stepped-up concerns about environmental pollution, the Sustainable Development Goals (SDGs) have been
raised by the United Nations (Folke et al., 2002; Sachs et al., 2019), which induced the international
community to eagerly seek new sustainable paradigm into the current waste management and innovative

interventions to bring the solid waste back to beneficial use (Hak et al., 2016). Many in-situ or ex-situ green
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Chapter 1

and sustainable remediation approaches have been explored, such as biochemical conversion (Schnell et
al., 2020), electrodialysis treatment (Pedersen et al., 2018), and pyrolysis technique (Xu et al., 2021). In the
overall management trials of solid waste, stabilization/solidification (S/S) is one of the practicable and time-
efficient approaches, which covers approximately 40% of the commercial treatment market (Chen et al.,

2009; Xiong et al., 2019; Xue and Liu, 2021).

Given in Fig.2 is the framework of the high-performance S/S (HPSS®) process proposed by our co-workers
(Bonomo et al., 2009; Contessi et al., 2020). After removing the large aggregates of the collected
contaminants, the sieved sample and binder, primarily cementitious materials, are blended in a mechanical
disc pelletizer with a predetermined amount of aqueous solution (water or alkaline solution). Then the
pellets are cured in the air or atmosphere-isolated conditions for subsequent real-world use. This
management is deemed to effectively convert the solid waste to a physicochemically stable solid
assemblage that can long-term or permanently store contaminants in a relatively less mobile form (Chen et
al., 2009). The potential PTEs retention mechanisms related to the S/S process are mainly attributed to two
aspects: (1) adsorption and chemical bonding (surface complexation, precipitation, and co-precipitation)
and (2) physical micro-and/or macro-encapsulation (Chen et al., 2009; Guo et al., 2017). Generally, these

two mechanisms occur synchronously.

1 Sample collection 2 Separate the large aggregates

{ : 3
\

Contaminated
Sites

Real-world
Uses

Figure.2. HPSS® process framework.

As one of the most widely used artificial materials in the industry (Habert et al., 2020), ordinary Portland
cement (OPC) is herein extensively applied in the S/S process due to its unique properties and simplicity
of use (Ouhadi et al., 2021). When the OPC binder reacts with the water, hydration products (e.g., ettringite,
C—S—H gel, and portlandite) start to precipitate due to chemical reactions between clinker compounds,

sulfates, and water. Simultaneously, the microstructural features of the mixtures get stiffer (Malviya and
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Chaudhary, 2006). The hydration product precipitation usually leads to the adsorption and chemical
bonding mechanisms of the available PTEs leading to their total retention. For example, many studies report
that the sulfate molecules in ettringite are easily substituted by the heavy metal oxyanions with similar
structure and radius (e.g., CrO4*", SeO4>, VO4? and AsO4*") (Chrysochoou and Dermatas, 2006; Chen et
al., 2009; Contessi et al., 2021). For this reason, ettringite has been exploited to solidify the ions through
chemical or physical adsorption (Wu and Liu, 2018; Hou et al., 2018). Regarding the C—S—H gel, its layered
structures, which link through non-bridging oxygens to chains of silicate tetrahedra on both sides, give rise
to a high surface area and a strong capacity for binding PTEs (Contessi et al., 2020; Chen et al., 2022).
Vespa et al. (2014) summarized that three possible crystallographic positions in the C—S—H gel structures
are responsible for the ions binding with reference to the tobermorite structure. For instance, it is reported
that the Zn and Pb can be linked to a chain of silicate tetrahedra of C-S-H by Pb/Zn-O-Si linkage. In addition
to sorption and chemical bonding, the precipitation of PTEs species with low solubility is another important
fixation mechanism (Dijkstra et al., 2006, 2019; Jarosikova et al., 2017). Heavy metals can be precipitated
as hydroxides, carbonates, and sulfates (Contessi et al., 2020; Ouhadi et al., 2021). Besides, the PTEs can
react with the cations dissolved from the clinker phases and precipitate (Park et al., 2008; Bisone et al.,
2017). For instance, fluoride would precipitate as sparingly soluble fluorite (CaF,) and fluorapatite
(Cas(PO4)sF) (Gerritse, 1993; Park et al., 2008; Gomes et al., 2012), and further, Cr** in a high calcium

content would present as the form of calcium—chromium crystalline precipitates (Omotoso et al., 1998).

On the other hand, the physical micro-and/or macro-encapsulation refers to the capacity that prevents the
PTEs from reacting with leaching media such as groundwater and rainfall (Chen et al., 2009). Theoretically,
permeability and mechanical properties are the two significant parameters affecting encapsulation. But
these two macro-scale properties, in turn, are susceptible to the degradation of mixtures during in-use
conditions. The mixtures are attacked by CO-, chloride, sulfate, and organic matter when exposed to air
and waterbody, resulting in the dissolution of hydration products and other chemical reactions that

deteriorates the solidified matrices (Dong et al., 2019).

Therefore, considering the challenges for the effective long-term remediation of PTEs, there is a need to
investigate the following PTEs mobilization from the mixtures and reveal the mechanisms associated with
the redistribution of the stabilized phases. However, the literature highlights that the phases associated with
the PTEs are often amorphous, poorly crystalline mixtures, or trace content components at the nanometric
scale (Chen et al., 2009; Jarosikova et al., 2017). The characterizations of these phases thus are very
complicated. Few geochemical modeling studies have been published so far related the waste in the S/S
regime (Dijkstra et al., 2006; Gomes et al., 2012; Chen et al., 2021b). Hopefully, this approach could

provide a reliable prediction based on an in-depth mineralogical interpretation of contaminants mobility in
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multiple leaching scenarios.
1.2. Alternative binder development: perspectives on PTEs remediation and carbon neutrality

In the 2015 Paris agreement, all major economic sectors worldwide committed to taking responsibility for
the global CO; emission, which is estimated to be halved by 2030 and reach net zero by 2050, to limit the
warming to around 1.5°C (Sachs et al., 2019; De Kleijne et al., 2022). The OPC is mainly composed of four
components: alite (C3S), belite (C,S), tricalcium aluminate(C3A), and tetracalcium aluminoferrite (C4AF),
which are primarily sourced from limestone (CaCO3) calcination (Cao et al., 2020). Concurrently, during
the OPC production, the raw limestone is excavated, crushed, and milled before being calcined in a rotary
kiln at a temperature up to 1500 °C, which dissociates the limestone into CaO and CO, before the following
reactions with aluminates and silicates (Hossain et al., 2020). The overall OPC production represents
substantial greenhouse gas emissions, accounting for 8% of global CO, emissions (Andrew, 2018) and 36%
of CO, released by construction activities (Bajzelj et al., 2013). Based on the statistics, the predominant
CO; emission source is attributed to the kilning stage in OPC production, although the grinding, excavation,
packaging, and transportation (Fig.3) also have a minor contribution to the carbon footprint (De Kleijne et
al., 2022; Chen et al., 2022; Yang et al., 2022). Therefore, the use of OPC is under critical scrutiny. In order
to mitigate the carbon footprint of the S/S process, attempts to partially or entirely replace the OPC content
have grown exponentially over the last decades (Habert et al., 2020; Hossain et al., 2020). Low-carbon
supplementary cementitious materials (SCMs) and alternative binder solutions are promising routes to
mitigate the environmental impacts relative to the conventional OPC.

Carbon emission from
Raw materials, electricity Cement

energy/fuels Prod
é roducts

m Carbon emission from

Recovery

Productiol

s e Concrete
Carbon sinking

: laci
by Carbonation placing

Re-use
Enérgy recovery

Material recycling

#*
Service life of concrete

Figure.3. The life cycle process of cement (Shen et al., 2016).

According to the calcium-to-silica reactions, SCMs can be roughly classified into two groups: hydraulic
materials (calcium-containing materials spontaneously reacting with H>O) and pozzolanic materials (slight
or no cementation value but chemically reacting with portlandite) (Wang et al., 2020a). To date, the

applications of multiple SCMs, such as fly ash, ground granulated blast furnace slag, silica fume, and nano-

10|Page



Chapter 1

AL Os, illustrate an alternative solution for partially replacing the use of OPC (Skibsted and Snellings,
2019). Fly ash and ground granulated blast furnace slag are both typical industrial by-products, which have
been extensively studied by researchers worldwide and preliminarily used in the S/S process (Minnu et al.,
2021; Wang et al., 2022a). Fly ash incorporated S/S mixtures showed high performance in heavy metals
(As and PD) retention due to its significant pozzolanic reaction that promotes the formation of C—S—H gel
and micro-aggregate filling that optimizes the structures of the mixtures (Singh and Pant, 2006; Liang et
al., 2020). The addition of ground granulated blast furnace slag favors the C—S—H gel precipitation and
reduces the exorbitant pH variation while simultaneously benefits the PTEs remediation (Wang et al., 2018;
Zhang et al., 2022; Wu et al., 2022). The silica fume contains as high as 99% reactive SiO», thus, facilitating
the additional C—S—H gel formation in the stabilized products through the pozzolanic reactions (Siddique,
2011). Likewise, this promotion significantly enhances the durability and mechanical properties of the S/S
mixtures for engineering applications and decreases the PTEs' leachability in the view of sustainability. The
more environmentally friendly and lower carbon footprint agent, nano-Al,Os, is produced by kaolin
calcination (the main constituent in kaolin is kaolinite mineral: Al,O3-2SiO,:2H,0), with the CO; emission
amounts to approximately 60% of OPC production (Hosseini et al., 2011). Apart from the low carbon
footprint, nano-Al,Os has excellent adsorption capacity for both PTEs due to its large specific surface and
high mass transfer efficiency (Moharami and Jalali, 2014a; Hafshejani et al., 2017). Meanwhile, the
aluminate presents high compatibility with the contaminated soil remediation by bonding the PTEs (Wang
et al., 2020a). With the incorporation of nano-Al,Os, the S/S products show reduced environmental impacts
through the chemical and physical adsorption of hydration products and nano-Al,O3 (Wang and Sohn, 2021;
Praveenkumar et al., 2021). Furthermore, the nano-Al,Os can provide sufficient alkalinity to activate the
reactions of the systems, which contributed to the high retention efficiencies of PTEs at the early-age

hydration period (Valero et al., 2006; Yang et al., 2020).

Aside from the SCMs, the applications of alternative binders may be capable of achieving the ideal one-
for-one replacement for the OPC, including calcium aluminate cement (CAC) (Calgaro et al., 2021),
geopolymer (Guo et al., 2017; Sun et al., 2019), and magnesium-rich cement (MRC) (Naeem et al., 2021).
CAC is an alternative cementitious material manufactured industrially from mixtures of limestone and
materials (bauxites and laterites) with a high content of Al,O3; (Chen et al., 2021a; Zapata et al., 2022) It is
considered eco-cements due to the reduced carbon emissions generated during its production, even though
it suffers from a higher production cost than OPC (Zapata et al., 2022). Promising superior PTEs (i.e., Ni,
Cu, and Cr) immobilization results obtained in the works of Abbaspour et al. (2016) and Ivanov et al. (2016)
open possibilities for its use as an alternative binder to OPC in the S/S process (Calgaro et al., 2021).
Meanwhile, its specific engineering properties, such as fast setting time and relatively high early mechanical

strength, broaden the in-use conditions of the S/S applications, which is difficult to achieve with
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conventional OPC-based technologies (Calgaro et al., 2021; Sun et al., 2022). Geopolymer is a binder that
can be synthesized from various raw aluminosilicate sources, for instance, metakaolin, blast furnace
slag, fly ash, and clays (Xia et al., 2019). Of which metakaolin is the most widely used raw material (Wang
et al., 2020a). With the activation of alkaline agents, the metakaolin synthesized geopolymer presents
enhanced physical properties and chemical corrosion resistance compared to the OPC-based S/S (Xia et al.,
2019). Less leaching of PTEs (Pb, Cr, Zn, and Cu) is verified through the ion exchange with the amorphous
content and the precipitation of the fewer solubility minerals (Guo et al., 2017; Wang et al., 2021).
Noteworthy, it is within a pH range (9 to 12) that most of the PTEs species have the lowest solubility. MRC
is considered an eco-friendly cementitious substitute for OPC but has relatively low raw materials
availability (Wang et al., 2020a). The study shows that the generated magnesium silicate hydrate (M—S—H)
gel has the potential to immobilize nuclear contaminations, such as plutonium-contaminated ash arising
from nuclear operations and uranium-containing nuclear wastes (Walling and Provis, 2016). This is because
the M—S—H gel has a lower equilibrium pH (10.5) than the conventional PC blends, suggesting that it can
be advantageous in reducing aluminum-induced expansion and cracking in alkaline media and the low
water requirement for the MRC binder reduces the availability of free water for corrosion (Pyo et al., 2021).
But due to its low water resistance and unprofitability, the wide application of MRC is limited, and it is

usually introduced to special conditions unsuitable for the OPC.

Although many works have been carried out on the use of SCMs and alternative binders during the past
decades, the economic consumption, the availability of the raw materials, the not-well-established
immobilization mechanisms systems, and most importantly, the confidence in the long-term PTEs retention
capacity highlights that there is still no silver bullet for achieving the overall replacement the conventional

OPC (Hou and O'Connor, 2020; Habert et al., 2020).
1.3. Geochemical modeling: a new vitality for the traditional and versatile S/S remediation

In the service life, stabilized products will inevitably come in contact with infiltrating water sooner or later,
and constituents of PTEs could be remobilized (Contessi et al., 2020; Chen et al., 2022). Therefore, studying
the fate and transportation of PTEs in solid wastes and stabilized products is of great significance to better
understand the fate of contaminants and their interactions with the environment (Tiruta-Barna, 2008;
Jarosikova et al., 2017; Khalidy and Santos, 2021). Concurrently the majority of the works mainly depend
on direct evidence provided from the laboratory and field monitoring, for instance, the PTEs concentration
in the leachate and the physiochemical characterization of bulk samples (Tiwari et al., 2015; Pietrzak,
2021). Despite these physical, chemical, and/or biological attempts successfully acquire pertinent
information to assess the PTEs leaching in some cases, exploring the overall PTEs leaching controlling

mechanisms is still challenging (Mahedi et al., 2020). During the past decade, geochemical modeling has
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been one of the main driving forces in the ongoing global search for novel insights to chart the complex
mechanisms that are responsible for the leaching behavior (Dijkstra et al., 2006; Appelo et al., 2014;
Parkhurst and Wissmeier, 2015; Chen et al., 2021b).

PHREEQC (pH values, Redox, Equilibrium, C++ programming language) (Parkhurst and Appelo, 2013;
Appelo et al., 2014; Parkhurst and Wissmeier, 2015) is a computer program for simulating chemical
reactions and transport processes in natural or polluted water. It is applicable to the study of the migration
of heavy metals (e.g., Pb, Zn, and As) (Dijkstra et al., 2002; Halim et al., 2005; Tiruta-Barna, 2008), the
spatial distribution of contaminants in the solid waste stockpile sites (Bisone et al., 2017), and the in the
investigation of the PTEs/aquifers interactions (Chidambaram et al., 2012; Moharami and Jalali, 2014b;
Appelo et al., 2014). Further, it can be used to determine the predominant hydrochemical processes
controlling water quality and the occurrence of pharmaceuticals (Tomaszewska et al., 2018; Wator et al.,
2020; Pietrzak, 2021) and the sorption behavior of organic micropollutants (Yan et al., 2012; Mosai and
Tutu, 2019).

In the projects of S/S application, Halim et al. (2005) simulated the long-term leaching behavior of Pb, Cd,
As, and Cr from cementitious wastes. The model is mainly composed of four parts: (1) minerals
equilibrium, (2) calcite-cerussite solid solution formation/dissolution, (3) organic surface complex, and (4)
adsorption to hydroxides and silica gel. The results obtained in this work suggest that the minerals
equilibrium is dominant in Pb and Cd leaching, of which carbonate and silicate species governed the
solubility of Pb while carbonate, silicate, and hydroxide species governed the solubility of Cd. Likewise,
the effectiveness of OPC at Cu, Pb, and Zn-contaminated soil immobilization was examined by PHREEQC
(Navarro et al., 2011). In this work, both Pb and Zn demonstrate high mobility under basic conditions (pH
> 12) based on the experimental observation. The PHREEQC simulation shows that the remobilization of
Pb is attributed to the complexation with OH™, CI-, CO5*", and SO4*", whereas the Zn leaching is associated
with the OH™ and SO4* species. Further, research has shown that PHREEQC can be applied to the
investigations of the weathering process of S/S products (Vega-Garcia et al., 2021). For the pH-dependence
leaching of stabilized PTEs, Martens et al. (2010) combined the mechanisms of minerals
precipitation/dissolution, surface complexation, and solid solutions formation to reproduce the amphoteric
Pb leaching. Nevertheless, all these findings indicate that the PHREEQC modeling is a promising route for
revealing the possible PTEs retention mechanisms. However, the inverse modeling construction (Fig.4)
relies on the thorough characterization of leachate (Martens et al., 2008; Navarro et al., 2011) and parameter
fitting software (Vega-Garcia et al., 2021) to find the possible sets of mineral assemblages and aqueous
species transfer. The model is calibrated by comparing the leaching data from the experiments and

simulation back and forth and ends up with an acceptable compositional fit. This direct data acquisition
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method is typically time- and cost-consuming. A series of tests must be carried out before reconstructing a

convincing representation of reality.

On the other hand, studies also tried to use the forward model construction pathway to predict the leaching
behavior of PTEs, aiming to simplify the laboratory measurement (Solpuker et al., 2014; Lupsea et al.,
2014; Han et al., 2021). This methodology (Fig.4) is mainly based on the bulk S/S product characterization
results as the initial input. With the calculation of minerals equilibrium, surface complexation, oxidation-
reduction, etc., the modeling output (e.g., PTEs concentration in the solution and saturation index evolution
of the initial input minerals) is taken as semiquantitative, or even qualitative, indicators of possible outcome

(Khalidy and Santos, 2021).

I Inverse model I
Thorough ions concentration Ve I
characterization of leachates N ﬂ

Possible minerals assemblages . . lons concentration and
b participated in the equilibrium I:> Simulate the leaching process =|:> saturation index of minerals

I Forward model

Bulk characterization of the S/S lons concentration <‘ I
products (e.g., XRD and XRF) characterization of leachates b ﬂ
u N I ! lons concentration and
| Simulate the leaching process  — :> saturation index of minerals

Figure.4. Inverse and forward PHREEQC model construction storylines.

The reported bulk characterization methods include X-ray diffraction (XRD) (Liu et al., 2020; Wang et al.,
2020b), X-ray fluorescence (XRF) (Masindi et al., 2021), and scanning electron microscopy/energy
dispersive X-ray spectroscopy (SEM/EDS) (Liu and Cheng, 2019). Without the parameter fitting process
and the control of the specific PTEs input (e.g., the maximum PTEs leaching is based on experimental
observation at harsh acid conditions instead of the bulk XRF or XRD quantification of the products), this
direct pathway may bring larger variation between the simulation and experiments. But, in practice, the
forward construction is simpler and less dependent on experimental or sampling data. If well constructed,
it can still be valuable in many applied fields and at least can be utilized as semiquantitative or even
qualitative indicators (Khalidy and Santos, 2021). Therefore, the considerable quantity of contaminants, the
mineralogical composition of waste, the detailed investigation of the stockpile site, and the examination of
the leaching behavior are fundamentally in the selection of management strategies. Nevertheless,
experimental characterization is a typical straightforward method that can provide sufficient information

for revealing the fate of contaminants. But this direct data acquisition method is typically time- and cost-
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consuming. A series of tests must be carried out before reconstructing a convincing representation of reality.
Consequently, geochemical modeling helps predict the future state of such a stockpile system and aids in

the design of remedial strategies.

1.4. Literature review for the solid waste generated by the phosphorus fertilizer industry: generation,

storage, and recycling of pyrite ash and phosphogypsum

As mentioned above, along with the rapid urbanization and industrialization that began in the last century,
the global population was rising dramatically, posing an increasing demand for phosphates fertilizer for
agricultural purposes (Villalba et al., 2008). Although the fertilizer industry plays an essential role in
improving the social and economic status of human beings, the inappropriate dumping of million tons of
waste by-products poses a threat to climate change and human health (Rashad, 2017; Saadaoui et al., 2017,
Wang, 2020). In the production of phosphoric acid, an essential intermediate for the phosphate fertilizer,
there are two processes commonly used: the wet process (wet phosphoric acid production) and the thermal
process (thermal phosphoric acid production). Thermal acid is of a higher grade than wet acid and is thus
used in the food industry and industrial phosphates, whereas wet acid mostly goes to fertilizer production
(Villalba et al., 2008; Tayibi et al., 2009). Generally, the by-products closely related to wet phosphoric acid
production are pyrite ash and phosphogypsum (Cordell et al., 2009; Scholz et al., 2013; Chernysh et al.,
2021). From Fig.5, it can be seen that pyrite ash is the by-product generated by the roasting process of pyrite
to extract the sulfur from SO, to sulphuric acid. It is basically composed of iron oxide (hematite) and a
minor content of sulfates (Oliveira et al., 2012). Phosphogypsum, another solid waste residue from the
overall wet process, is produced by the wet-chemical processing (sulphuric acid) of phosphate rock. The
observed mineral phases of by-product phosphogypsum mainly consist of three sulfate species: gypsum,
bassanite, and anhydrite, accompanied by minor content of silicates (Lieberman et al., 2020). The weight
percentage of these mineralogical components is influenced by the employed wet-process phosphoric acid

production (Tayibi et al., 2009).
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Figure.5. Solid waste generation related to the phosphates fertilizer industry.
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Although the primary components in pyrite ash are hematite and calcium sulfates, which are naturally
occurring minerals in the environment with low toxicity (Oliveira et al., 2012), along with the enrichment
of the physicochemical process from the raw ores to business products, significant concentrations of PTEs
are correspondingly presented in the residues. For instance, multiple heavy metals species (e.g., Pb, As, and
Zn) and sulfides are observed in the pyrite ash residues (Gabarron et al., 2018; Contessi et al., 2020).
Regarding the phosphogypsum residues, the substantial presence of phosphates, fluorides, and radioactive
elements components are explored (Tayibi et al., 2009; Zhang et al., 2017). Furthermore, due to the popular
locus of historical management in the last century (risk-based remediation) and lacking efficient recycling
strategy in recent decades, statistics report that 1 billion or more metric tons of pyrite ash and
phosphogypsum have been accumulated so far (Villalba et al., 2008; Oliveira et al., 2012; Rashad, 2017).
The interaction between weathering process and anthropogenic activities with the exposed residues deposits
produces PTEs-rich leachates channeled back into the stockpile site, seriously affecting residues and the

surrounding environment.

During the stockpile of pyrite ash, the oxidation of metal sulfides is a significant threat to the acidification
in soils, which acts as a forerunner of heavy metal mobility (Hooda, 2010). For instance, the galena (PbS),
a Pb host mineral in the pyrite ores, may oxidize to anglesite (PbSO4) under acidic and oxidizing conditions
(Gabarron et al., 2018), thereby releasing huge amounts of Pb and sulfates into the environment being more
soluble. Further, in pyrite oxidation, the porous texture of hematite with a high surface area can adsorb SO»
and heavy metals (Oliveira et al., 2012; Contessi et al., 2020). When weathering occurs, the complex surface
balance equilibrium is shifted, and the adsorbed SO, and heavy metals are released into the environment
together with water infiltration. Similarly, the phosphogypsum storage not only occupies considerable land
areas but also degrades groundwater quality by the PG leachates infiltration (Melki and Gueddari, 2018).
The water-soluble phosphorous and fluorine, representing the primary phosphogypsum pollutants, and
impurities of heavy metals (Ba, Cu, Pb, Zn) and toxic radionuclides (Ra**®, Pb*', et al.) can be channeled
back into the groundwater body through the weathering interactions (Lieberman et al., 2020). Hence, given
the long history and vast scale of pyrite ores roasting and phosphate fertilizer production, the environmental
risk management of areas affected by pyrite ash and phosphogypsum stockpile represents a major challenge

worldwide (Oliveira et al., 2012; Liu et al., 2016; Soriano-Disla et al., 2018).

Concurrently, there are many research reports on the ex-situ utilization of pyrite ash disposal (Chun et al.,
2011; Ma et al., 2021; Zhang et al., 2021). The majority (approximately 30 wt% of the total discarded) of
the recycled pyrite cinder is attributed to an additive in brick-making, coating, and cement industry (Ma et
al., 2021). Besides, techniques also have been used as a metal resource to recover Fe, Pb, and Zn from

pyrite ash through magnetic and gravity separation (Li et al., 2018; Liu et al., 2022) and as an oxidation
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catalyst to manage high-concentration refractory organics in wastewater (Song et al., 2022). Although these
attempts presented a promising prospect of utilizing the pyrite cinder in a high-value and sustainable
pathway, some drawbacks, such as energy-intensive, grievous environmental pollution, and serious
equipment corrosion, are shown due to the pervasive intergrowth between the valuable resources and PTEs
(Alp et al., 2009; Zhang et al., 2021). Up to date, some studies have tried to large-scale and efficiently
remediate and recycle the pyrite ash through the S/S process (Wang et al., 2018; Contessi et al., 2020;
Calgaro etal.,2021; Wang et al., 2022b). But the challenges refer to retention mechanisms of Pb to precisely
control and track the release of PTEs and negative-emission binders to enable global climate change

mitigation still needs further work to fill this gap.

Regarding phosphogypsum recycling, scholars tried to apply it to agricultural production (Abril et al., 2009;
Soares et al., 2012), rare earth elements recovery (Canovas et al., 2019), and building material manufacture
(Degirmenci, 2008; Bagade and Satone, 2012; Tian et al., 2016; Yang et al., 2016; Liu et al., 2019). When
reusing through the S/S process, the results depicted a gradual decline in workability and mechanical
performance increased with the phosphogypsum content, which can be attributed to the presence of fluorine
and phosphorus compounds. Therefore, studies for phosphogypsum purification pretreatment, for instance,
water washings (Olmez and Erdem, 1989; Singh et al., 1996), thermal treatments (Taher, 2007; Tayibi et
al., 2009), hot aqueous ammonium sulfate solutions (Singh et al., 1993), and neutralization with lime (Al-
Hwaiti, 2015), were accordingly conducted. However, the phosphogypsum itself also lacks adequate
mechanical properties and durability for being used independently as a primary component in the mixtures
(Potgieter et al., 2003; Huang et al., 2016; Nizeviciené et al., 2016). Besides, using complicated purification
systems can increase extortionate costs. Therefore, the successful commercialization of recycling
phosphogypsum has been consequently far from an apparent breakthrough, with particular emphasis on

quality assurance, repeatability, processability, and safety.
4. Material and methods

In the thesis, the studied material (Fig.6a) of Chapters 2 to 4 was pyrite ash collected from the middle-east
part of Italy (Ancona). This site was devoted to a pyrite ash storage place for an abandoned fertilizer
production facility. Samples (Fig.6b) used in Chapters 5 to 7 were from a phosphogypsum stockpile site in
China (Hubei), which was generated by fertilizer manufacturing and beneficiation of low-grade phosphate
rock. The samples were excavated from the layer comprised in the depth interval between approximately
20 to 50 cm from the surface of a stockpile site and sieved through a 200 pm mesh. XRD, XRF, and Fourier
transform infrared (FTIR) experiments were conducted to characterize the mineralogical and chemical
composition of the collected samples with the aim of determining the PTEs bearing phases and the

concentrations. Particle size distribution (PSD) tests were carried out to investigate the physical properties
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of the bulk materials. Then, the detailed characterization SEM/EDS and Raman spectroscopy were applied
to attain a better understanding of the PTEs distribution in the pyrite ash and phosphogypsum. Electron
microprobe analyzer/wavelength dispersive elemental analysis (EMPA/WDS) was performed to

characterize fluorine and iron to avoid overlapping of F Ko and Fe La lines obtained by SEM/EDS.

(a) Pyrite ash disposal site (b) Phosphogypsum disposal site

. 1P

Figure.6. Sampling area. (a) pyrite ash disposal site in Ancona, Italy and (b) phosphogypsum

storage site in Hubei, China.

After the raw material characterization, the samples were devoted to the S/S process. In the case of pyrite
ash disposal, we preliminarily used multiple remediation strategies, including the traditional binders OPC
and alternative binders CEM III/B, CAC, MAY, and ABS. Then pyrite ash, binders, and solution (water)
were mixed and pelletized through the HPSS® as mentioned above (Fig.2). After 28 days of curing, the
hardened pellets were sieved to a particle size ranging from 2 to 10 mm. With regards to the phosphogypsum
remediation, we used the OPC and sustainable cementitious substitution of y-Al,Os as the binders. The
mixtures were prepared using a plastic cylinder (5 cm in diameter and 10 cm in height). A series of
physicochemical experiments were introduced to access the binder hydration process, PTEs species
transformation, and mechanical properties of the S/S products. Toxicity characteristic leaching procedure
(TCLP) and pH-dependent leaching tests were applied to determine the PTEs retention capacity of each
S/S product. The details of the raw material and stabilized products characterization experiment and the

acquired results are shown in the following chapters.
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Abstract

High mobility of hazardous elements in pyrite ash can threaten the environment and human health. To avoid
any inadvertent exposure, it is crucial to monitor the tendency of contaminant accumulation in the soil
through adsorption, absorption, and precipitation. This study aims to profoundly investigate the critical role
of soil mineralogy in contaminants release and to predict the geochemical behavior of toxic elements by
exploiting the potential of the modeling approach. The investigated soil comes from a brownfield site
devoted to fertilizers production. Hematite, jarosite, and gypsum are the major mineralogical phases. Zinc
sulfate, anglesite, kintoreite, and Pb-bearing jarosite were identified as the dominant Pb and Zn phases. pH-
dependent leaching tests in combination with geochemical modeling were used to reveal the potential
leaching mechanisms and contaminants solubility-controlling phases at pH values ranging from 1 to 13.
The experimental results demonstrated that Pb and Zn have an amphoteric leaching behavior, with the
lowest leached concentrations presented at the pH value of 9.0, which are 0.38 and 0.03 pumol/L,
respectively. The integrated geochemical analysis also ascertained a downward trend of leached
concentrations towards the neutral/alkaline region around pH values from 8.0 to 10.0. The calculated
saturation indexes suggest that Pb retention is controlled by anglesite, cerussite, and hydrocerussite. Zn
retention is attributed to zinc carbonates and hydroxides. Further, jarosite and ferrihydrite may play a role
in Pb and Zn retention. Overall, the geochemical modeling demonstrates an acceptable ability to simulate
potentially toxic elements leaching and provides essential information to adequately manage present and

historical pyrite ash disposal sites.

Keywords

pyrite ash, potentially toxic elements, solid waste, pH-dependent leaching, geochemical modeling
1. Introduction

Over the past decades, as a consequence of fast rates of urbanization and industrialization, the discharged
potentially toxic elements (PTEs)-containing solid waste have been proven detrimental to soil health
(Filippelli et al., 2012). The biological and geochemical cycles may play a critical role in the abundance
and redistribution of PTEs in the stockpile sites, with the most commonly encountered trace metal
contaminations, including Cd, As, Pb, and Zn, as well as sulfates (Abollino et al., 2002; Hou et al., 2020).
The former may cause serious neurological diseases and life-threatening cancers (Hou et al., 2020), whereas
the sulfate ions may cause taste impairment and laxative effects (Torres-Martinez et al., 2020). Noteworthy,
many solid waste storage sites, such as pyrite ash (Oliveira et al., 2012), phosphogypsum (Bisone et al.,
2017), and fly ash (Jambhulkar et al., 2018) stockpile regions, are generally more vulnerable because of

their location (situated near sensitive aquatic ecosystems) and unstable nature (Hou et al., 2020). Although
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many in- or ex-situ attempts have been adopted to limit and prevent the mobility of these toxic elements,
finding applicable management options and overcoming the technical limits is still a challenge due to the
presence of impurities which may deteriorate the properties and shorten the service life of the immobilized
products (Kumpiene et al., 2019; Palansooriya et al., 2020). For instance, the presence of Pb and Zn is
known for its negative influence on the rate of hydration in cementitious systems (Contessi et al., 2020).
Hence, waste stockpiling is still a prevalent method that is still massively used in all countries, but the
associated problems, including the degradation of soil and the resultant loss of crop yield, have aroused
great concern in society (Hou et al., 2020). Previous publications suggest that over 340,000 contaminated
sites in Europe require immediate treatment, with the most frequent contaminants being trace metals and
mineral oils (Agnello et al., 2016; Ausili et al., 2020). Meanwhile, previous studies have confirmed that the
deposited trace metals-bearing particulates would generate varied mineralogical structures containing
sulfides, oxides, and silicates, during the stockpiling process, which are driven by the factors such as
seasonal wet-dry cycles, geogenic differences, and anthropogenic activities (Hou et al., 2020; Obeng-Gyasi
et al., 2021). Such processes tend to induce the trace metals to reach a dynamic equilibrium, with the bulk
of trace metals may persist in the solid phases of the pedosphere for extended periods due to most of the
trace metals remaining non-biodegradable in the soil (Tuhy et al., 2020; Kang et al., 2021; Izydorczyk et
al., 2021). For example, Contessi et al. (2020) found that lead (Pb) in the pyrite ash disposal sites is likely
to be hosted in the form of anglesite (PbSO4) because of weathering-induced oxidation. Compared with
pyrite, which is a relatively resistant mineral to both acidic and alkaline attacks, the oxidized products would
promote the leaching and mobility of Pb. Fazle Bari et al. (2021) illustrated that the formation of tooeleite
(Fes(AsO3)4(SO4)(OH)4-4H,0), identified as the dominant arsenic (As) containing minerals in abandoned
mine soils, might enhance the solubility of As. Also, in the lead/zinc (Pb/Zn) smelter-contaminated soil, Zn
incorporation into apatite (Cas(PO4);0OH), wollastonite (CaSiO3), and kaolinite (Al,Si,Os(OH)4) structures
and/or precipitated as pyroxene (XY (Si, Al)20¢, X represents Ca, Na, Fe, Mg, and Zn and Y represents ions
of smaller size) and zinc oxide (ZnO) was observed (Xu et al., 2022). Therefore, contaminated soil can not
only be considered a sink, but a source of pollution with a great potential to transfer pollutants to the
groundwater, the food chain, and the human body (Poggio et al., 2009). Before deploying remediation
technologies, it is crucial to study the origin and fate of PTEs in dynamic environmental conditions

(Rakotonimaro et al., 2021).

To achieve this goal, detailed characterizations are necessary prerequisites to provide a fundamental
understanding of the fate of hazardous contaminants. Concurrently, many laboratory works have been
carried out to fill the knowledge gap in the mineralogy and chemistry of phases incorporating contaminants
(Gabarron et al., 2018; Deng et al., 2020; Xu et al., 2022). With the scope of simplifying the analysis process,

some works attempted to use the experimental datasets required in prior literature to reconstruct the
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transformation by simplified artificial systems (Zhou et al., 2020; Tabelin et al., 2020; Contessi et al., 2021),
but the extrapolation from the laboratory findings to the real cases is usually far from satisfactory. Another
major limitation is the detection limit of the routinely employed analytical techniques (Khan et al., 2020)
(e.g., the XRD technique is not sensitive to trace elements in solid-solution phases or to ionic species
adsorbed on mineral surfaces). Therefore, individual analytical methods are not always suitable or sufficient
for overall knowledge of the fate and long-term behavior of mineral phases controlling toxic elements
released in such a complex pollutants-soil system, especially since this dual system will suffer complex
environmental impacts (Guo et al., 2020; P¢kala and Musial, 2021). Geochemical simulations could be the
key to overcome the complexity of linking the potential release of hazardous chemical constituents with
soil mineralogical and deeply understanding long-term environmental impacts that affect surrounding
groundwater. Currently, several attempts have been conducted to explore how mineralogical factors control
the leaching behaviors of toxic elements. In Bisone et al.’s work (2017), a geochemical assessment was
used to characterize the spatial variability of toxic elements in stocked phosphogypsum at varying time and
pH values. Other researchers also tried to reconstruct the leaching profiles of metals (e.g., Pb, Zn, Cu, and
As) as a function of pH values (Cappuyns et al., 2014; Helser et al., 2022). The above geochemical
assessments of leaching showed good consistency with experiments, but it is not a common practice to
perform the geochemical modeling construction based on the bulk experimental characterization (e.g.,
XRD), even though this mineralogical information is of paramount importance in determining which
minerals dissolved during the leaching procedures. Therefore, in this study, we tend to explore the role of
dissolving/precipitating mineralogical phases through the bulk XRD characterization, which is a missing
key element in understanding the factors controlling the dispersion of contaminants and overcoming the

limitations of the demanding experimental procedures (Dijkstra et al., 2019; Wei et al., 2021).

The objective of the present study is to contribute to the knowledge of pH-dependent leaching
characteristics and associated mineralogical information of Pb and Zn-rich pyrite ash. The chemical and
mineralogical compositions of the pyrite ash were first characterized through a multi-technique approach
based on XRD, XRF, SEM/EDS, and Raman analyses. Afterward, the pH-dependent leaching of hazardous
(Pb, Zn, and sulfate) and major elements (Fe) was explicitly studied in the pH range of 1.02-12.02. In order
to elucidate the impacts of mineralogical compositions on the partitioning of chemical species between the
solid and aqueous phases at different pH values, geochemical modeling was performed to predict the
leaching behavior. Meanwhile, the leaching residues were analyzed to give corroborating insight into the
predominant solubility-controlling mechanisms. The combination of traditional characterization
approaches with geochemical modeling may be helpful to better understand the influence of different
parameters on environmental risks and provide a reliable, low-cost, and much less time-consuming

instrument to evaluate suitable remediation and management techniques for pyrite ash disposal.
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2. Materials and methods
2.1. Sampling process

The soil used in this work was excavated from an abandoned fertilizer production facility in Italy, which is
now used as a storage site for the solid waste generated by pyrite roasting, sulfuric acid production, and
phosphorus-based fertilizer production. The pyrite ash was collected following a systematic sampling grid
from the surface to a 2.5 m depth covering the whole area of around 0.11 km?. In this work, the soil was
mainly composed of black pyrite ashes. The soil sample was placed in a polyethylene bag and then
transported to the laboratory. Then the sample was air-dried, ground, and passed through a 2 mm mesh sieve
prior to the following characterization experiments. The soil moisture content was calculated by drying the
soil in an oven a 105 °C £ 5 °C according to UNI 12457-4:2004 (British Standards Institution, 2004) and

resulted below 1 %.
2.2. Characterization methods

Prior to characterization, the sieved soil was divided by using coning and quartering to obtain a
representative sample. The solid sample was digested following the procedure reported by (Bettiol et al.,
2008). HF, HNOs, HCI, and H3BO; (AppliChem GmbH, Darmstadt, Germany) were used at high purity
levels for trace metal analyses. Before the XRD analysis, the divided fraction was ground in an agate mortar
and then micronized for 10 mins (McCrone micronizing mill, RETSCH Inc., Haan, Germany) in order to
reduce the effect of the preferred crystallographic orientation (Gliozzo et al., 2009). The mineralogical
composition of the micronized sample was determined by XRD Rietveld analysis (Rietveld, 1969).
Diffraction measurements were performed using a Malvern Panalytical X’Pert Pro diffractometer operating
in Bragg-Brentano geometry. The instrument setup is provided in Table.S1. Diffraction data were acquired
from 3° to 84° 20, with a step interval of 0.017° and an equivalent counting time of 100 s per step. Known
amounts of ZnO (ACS Reagent, Thermo Fisher Scientific Inc., Waltham, USA) were homogeneously mixed
with the samples as an internal standard. Qualitative and quantitative analyses of the collected XRD patterns
were executed using Highscore Plus and Profex (Doebelin and Kleeberg, 2015). The elemental composition
of collected pyrite ash was determined with XRF (PW1480, Philips, USA). SEM/EDS investigation
(CamScan MX3000, Applied Beams, USA) was performed on the polished and carbon-coated sections of
pyrite ash. Detailed Raman investigation (DXR Raman microscope, Thermo Electron, USA) was conducted

with a laser operating at 532 nm.
2.3. pH-dependent leaching tests

The pH-dependent leaching tests were performed on the sieved soil following the EN 14429:2015 (British

Standards Institution, 2015) standard, consisting of a series of parallel batch extractions tests with
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increasing pH values. The analytical reagent nitric acid (HNO3) or sodium hydroxide (NaOH) was used to
adjust the pH values of the leachate. The amount of used HNO3 and NaOH are given in Fig.S3. Eluates
were filtered at 0.45 pum and analyzed by inductively coupled plasma mass spectrometry (ELAN DRC I,
Perkin, Elmer), atomic absorption spectrophotometry with flame (Varian, SpectrAA 220FS), and flameless
atomization (Varian SpectrAA 240Z). The certified standard NIST-SRM 2711a (Montana II Soil) from
NIST (National Institute of Standards and Technology, Gaithersburg, MD, USA) was used to validate the

analytical methodology. All analyses were performed in triplicate.
2.4. Geochemical modeling

Geochemical simulations were conducted using the software PHREEQC (Parkhurst and Appelo, 2013) with
two thermodynamic databases from MINTEQ (Gustafsson, 2011) and Lawrence Livermore National
Laboratory (LLNL). The initial mineralogical input was based on XRD quantification and SEM/EDS
characterization. Besides, additional mineral assemblages were given according to previous literature. The
description of the initial input data is shown in Table.S2. The calculations (pH values range from 1~13)
were based on the pH-dependent leaching tests, using NaOH and HNO; as the pH control agents.
Meanwhile, the soil XRD result obtained was used as a starting point to select the set of mineral phases to
take into account in the modeling approach. The XRD characterizations of the residues were used to
constrain the maximum amount of minerals that can dissolve (Dijkstra et al., 2006; Bernasconi et al., 2022).
Based on the quantification results of the residues at the overall pH range, the maximum amount of jarosite

that would participate in the dissolution process was predictably assumed as 40 wt%.
3. Results
3.1. Characterization of the pyrite ash

The XRD mineralogical investigation (Fig.1) illustrates that hematite (Fe,O3) is the main crystalline phase
present in the sample, with a concentration of 72.0 wt%. The high content of hematite is consistent with the
findings of previous works on soils sampled in pyrite ash disposal sites (Oliveira et al., 2012; Contessi et
al., 2020). The Pb-containing minerals are identified as anglesite (0.6 wt%) and kintoreite
(PbFes(PO4)(SO4)(OH)s, 1.7 wt%). The other observed minerals are mainly sulfates and silicates: gypsum
(CaS04-2H»0, 15.3 wt%), jarosite (KFe3(SO4)2(OH)s, 7.6 wWt%), and quartz (SiOa, 2.8 wt%). The chemical
composition from the XRF (Table.S3) shows Fe,Os (83.1 wt%), CaO (8.6 wt%), and SiO: (6.4 wt%) as
major elements, which validates the XRD characterization as the hematite, gypsum, and quartz being the
principal components. The detected P2Os (0.5 wt%) and KO (0.2 wt%) agree with the presence of kintoreite
and jarosite. Minor contents of Al,O3; and Na,O can be related to the clay minerals from the soil. The trace

metal content of the collected sample is presented in Table.S4, showing a very high concentration of Pb
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(11910 = 714 mg/kg) and a minor content of Zn (582 + 43 mg/kg).
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Figure.1. XRD pattern (a) and quantification results of studied soil (b). A: anglesite, G: gypsum, H:

hematite, J: jarosite, K: kintoreite, Q: quartz, and Z: zincite (internal standard).

The SEM images (Fig.2a, b, and c) further evidence the presence of hematite, jarosite, gypsum, quartz, and
anglesite. Besides forming sparingly soluble anglesite at acidic conditions, Pb was found in complex
exsolution/intergrowths textures in amorphous Fe oxide phases (Fig.2d and e) and incorporated in the Fe-
K-S-Pb oxide rims in a compact form along the edges of the structures (Fig.2f and g). A previous study also
characterized the incorporation of Pb to Fe oxide phases (Contessi et al., 2020), and an adsorption
mechanism was accordingly given to explain this observation. Therefore, the presence of Fe-K-S-Pb oxide
rims could imply Pb incorporation within the jarosite crystal structure (Aguilar-Carrillo et al., 2018a; Shi
et al., 2022). In addition, the fate of Zn was related to the formation of sulfur minerals, as a Zn-Fe-S
assemblage was observed in Fig.2i. But as a minor component, it is hard to assess the exact origins of this
assemblage, which could represent a residue of the primary ore or a precipitated secondary phase. To
analyze the Pb distribution mechanisms in the pyrite ash, Raman spectroscopy was used to examine the
area with high Pb concentration presented in Fig.2d and g. In addition to hematite (Fig.3a and b) confirmed
by previous XRD, the Raman spectra show the presence of clear vibration bands that can be associated with
different Pb-containing phases (Table.S5). In Fig.3c, the sulfate anion is characterized by the bands at 1160,
1100, 1004, 620, and 437 cm™! (Frost et al., 2006b) The bands at 976, 557, and 335 cm'! are assigned to the
vibration of POs* (Frost et al., 2006a). Although previous studies have reported that four sharp bands can
be observed at the wavenumber range from 420 to 480 cm™ due to the v, PO4*~ bending modes, these
bending modes could suffer the influence of overlap (Frost et al., 2006b). Hence the Pb concentrated area
in Fig.2d and Fig.3a implies the presence of kintoreite. Whereas the band positions given in Fig.3b and
d showed almost no changes to the standard K-jarosite (Frost et al., 2005). It is probable that the low
concentration of Pb ions incorporated into the structure and the multiple overlapping bands due to the

complexity of jarosite prevent any significant band shift related to Pb incorporation into jarosite (Frost et
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al., 2006b; Chen et al., 2021).
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Figure.2. SEM micrographs of the sample. (a) backscattered scanning electron (BSE) microscopy
image of pyrite ash; (b) BSE image showing the presence of anglesite;(c) BSE image implies the iron
oxide; (d) BSE image demonstrates the distribution of Pb; (d) elemental mapping of lead,
potassium, and iron attributing to image d; (f) the magnified BSE image corrected to the green
rectangle marked area in image d, indicating a Pb-incorporated structure; (g) and (h) the

compacted Pb-bearing assemblages; and (i) BSE image shows the Zn-Fe-sulfate assemblage.

In addition, another study has shown that incorporating Pb will significantly broaden the bandwidths of
peaks at 1000 and 1005 cm™ and raise three split bending modes at the low-wavenumber region
(approximately at 436, 452, and 476 cm™") (Sasakil et al., 1998). However, these abovementioned vibration
modes promiscuously overlapped with the SO4* and O-Fe vibration profiles. Comparing the EDS point
analysis (Fig.S1) with the Raman investigation, we inferred that the presence of Pb-bearing jarosite was
entirely obscured by prevailing Raman bands of K-jarosite and hematite. Meanwhile, based on the optical

microscopy and SEM images, it is likely that Pb species are combined with K-jarosite and hematite without
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distinct boundaries. Although the literature suggests that the alunite-jarosite family could hypothetically
function as collectors of Pb in the form of plumbojarosite (PbosFe3(SO4).(OH)) (Forray et al., 2014), the
Pb presence in our samples is more likely to be assigned by the co-existing mechanisms (adsorption on the
surface and/or co-precipitation in the jarosite structure), because the characteristic peaks of plumbojarosite
were not found in the XRD pattern (Fig.1a). Therefore, the occurrence of Pb (Fig.2d and e) may be related
to the phase transformation (for instance, anglesite and K-jarosite) through the dissolution/precipitation

process or solid-state recrystallization during the weathering process (Shi et al., 2022).
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Figure.3. Raman spectra of the studied samples. (a) and (b) Optical microscope images of the tested
area correlated to Fig.2d and g, respectively; (c) and (d) Raman spectra of the marked point, with

the abbreviation S1 representing spot 1.
3.2. pH-dependent leaching tests

Fig. 4 illustrates the concentration of released Pb, Zn, Fe, and SOs* with the acid/base addition to the
solution in contact with pyrite ash. When using deionized water as the leachate (at pH 4.6), the leachability
of the tested elements showed that the collected samples should be classified as hazardous waste, with all
the concentrations being significantly higher than the limits established by Italian laws (Table.S6). The
leaching of the studied trace metals (Pb, Zn, and Fe) showed a strong dependence on the pH values,
indicating that the collected pyrite ash is susceptible to changing conditions of the stockpile. At the pH
value of 1.98, the highest concentrations of Pb, Zn, and Fe in the leachate were reached at 1.59x10",
7.49x10", and 2.69x10? umol/L. The minimum release of Pb (0.38 umol/L) and Zn (0.30x10"! pmol/L)
was found at the pH value of 9.04. However, with the increase in pH values, Pb and Zn showed an upward

tendency in the release under alkaline conditions. These amphoteric Pb and Zn leaching profiles were also

41|Page



Chapter 2

observed in the research of Contessi et al. (2020), Cappuyns et al. (2014), and Jarosikova et al. (2017). The
enhanced element release at basic conditions was due to the occurrence of specific dissolution of minerals
(e.g., the transformation of Pb/Zn bearing carbonates to hydroxides) (Helser and Cappuyns, 2021) and
desorption reactions of elements from reactive surfaces (e.g., Pb/Zn may desorb from Fe-oxides surfaces
and favor the formation of hydroxyl-complexes). (Cappuyns et al., 2014). By contrast, the release of Fe at
the neutral/alkaline conditions fluctuated approximately from 0.32 to 3.40 pmol/L, which was probably
related to the formation of iron hydroxide (Cappuyns et al., 2014). Besides, the increasing leachability of
SO4* was only observed under alkaline conditions, with the concentrations being constant at around 10*

pmol/L in the acidic and neutral region.
3.3. Mineral composition after leaching

To reveal the dissolution/precipitation of the mineralogical phases at different pH values, the solid residues
after the leaching tests were collected for the mineralogical characterization. From quantitative phase
analysis of the XRD patterns (Fig.S2 and 5), it can be seen that quartz and kintoreite are not affected by pH
variation, with the concentration remaining approximately constant in the studied pH ranges. Despite a
decrease in hematite appearing in the near-neutral region (Fig.5c and d), the mass fraction of hematite still
dominates the total amount of phases. It is to note that the weight fraction variation obtained by Rietveld's
quantitative analysis of the soil samples before and after leaching procedures can be directly compared only
assuming that the solid mass of the sample stays constant. But during the leaching tests, part of the samples
is dissolved, such that the constant mass assumption is invalid. Therefore, the weight fraction of the
quantified minerals may interplay with the dissolution and precipitation of other phases (for instance, the
hematite fraction quantified by the XRD patterns may be influenced by the dissolution of gypsum, thereby
its weight percentage increased massively at acid conditions, see Fig.5a and b). Further, anglesite exhibits
a higher solubility in the alkaline pH ranges. This observation is consistent with findings of previous works
where anglesite is considered the most stable Pb-bearing phase when pH < 5.5 (Contessi et al., 2020;
Nikkhou et al., 2020). Regarding gypsum, the XRD results illustrate that it is abundant at neutral pH values,
with 4.2, 14.6, and 11.0 wt% being present at pH values of 1.26, 6.5, and 12.02, respectively. Jarosite was
preserved at highly alkaline conditions, even though it was confirmed that it has a higher solubility when
pH values > 4.5 (Kolbl et al., 2021). In the residues collected from the leachate at the pH of 12.02, 3.0 wt%
of jarosite was quantified in the XRD pattern (Fig.5f), indicating that approximately 40% of jarosite
dissolved. Previous work suggested that jarosite preservation at high pH values could be explained by the
formation of nanoparticles of secondary iron oxide phases on the jarosite grain surfaces, which inhibits
subsequent jarosite dissolution and does not resorb either K or SO4 ions (Smith et al., 2006). Similar

observations are also presented in the original soils (as shown in Fig.2g and h). Approximately 1.0 wt% of
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calcite was characterized in the XRD pattern at pH values higher than 6.5. The occasionally found

muscovite (pH 9.04, 0.6 wt%) could be related to the original soil from the stockpile site.
3.4. Geochemical modeling: the leaching profiles and phases equilibrium

To determine which processes and minerals control the release of hazardous contaminants, experimental
results (the mineralogical composition of the residues and pH-dependent leaching tests) were combined
with geochemical modeling. Based on the preliminary characterization, some basic modeling assumptions
were adopted: (1) quartz is assumed insoluble during the studied pH range, as derived by quantitative
analysis of XRD data indicating that this phase stays constant (Fig.5a and f); (2) since hematite formation
is favored at high temperatures and low salinity (Han et al., 2018), the precipitation of this phase was not
envisaged in the model; (3) in the first simulation (MO.1), jarosite was assumed to participate entirely in
the dissolution/precipitation reactions and in the second approach (MO.2), a dissolution limitation
coefficient, controlling the maximum amount of jarosite allowed to dissolve in the model, was set to
simulate the effect of coating film (physical protection of iron oxide) mentioned in the previous sections.
Based on the experiments (Fig.5a), the parameter was set as only 40 wt% of jarosite would participate in
the dissolution/precipitation reactions; (4) due to lack of knowledge of the thermodynamic data of kintoreite,
in this work, this mineral was assumed stable. Additionally, the saturation index (SI) was used to determine
whether the solution is saturated (equilibrium, SI = 0) or undersaturated (mineral dissolution, SI < 0) with

respect to the given Pb- and Zn-bearing minerals.
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Figure.4. pH-dependent leaching results of Pb (a), Zn (b), Fe (¢), and SO4* (d) from experiments
and simulations. The abbreviation EX means the experiments. MO.1 and MO.2 represent the

geochemical modeling without or with jarosite dissolution limit.

The predicted Pb, Zn, and Fe leaching profiles (Fig.4a, b, and c) illustrate that both simulations can describe
the pH-dependent leaching behavior of the tested systems. Noteworthy, compared to the acid conditions,
the leaching of Pb and Zn in harsh alkaline conditions should be carefully investigated since a previous
work demonstrated that the leaching of Pb under alkaline conditions (pH>11) could be several magnitudes

higher than the acidic conditions (Contessi et al., 2020). From the predicted mineralogical composition
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(Fig.5) and SI values (Fig.6a), from near-neutral to moderately alkaline conditions, the Pb retention is
closely related to the equilibrium of anglesite, cerussite (PbCOs3), and hydrocerussite (Pb3(CO3)2(OH),). In
contrast, the plumbojarosite is undersaturated in the whole pH range. These observations ascertain the

findings in previous research (Helser and Cappuyns, 2021).

The detected Pb release at this pH range can be explained by the formation of Pb-containing stable aqueous
complexes (with COs?", SO42~ and OH"). In contrast, at pH values over 12.5, all the Pb-bearing phases are
undersaturated, indicating that Pb is prone to be preserved in the solution in the form of lead hydroxides
complex (Navarro et al., 2011), which is consistent with the amphoteric leaching behavior. In Fig.6b, it can
be seen that the retarded release of Zn at near-neutral conditions is due to the precipitation of carbonates
(smithsonite and ZnCOs3-H»0) and hydroxides (Zn(OH),). But at acid conditions, the aqueous Zn speciation
is dominated by Zn** and ZnSOsinstead of the zincosite precipitation. Similar to what was observed for Pb,
Zn in the alkaline leachates occurred in the form of aqueous hydroxide species (Zn(OH)4* and Zn(OH)5").
In addition, the assumed limitation of jarosite dissolution (MO.2) reduced the deviation of SO4* leaching
data between the experimental and modeling results (Fig.4d), indicating that except for the gypsum and
anglesite dissolution, the jarosite is also a predominant source of sulfate contaminants. Although the
deviation of the SO4* leaching was slightly improved by the assumption of limited jarosite dissolution, a
significant difference still can be observed at the pH range from 7~12, which is not in agreement with the
experimental findings. Hence, although the thermodynamic database used in this work is widely
recommended, it is clear that the given log K value has overestimated the solubility of gypsum and tended

to estimate sulfate concentrations that were two to three orders of magnitude higher than the experiments.

By comparing the predicted mineralogical compositions of the residues with the experimental results
(Fig.5), the geochemical approach demonstrate a great potential to quantitatively describe the
transformation of the minerals, with a good agreement between the phases characterized by XRD and the
predicted minerals by geochemical modeling. A major discrepancy is detected in the gypsum estimation, as
approximately 5.5 wt% of maximum deviation in the residues at particularly acid conditions (pH 1.26,
Fig.5a). This discrepancy is slightly reduced at neutral and alkaline conditions, as shown in Fig.5c, with a
difference between experimental and modeling results of 3.4 wt%. It is to note that geochemical modeling
is capable of detecting such small variations of the PTEs-containing phases (< 1 wt%), which is hard to be
revealed by the XRD mineralogical analysis. As shown in Fig.4a, when the pH increases to neutral
conditions (pH values 6-9), which is unsuitable for the anglesite stability (Contessi et al., 2020) and the
XRD characterization revealed the dissolution of anglesite (Fig.S2). The experimental XRD data did not
identify mineralogical phases responsible for the retention of Pb at this pH range, with none of the lead-

bearing crystalline phases being detected. The geochemical modeling results, along with previous
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investigations (Vitkova et al., 2009; Tangviroon et al., 2020; Redwan et al., 2021), suggest that the Pb-

carbonate phases (hydrocerussite and cerussite) precipitate at neutral conditions (0.57 wt% at pH 6.5, Fig.5¢)
and then slightly dissolve (0.33 wt% at pH 11.52, Fig.5¢) with the increase of pH. Similarly, about 0.010

wt% of Zn hydroxide was expected to precipitate in the residues at a pH of 9.04 (Fig.5d), then the weight

percentage slightly decreased to 0.008 wt% (Fig.5¢).
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4. Discussion

4.1. Reconstruction of the mineral transformations from the fertilizer production and weathering

process

With the previous mineralogical and chemical investigations, the distinct phases in the bulk soil provide
valuable information to reconstruct the linkage between the stocked wastes and soil. In a typical P-fertilizer
manufacturing chain (Fig.7a), the pyrite and apatite ores were used as the raw materials for sulfuric acid
production and the following phosphorus fertilizer production (El Zrelli et al., 2018; Garbaya et al., 2021).
The primary components in pyrite ash are hematite and calcium sulfates, which are naturally occurring
minerals in the environment with low toxicity (Pérez-Lopez et al., 2009; Oliveira et al., 2012). The
concentrated pyrite ores are heated to 900 °C to extract the sulfur (mainly in the form of SO,), leaving a
residue consisting mainly of iron oxide (Oliveira et al., 2012). However, the generated by-products, iron
oxide (hematite) and sulfates minerals (jarosite), would cover the unreacted pyrite and then preserve a
partially reacted pyrite grain (Oliveira et al., 2012; Liu et al., 2016a). Compared to the other co-existing
sulfides, the remained pyrite is readily weathered and promotes the oxidation and dissolution of galena
(PbS), which is a significant Pb host in the pyrite ores (Contessi et al., 2020). Therefore, anglesite was

present in the pyrite ash (Fig.1 and 2b) as a secondary oxidized product from the unreacted grains.

Lead was concentrated along the edges of iron oxides, as observed in Fig.2d, e, and f. The vibrations in the
Raman spectra (Fig.3b and d) also show more complexity for these Pb-bearing phases. Previous works have
ascertained the observation (Yang et al., 2009; Bendz et al., 2021) that Pb is partially released from the
sulfide minerals as vapor during the roasting process. The volatilized Pb condensed on the external and
interior surfaces of the porous iron oxide grains, which have high thermal stability, and formed sulfate

precipitates (mainly PbSQO4). Then the free ferric ions formed by gradual dissolution are in contact with
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PbSQO4, which are then hydrolyzed to generate Pb-rich jarosite (Qin et al., 2020). Further, the SI modeling
illustrates that although the SI values of plumbojarosite are increasing and closely approach saturation
equilibrium state in the water leaching condition (pH 4.64, Fig.6a), this phase is still undersaturated, and
the formation of anglesite is favored. Experimental evidence confirmed that the formation of pure
plumbojarosite hardly occurs in ambient conditions (air temperature and neutral pH conditions) (Shi et al.,
2022). For instance, Forray et al. (2010) synthesized plumbojarosite by the reactions between the
Fex(S04)3-5H20, Pb(NO3),, and H,SOs solutions at a temperature of 95 °C. In this case, the observed Pb
(Fig.2f, g, and h) are not associated with the presence of plumbojarosite. The lead distribution in the soil
can likely be explained by considering a combination of mechanisms such as incorporation and
physicochemical mixtures (Forray et al., 2010; Shi et al., 2022). It has been established that Na- and K-
jarosite can act as efficient carriers of Pb because they can incorporate Pb in their crystal structure (Aguilar-
Carrillo et al., 2018b). Usually, jarosite forms as a product of pyrite oxidation under very acidic conditions.
Accordingly, these co-precipitation processes may represent a likely mechanism for incorporating the metal
cations present at the interfaces, which would have high mobility at this pH condition (as demonstrated in
Fig.4a, approximately at pH>10) in the jarosite structure (Forray et al., 2014). Besides, apart from the
formation of Pb/Na/K-jarosite compounds, Pb may preferentially precipitate as anglesite (Fig.6a) (Shi et
al., 2022). The formed anglesite can serve as crystal nuclei for the subsequently precipitated jarosite. In this
case, although Pb does not enter the jarosite structure, the anglesite is surrounded by jarosite forming small-
scale mixtures. However, because of the complex speciation of Pb, it is hard to assert an exact interaction

between the Pb and jarosite.

Regarding the characterized kintoreite, it is hard to ascertain if kintoreite is a gangue mineral originating
from the ores or if it is a secondary mineral generated during fertilizer production. Many studies strongly
emphasize that the occurrence and aggregation of kintoreite in the impacted soils is most likely a result of
the acidity of the stockpile sites and the raw wastes (pH values from 3 to 4). The continuously leached Fe**
and PO4* combined with Pb (released mainly from galena) to form kintoreite (Munksgaard and Lottermoser,
2011; Schindler and Hochella, 2017; Li et al., 2020). But some field works also demonstrate that rare
kintoreite is present in cavities of quartz gangue (VrtiSka Lubo$ et al., 2016; Mauro et al., 2021).
Nevertheless, the quantified kintoreite weight fraction almost remained unchanged over the measured pH
range (Fig.5), indicating it barely contributes to the Pb leaching profiles. This is also ascertained by the
geochemical modeling (Fig.4a), as the assumption was given that the kintoreite will not participate in the
precipitation/dissolution reactions, the simulated Pb leaching is still matched with the experiment results.
Zinc that occurs in pyrite ash could mainly be in the minor phases of zinc sulfate (Fig.2i). The distribution
of zinc sulfate is associated with the sphalerite present in pyrite ores, which can be oxidized by either

dissolved molecular oxygen or ferric iron and then form secondary sulfates or other acid-exchangeable
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species (Xuexin, 1984; Gabarron et al., 2018). Meanwhile, with the time and climate conditions, the
secondary zinc phases probably continue reacting at high humidity with the atmospheric CO, (the stockpile
site in this study is a coastal city, as shown in Fig.7¢) (Carrero et al., 2012; Tangviroon et al., 2020). The
detected gypsum is a typical by-product generated from phosphorus fertilizer production (Garbaya et al.,
2021). Unlike phases containing metals, gypsum residues are not dangerous for the environment, though
the abundance of sulfate would accelerate the migration of metals (Yang et al., 2021). Further, with the

increase of the pH values, the carbonates and hydroxide phases dominate the Pb and Zn retention.
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Figure.7. Schematic cartoon depicting solid waste generation due to industrial activities (a), the
transformation of mineralogical phases from stockpiled solid waste and original soil during the

long-term weathering process (b), and the overall geographical description of the studied sites (c).
4.2. Influence of pH values on the geochemical stability of toxic elements

As recognized by previous investigations (Contessi et al., 2020; Krol et al., 2020), pH is one of the most
important factors controlling changes in the mineralogical concentration and leachability of metals. Hence,
the pH-dependent leaching tests can efficiently reveal the fundamental mechanisms, such as possible ion
exchange/sorption, complexation, and precipitation/dissolution (Engelsen et al., 2010; Tian et al., 2018).
The results of leaching tests (Fig.4) and the mineralogical study (Fig.5) illustrated that the addition of acid
agents caused increased concentrations of Pb, Zn, and Fe in solutions. Noteworthy, over the acid pH range,
Pb was preferentially precipitated as anglesite (Fig.6), but the leaching of Pb was still increased with the
pH decrease. By checking the original (unnormalized) mineralogical compositions of the residues in the

simulations, only 0.005wt% weight loss of anglesite was found at the pH value of 1.26 (from 0.621 wt% at
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pH 5.02 to 0.616 wt% at pH 1.26), showing that the relatively small changes in weight percentage may
cause an increase in the leachate concentration. Therefore, with continuously increased HNO3 agent fraction
in the system, anglesite is expected to dissolve partially and form ion pairs (PbNOs"q) (Rouff et al., 2005;
Ettler et al., 2007). Further, Zn is mainly preserved in the acid solutions in the monatomic ion form,
accompanied by the minor ZnSOsauq) complex. At the pH range from 2 to 5, the slight deviation in leaching
curves could be attributed to the Pb/Zn-substituted jarosite. There have been previous studies stating the
strong affinity of Zn and Pb to Fe-minerals, suggesting that jarosite can efficiently immobilize metals by
incorporating the metal ions in its crystal structure (Qin et al., 2020; Chen et al., 2021). Thus, the
incorporated Pb and Zn should remain stable in the residues, with a relatively slow-releasing rate (Fig.6a).
When the pH values increase to near-neutral conditions, Pb and Zn are preferentially precipitated as
carbonates and hydroxides (Fig.5 and 6). But the simulated leaching profiles can only partly reflect the
overall trends (Fig.4b), with minimum Pb and Zn leaching around a pH value of 10. Especially, the
measured Zn concentration was one order of magnitude lower than what the model predicted (10" and 1
umol/L, Fig.4b). This deviation could be partially explained by the high sorption ability and metal affinity
of ferrihydrite (Reichert and Borg, 2008; Dijkstra et al., 2009; Ettler et al., 2020), which is a phase rarely
exists as pure precipitation but a highly affinitive host for various foreign elements, such as Si, Al, and Mn
(Ye et al., 2021). The additional modeling (Fig.S4) also verifies this hypothesis. With the assumption of Zn
adsorption onto ferrihydrite, the estimated Zn leachability at pH values from 6 to 10 is slightly optimized
compared to MO.1 and MO.2. Therefore, the adsorption competition among Pb, Zn, and other elements
may play a crucial role in their mobility in the environment. However, this does not match experimental
results since the amorphous content (ferrihydrite) is not observed in the quantification results. Besides, the
preservation of Zn could also be related to the porous microstructure of hematite (Fig.2c and f). The Zn
may be strongly bound to the crystalline structures of hematite and then preserved without a mineral phase
change, which is associated with coupled O—Fe and protonated Fe vacancies (Gabarron et al., 2018; Bylaska
et al., 2019). In alkaline conditions (pH >10), despite the fact that ferrihydrite sorption mechanisms should
theoretically display a role in the Pb and Zn retention, the increase of leaching profiles was observed in this
work, also ascertained by previous investigations (Contessi et al., 2020; Helser and Cappuyns, 2021). The
geochemical modeling shows that the increased leaching rate under alkaline conditions can be related to
the formation of anionic hydroxo complexes such as Zn(OH);~, Zn(OH)+*", Pb(OH);~, and Pb(OH)s*",
suggesting that the adsorped trace metal cations partially dissolved due to the anionic properties of the
newly formed hydrolyzed species preclude their sorption onto the negative surface of the ferrihydrite.
Similar results are reported by (Liu et al., 2016b) and (Jiao et al., 2016). Although an increasing trend of Pb
and Zn concentrations was observed at this pH range (8 to 13), their relative leached amounts are still lower

than those detected at acid conditions (pH 1 to 3, Fig.4a and b), which implies that other factors, such as
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structural incorporation (isomorphous substitution and occupation of vacant sites of hematite and
ferrihydrite), Pb-Fe solid solutions, and mechanical occlusion (Pb-bearing minerals could inevitably
coprecipitate and interact with jarosite structure), may play a role in the releasing behavior (Shi et al., 2021).

But further investigations are required to reveal the exact retention mechanism.
4.3 Environmental risk

As demonstrated in previous sections, the concentrations and leachabilities of PTEs are strongly influenced
by the pH values due to the different geochemical stabilities of the PTEs-containing species. Numerous
studies have indicated that the high solubility of PTEs represents a greater potential risk of contamination
to plants and humans, especially during the rainy period when the washout of soluble phases may occur
(Helser and Cappuyns, 2021; Pekala and Musial, 2021). Significantly, the complexity of the studied area
(Fig.7c, coastline city, stockpiled near the surface, and sparse vegetation cover) and the subsequent exposure
of the contaminants to various environmental conditions (e.g., wind, erosion, acid rain, proximity to
groundwater/surface water), makes it crucial to monitor the site and carefully take appropriate measures to

minimize the risks (Helser et al., 2022).

From the pH-dependent leaching tests (Fig.4a and b), it can be concluded that the optimum pH for the
lowest solubility of Pb and Zn is near the pH range of 8 to 10. This is due to the synergistic effects deriving
from the remained jarosite, the formation of Pb/Zn-bearing carbonates, and the assumed ferrihydrite
precipitation contributing to significantly lower concentrations of Pb and Zn in the leachates (pH 9.04,
Fig.5d). If the storage system is kept at this pH range, a lower release of hazardous would be expected.
Nonetheless, the concentrations of the released contaminants are still higher than the threshold limits
(0.50x10"!" umol/L for both Pb and Zn, from Decreto legislativo 3 aprile 2006, n. 152). In addition, field
works in [taly revealed that the water from the rainfall and aquifers has a pH ranging from nearly neutral to
slightly acidic (Madonia et al., 2021; Di Curzio et al., 2021), suggesting that the sorption/desorption of
contaminants on ferrihydrite and carbonates may not govern the Pb and Zn retention in its natural stockpile

state. Severe acid rain circumstances can also expose the risk of higher release of contaminants.

Hence, the outdated and improper stock is insufficient for the long-term disposal of pyrite ash, and efficient
treatment is urgently needed for its management. Some works focused on the ex-situ immobilization
technologies of these materials, for instance, ex-situ soil washing and filling (Liu et al., 2018), electrokinetic
remediation (Pedersen et al., 2018), and chemical extraction (Zhang et al., 2021). For ex-situ treatment, it
is fundamental to evaluate the advantages and disadvantages of the intervention and compare them with the
scenario of leaving the pyrite ash in its current state. It has to be evaluated whether the environmental and
human health risks outweigh the risks of re-opening the site, especially the potential secondary pollution

caused by the excavation and transportation processes during the large-scale reprocessing plan. Alternative
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approaches encompass in-situ remediation strategies, such as high-performance solidification/stabilization
procedures (Contessi et al., 2020) and cemented paste backfill (Guo et al., 2021), that could be envisaged
for this solid waste. However, based on the amphoteric leaching behavior revealed by the pH-dependent
leaching test, the traditional binders (ordinary Portland cement or lime) might not be suitable for the
management scenarios. It is because the high alkalinity provided by traditional binders might increase the
mobility of Pb and Zn under alkaline conditions (pH>10). Therefore, additional studies need to be

conducted on the mix design, the buffering capacity, and the leaching potential of metals.
5. Conclusion

This study focused on assessing the leaching behavior and potential environmental risks of soil
contaminated by Pb and Zn, mainly based on the geochemical mobility investigation and mineralogical
assessments of the hazardous contaminants. The overall results demonstrated that Pb, Zn, and SO4> are the
most abundant pollutants. These contaminants were also highly mobile in the studied pH ranges, and
various mechanisms played a role in controlling the releasing behavior. With the aid of PHREEQC
modeling, a more comprehensive mineralogical insight was provided into solid waste management. The
forward model construction is feasible and capable of monitoring major and minor phases participating in
metal retention. Overall, the combined use of geochemical modeling and experiments has prompted the
possibility of an in-depth investigation for application to in-situ remediation in industrial sites. Moreover,
this approach may integrate the experimental approach through a relatively uncomplicated pathway for

monitoring the PTEs leaching behavior. The main findings are as follows:

(1) With the raw material characterization, the anglesite and kintoreite are the main Pb-bearing crystalline
phases detected in the XRD patterns, which may be generated from the oxidation of remaining pyrite
particles. The sulfates (jarosite) were confirmed as the trace metal-bearing phases, as the Pb/Zn-Fe sulfates
were characterized along the edge of the hematite particles. The SI of the phases calculated by geochemical
modeling suggests that Pb and Zn are associated with different phases and an adsorption mechanism is also

active in the soil.

(2) The measured concentrations of contaminants in the leachates showed a strong dependence on the pH
values of the contact solution. Both Pb and Zn releases exhibit an amphoteric behavior, with a downward
trend towards the neutral/alkaline region around pH values from 8 to 10. The mineralogical information
indicates that the solubility of trace metal compounds, especially in the form of oxides, hydroxides, and
carbonates, significantly depends on the pH value. At acid conditions, the solubility of Pb is dominated by
the dissolution of anglesite and the formation of Pb nitrate complexes, while Zn is controlled by Zn ions
and Zn-sulfate complexes in solution. The decrease of trace metal leaching in the neutral/alkaline region is

related to the precipitation of carbonates and the potential adsorption onto jarosite and ferrihydrite. When
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the pH values move to strong alkaline conditions, the upward trend could be associated with the

complexation of aqueous metal hydrates.

(3) The simulated and experimental results of leaching and mineralogical composition of the residues are
in good agreement. The conceptual model, which combined processes of precipitation/dissolution and
formation of solid solutions, gave a great reproduction of the amphoteric Pb and Zn leaching. The jarosite
was preserved in the residues, which could be related to the formation of nanoparticles of secondary iron
oxide phases. Although an erroneous estimate was demonstrated for the precipitation/dissolution of gypsum,
due to its high solubility, the general estimation has progressed in the ability to predict the environmental

fates of associated trace and hazardous elements.

(4) The pH-dependent mobility of contaminants is concerning because it clearly indicates that, even in its
natural state, the collected pyrite ash poses a great environmental risk and strongly threatens human health,
which only worsens under acidic or alkaline conditions. However, a more detailed in situ scenario design

should be incorporated to understand the risks thoroughly before the large-scale application.
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Table.S1. XRD instrument settings

Parameters Settings
Radiation source Cobalt
Detector X’Celerator detector
Geometry Bragg-Brentano geometry
Optics Soller slits 0.04 rad.; Bragg-Brentano'®
20 range 3-84°
Step size 0.017°
Time per step 100 s
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Table.S2. Modeling input

Elements Minerals Equilibrium equations Log k  Initial assemblages (mol/100g)*
Ca Gypsum CaS04-2H,0 = Ca®* + SO + 21,0 46  0.08865
Portlandite Ca(OH), + 2H" = Ca?" + 2H,0 22.7  0.00000
Calcite CaCO; = COs* + Ca?* -8.5 0.00000
Fe Hematite Fe,O; + 6H" = 2Fe*" + 3H,0 -4.0 0.45074
Schwermannite  FesOs(OH)45(SO4)16 +20.8H" = 8Fe*" + 1.6S04* + 12.8H,0 18 0.00000
Jarosite(K) KFe3(SO4)2(OH)s + 6H' = 3Fe> + K + 28042+ 6H,0 -14.8  0.01519(0.00608)
Iron hydroxide o () 4 3 = Fed+ 31,0 49 0.00000
(amorphous)
Jarosite(Pb) PbosFes(SO4)2(0H)s + 6H = 3Fe3* + 0.5Pb> + 2S04 +6H,0  -8.1  0.00000
Zn Hydrozincite  Zns(COs)(OH)s + 6H' = 5Zn?* + 2COs + 6H,0 9.5 0.00000
Zincosite 7ZnSO4 = Zn*" + SO4* 3.0 0.00010
ZnS04-H,0 ZnS04H0 = Zn?* + S04 + H,0 0.6 0.00000
Zinc hydroxide 1y 4 o = Zn2 4 211,0 125 0.00000
(amorphous)
(Zoglc hydroxide ; om), + 2H* = Zn?* + 21,0 122 0.00000
(ZB‘;‘C hydroxide 7 om), + 21 = Zn?* + 21,0 11.8  0.00000
(Zyl)nc hydroxide 7 OmH), + 2H" = Zn?* + 21,0 1.7 0.00000
(Z;)nc hydroxide ;. om), + 2H* = Zn?* + 21,0 114 0.00000
Smithsonite ZnCO; = Zn* + COs> 100 0.00000
ZnCO3:H,0 ZnCO; Ha0 = Zn?* + COs+ Hy0 103 0.00000
Bianchite ZnS04-6H,0 = Zn?* + SO + 6H,0 1.8 0.00000
Goslarite ZnSO4-7TH,0 = Zn?* + SO + TH,0 2.0  0.00000
Pb Anglesite PbSO4 = Pb2" + SO4* 7.8 0.00207
Cerrusite PbCO; + H" = HCO* + Pb** -3.2 0.00000
Hydrocerussite  Pbs(CO3),(OH), + 4H* = 2H,0 + 2HCO®* + 3Pb2* 1.9 0.00000
Kintoreite =€ - 0.00259
Si Quartz - - 0.04616

Notes: * The mole concentration of the minerals for 100 grams of the soil; * The maximum mole content of the phase that can dissolve in the
solution; ¢ This phase is assumed to be stable in the simulation.
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Table.S3. Chemical compositions of the Z1B samples.

Elements (wt%)  Original Normalized
L.O.I 8.63 0.00
Na;O 0.21 0.23
MgO 0.17 0.19
AlLOs 0.64 0.70
Si0O; 5.82 6.37
P>0s 0.45 0.49
K20 0.21 0.23
CaO 7.87 8.61
TiO» 0.07 0.08
Fe,03 75.94 83.11

Table.S4. Contamination level of the soil sample.

pH UNI EN 12457-4:2004 4.6 +0.2
Alluminio UNI EN ISO 16170 2016 mg/kg 978 +68.46
Arsenico UNI EN ISO 16170 2016 mg/kg 246 +19.68
Bario UNI EN ISO 16170 2016 mg/kg 192 +11.52
Berillio UNI EN ISO 16170 2016 mg/kg <2 -

Boro UNI EN ISO 16170 2016 mg/kg <5 -
Cadmio* UNI EN ISO 15586:2004 mg/kg 1.98* +0.28
Cobalto UNI EN ISO 16170 2016 mg/kg 26 +1.82
Cromo UNI ENISO 16170 2016 mg/kg 20 +1.62
Ferro UNI EN ISO 16170 2016 mg/kg 414500 +20725
Nichel UNI EN ISO 16170 2016 mg/kg 3.1 +0.22
Piombo UNI EN ISO 16170 2016 mg/kg 11910 +714.6
Rame UNI EN ISO 16170 2016 mg/kg 340 +19.04
Selenio UNI EN ISO 16170 2016 mg/kg 182 +11.83
Tallio UNI EN ISO 16170 2016 mg/kg <100 -
Vanadio UNI EN ISO 16170 2016 mg/kg 6.6 +0.43
Zinco UNI EN ISO 16170 2016 mg/kg 582 +42.49

*measured by atomic absorption spectroscopy (AAS)
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Table.SS. Possible assignments of the Raman spectra.

Chapter 2

S1 (em™) S2 (cm™) S3 (em™) S4 (cm™) Possible assignments
221.7 214.9 222.4 219.5 O-Fe
- - 242.9 -
298.7 - 291.2 - O-Fe
355.0 337.6 - 340.5 O-Fe
- - 410.1 -
433.0 437.3 436.4 437.4 O-Fe
557.0 551.8 - - v4 PO
624.4 621.7 620.5 621.9 v4 SO4*

- 976.5 - - v POs*
1005.6 1003.2 1004.8 1006.7 v1 SO4?
1103.5 1101.3 1101.7 1102.8 v3 SO4* or v; PO4*
1156.8 1164.5 1168.2 1169.3 v3 SO4* or v; PO4*

Table.S6. Results of pH-dependent leaching tests and the European standard

values Limit Limit
1.98 2.80 4.64 5.02 6.50 8.40 9.04 10.43 12.00
Elemé a b
Pb** 0.015 0.014 0.009 0.006 0.001 0.000 0.000 0.001 0.012 0.000 0.000
(mmol/L) 93 48 17 76 11 63 38 01 07 05 24
Fe3* 0.268 0.028 0.000 0.001 0.000 0.000 0.000 0.003 0.000 0.003
(mmol/L) 58 65 88 49 38 72 91 40 32 58
Zn** 0.074 0.074 0.053 0.055 0.000 0.000 0.000 0.000 0.000 0.000 0.000
(mmol/L) 92 92 52 05 21 12 03 12 21 05 05
SO42'
9.06 - 11.45 - 8.02 - 12.49 - 48.93 2.60 2.60
(mmol/L)

Notes: * Standard based on Decreto legislativo 3 aprile 2006, n. 152, Norme in materia ambientale;

® Standard based on Decreto 5 aprile 2006, n. 186, Regolamento recante modifiche al decreto ministeriale 5 febbraio 1998.
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Figure.S1. EDS spectrum correlated to Fig.1
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Figure.S2. XRD patterns of the residues after leaching. The number is marked to represent the pH
values of the leachate. A: anglesite; C: calcite; G: gypsum; H: hematite; Hz: hydrozincite; J:

jarosite; K: Kintoreite; M: muscovite; Q: quartz; Z: zincite.
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Figure.S3. Buffering capacity of the soil samples.
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Figure.S4. The leaching behavior of Zn with or without adsorption assumption. Zn_Ex is the data

from experiments, MO.1 and MO.2 are the same data as given in Fig.4b, and MO.3 (100 wt%

jarosite) and MO.4 (40 wt% jarosite) indicate the modeling with ferrihydrite adsorption.
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Abstract

Pyrite ash is a hazardous waste due to its high potential for releasing toxic elements into the natural
environment, which requires careful stewardship to minimize the exposure risks. Although the use of
ordinary Portland cement (OPC) has been proven a cost-effective binder for in-situ remediation of
pyrite ash, the substantial greenhouse gas emission and durability concerns attributed to the OPC
binder place strain on this strategy. To solve this issue, we tailored four alternative binders (CEM/IIIB,
calcium aluminate cement, mayenite-ground-granulated blast-furnace slag mixture, and alkaline
activated ground-granulated blast-furnace slag) as OPC-free/mitigation solutions to immobilize the
pyrite ash, with the perspectives of promoting the toxic elements retention and mitigating the
anthropogenic CO2 emissions. The comprehensive characterization of the stabilized products revealed
the different interactions between the applied binder scenarios and pyrite ash, which clarifies the roles
of hydration products and the microstructure of the binding systems to the Pb leachability. Further, we
quantified the cradle-to-gate carbon footprint and cost analysis attributed to each binder-pyrite ash
system, finding that the application of these alternative binders could be pivotal in the envisaged
carbon-neutral world if the growth of the cement-free roadmap continues. The application of
CEM/IIIB may offer a profitable and sustainable alternative to traditional OPC-based
solidification/stabilization. The overall results underscore the potential immobilization mechanisms of
Pb in multiple OPC-free/mitigation binder systems and highlight the urgent need to bridge the zero-

emission insights to sustainable in-situ solidification/stabilization technologies.
Keywords

Lead, Pyrite ash, Solidification/stabilization, CO, mitigation, solid waste management
1. Introduction

Soil plays a critical role in supporting ecosystems and human society by providing a habitat for the
earth’s species and serving as a medium for crop production (Hou et al., 2020; He et al., 2022).
However, the unprecedented urbanization rates and unparalleled anthropogenic activities in the last
decades pose widespread soil contamination and degradation issues (Vergara and Tchobanoglous,
2012; Palansooriya et al., 2020; Chang et al., 2022). Potentially toxic element accumulation is a major
threat to ensuring sustained soil management due to its toxicity, ubiquity, and non-biodegradability
(Monterroso et al., 2014; Yin et al., 2018; Xue and Liu, 2021). Lead (Pb) is one of the most commonly
encountered heavy metal contaminants in soils, accounting for 9% of all soil quality exceedances (Hou
et al., 2020). Concurrently, technologies are being developed with the aim of recycling the Pb

contaminants into value-added products to be used as additives in brick manufacturing (Ma et al., 2021)
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and metal recycling through magnetic and gravity separation (Li et al.,, 2018; Liu et al., 2022).
Although these attempts offer opportunities to utilize the Pb contamination in a high-value and
sustainable pathway, some drawbacks, such as energy consumption, environmental pollution, and
serious equipment corrosion, are shown due to the pervasive intergrowth between the valuable
resources and toxic elements (Alp et al., 2009; Zhang et al., 2021a). Up to date, some studies have
tried to efficiently remediate and recycle the Pb-rich solid wastes on a large scale through the in-situ
solidification/stabilization (S/S) process (Navarro et al., 2011; Wang et al., 2018; Contessi et al., 2020;
Calgaro et al., 2021). Typically, as one of the most widely used artificial materials in the industry
(Habert et al., 2020; Bui Viet et al., 2020), ordinary Portland cement (OPC) is herein extensively
applied in the S/S process due to its unique properties and simplicity of use (Pu et al., 2021; Ouhadi et
al., 2021). This management is deemed to effectively convert the Pb-riched solid waste to a physico-
chemically stable solid assemblage that can immobilize Pb in a relatively less mobile form through
the mechanisms of adsorption, chemical bonding (surface complexation, precipitation, and

coprecipitation), and physical micro-and/or macro-encapsulation (Chen et al., 2009; Guo et al., 2017).

However, a growing body of evidence has shown that the use of OPC is insufficient for Pb
immobilization at high concentrations (Contessi et al., 2020; Pu et al., 2021). A previous study has
already confirmed that using 20 wt% OPC to stabilize the contaminated soil with a 5000 mg/kg of Pb
concentration cannot fulfill the engineering requirements both in the view of mechanical properties
and Pb leachability (Pu et al., 2021). Further, the uncertain durability of OPC related to different
environmental stresses questioned the long-term stability of the solidified matrix, which has the risk
of Pb release and exposure (Guo et al., 2017; Sun et al., 2022). Especially in strongly acidic
environments, the hydration products (e.g., C-S-H gel, ettringite, and portlandite) and hydroxide
precipitates (e.g., Pb(OH).) that form in alkaline conditions are dissolved, increasing the vulnerability
to Pb leaching (Halim et al., 2005; Du et al., 2014). Another growing issue is the greenhouse gas
emission and energy consumption arising from OPC production (Habert et al., 2020; Miller et al.,
2021). It is estimated that the overall CO; emission of the entire cement cycle accounts for 10% of
total global energy-related emissions, around four gigatonnes per year (Watari et al., 2022). Many
studies have described alternative binder technologies that can partially or entirely replace the use of
OPC, moving the S/S process to the carbon neutrality vision (Chen et al., 2019, 2022a; Guo et al.,
2021). For instance, blending binder within the binder is confirmed as a low-carbon strategy to
promote the sustainability of the fly ash S/S process and ensure Pb retention of stabilized products
(Chen et al., 2022a). The application of magnesium cement broadens the pH range of stabilized
products to less alkaline conditions compared to the traditional OPC (Naeem et al., 2021; Wang et al.,

2022b). In addition, industrial by-products, such as ground granulated blast furnace slag (GGBFS)
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(Wang et al., 2022a), fly ash (Pu et al., 2021), and copper slag (Chen et al., 2021a), also demonstrate
capabilities for enhancing the Pb immobilization. But considering the engineering concerns in the
realistic conditions referring to the availability of raw materials, the most critical profitable issue, and
the confidence in the long-term performance, further works related to the heavy metal retention
mechanisms and the overall CO; emissions and economic value quantification are still required to fill

these gaps (Shen et al., 2016; Habert et al., 2020).

In view of this, we used multiple pyrite ash-binder systems, a traditional binder (OPC) and four
alternative binders (CEM III/B, calcium aluminate cement (CAC), mayenite-activated GGBFS (MBS),
and alkaline-activated GGBFS (ABS), to immobilize the pyrite ash with high lead and sulfates
contents. Mineralogical and microstructural characterization and leaching procedures were applied to
investigate the S/S effectiveness of different scenarios. Subsequently, the CO, emission and potential
economic cost of each binder strategy were quantified and elucidated. The primary objectives of this
work are to provide scientific insights into (1) achieving net-zero emissions of the S/S process of pyrite
ash with high Pb contaminant content without relying on the OPC and (2) elaborating different

physico-chemical Pb stabilization mechanisms corresponding to the applied binders.
2. Material and methods
2.1. Materials sampling and pelletization process

The pyrite ash is collected from a phosphate fertilizer factory devoted to the pyrite roasting process
for sulfuric acid production. Five different binders, OPC, CEM III/B, CAC, MBS, and ABS, are
applied to the pelletization process (Scanferla et al., 2009; Contessi et al., 2020). The detailed mix

proportions are given in Table.1.

Table.1. Mixtures component proportion.

Pellet Binder (wt%) Pyrite ash Water
labels OPC CEM 1II/B CAC MBS? ABS* (Wt%) (Wt%)
CP! 16.4 - - - - 65.2 18.4
CB? - 25.0 - - - 75.0 25.8
CC! - - 16.3 - - 64.9 18.8
MB! - - - 16.3 - 64.6 19.1
AB! - - - - 16.5 61.4 19.2

Notes: ' After the pelletization, the OP, CC, MB, and AB pellets were sealed in plastic bags with daily water spraying, > CB pellets were
sealed in plastic bags but without additional water spraying, * the MBS binder is a mixture of ground granulated blast-furnace slag and

mayenite, and * the ABS is composed by the ground granulated blast-furnace slag, sodium silicates, and a minor content of dispersant.
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2.2. Characterization methods

The XRD measurements were conducted using a Malvern Panalytical X’Pert Pro diffractometer
operating in Bragg-Brentano geometry, with a scan range from 3° to 84° 26 and a step interval of 0.02°
(Table.S1). To quantify the amorphous content of samples, known amounts of ZnO (ACS Reagent,
Thermo Fisher Scientific Inc., Waltham, USA) were mixed with the powdered pellets as the internal
standard. Profex (Doebelin and Kleeberg, 2015) and Highscore Plus were used for mineral phase
detection and composition quantification. The SEM/EDS analyses (CamScan MX3000, Applied
Beams, USA) were performed on the polished and carbon-coated sections of pellets. Before the

experiments, all the pellets were dried at 105 + 5°C.
2.3. Leaching procedures and ions concentration determination

The leaching tests were performed on the cured pellets following the standard UNI 12457-4:2004
(British Standards Institution, 2004). Before the Inductively Coupled Plasma Mass Spectrometry (ICP-
MS) and Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) analysis, the eluates
were filtered at 0.45 um and then acidified to pH<2 by adding a proper amount of HNOj3 (Fluka, 65%
pure grade). Al, Fe, and Pb were measured by ICP-MS (ELAN DRC II, Perkin, Elmer) following the
method UNI EN ISO 17294-2 (2016). The limit of detection was 1, 5, and 0.1 ug L respectively.
Sulfate concentration was measured by ICP-OES (OPTIMA 2100 DV, Perkin, Elmer) following
method CNR IRSA 5(2) (1985). The detection limit was 1 mg L'

2.4. Quantifying the CO2 emission related to the preparation of the mixture

The CO; emissions for the S/S process were analyzed from a “cradle-to-gate” perspective of the
environmental impacts of the engineered different scenarios (Cao et al., 2020; Chen et al., 2022b). The
CO; emission associated with OPC production and water supply system is conventionally given as
852 kg CO,/t (Ravikumar et al., 2021) and 2.50 kg CO2/m3 (Chang et al., 2012). The carbon footprint
of commercial alternative binders, CEM III/B and CAC binder, are estimated as 213 (Garcia-Segura
et al., 2014) and 596 kg CO»/t (Chen et al., 2021b; Seo et al., 2022), respectively. The MBS binder
comprises the GGBFS and mayenite, which account for 52 and 412 kg CO»/t emissions during their
production (Ude, 2010; Fernandez-Gonzalez et al., 2018). To note, the mayenite used in this work is
collected from the electric arc furnace slag, which is the by-product generated from steel production
with a primary component of mayenite. Because of the lack of a reliable dataset to express the carbon
footprint related to recycled mayenite, the carbon emissions data applied here is from synthetic
mayenite. Herein, the overall CO; emissions associated with MBS are assumed as 195 CO2/t. The ABS

binder is mainly made of GGBFS and sodium silicates (Kwon and Wang, 2019; Santana-Carrillo et
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al., 2022), of which the CO, emissions are assessed as 60 CO»/t. Table.S2 displays the carbon footprint
details related to each binder scenario and the parameters for product benefit. Noteworthy, the potential
CO; capture of each binder scenario could be 100% in terms of all the available calcium oxide
converted to calcium carbonates. But factors such as the physical porosity and chemical composition
of the binding matrix would influence the maximum carbonation degree (Skocek et al., 2020).
Especially this process would take years (Habert et al., 2020). Therefore, the sponge effect and CO»
uptake capacity of the pellets are calculated based on the carbonates species quantified in the XRD
characterization as the maximum carbonation that can be effectively achieved (Cao et al., 2020; Habert

et al., 2020).

2.5. The estimation of sulfuric acid and pyrite ash production in the next decade and the calculation

of Pb immobilization efficiency.

The annual generation of pyrite ash is estimated by the production of sulfuric acid, which is the main
product produced from pyrite ores roasting. The annual sulfuric acid production is calculated based on
the databases (National Minerals Information Center, 2022; Precedence Research, 2022), of which the
primary sources for sulfuric acid include base metal smelters (36%), elemental sulfur (43%), pyrite
ores (19%), and others (2%). The by-product-to-main product (pyrite ash to sulfuric acid, 0.8 t/t) ratio
is derived from the literature (Zhang et al., 2018), with approximately 70 wt% of the generated pyrite
ash being discarded on the ground (Ma et al., 2021). The calculated sulfuric acid production and pyrite
ash generation in the next decade are given in Table.S3. The Pb immobilization efficiency is estimated
through the leaching tests of unstabilized pyrite ash and stabilized products, using the difference of the
leached Pb concentration divided by the calculated carbon footprint and financial expenses of different
binder scenarios (section 2.4.). Subsequently, we examined the Pb concentrations variability in pyrite
ash among 31 different records (Table.S4). The detected values range from 113 to 43198 mg/kg, with
most records (>80%) lower than 5000 mg/kg.

3. Results
3.1. Pb retention in the traditional binder: characterization of CP pellets

In CP pellets, the typical crystalline hydration product, ettringite (5.5 wt%), and principal unhydrated
clinker phases, alite and belite (1.6 wt%, in sum), were clearly detected in the XRD patterns (Fig.1a
and b). Hematite (54.0 wt%), jarosite (2.1 wt%), and gypsum (6.7 wt%) were also present in the pellets.
The amorphous content, primarily composed of C-S-H gel (Ouhadi et al., 2021; Yan et al., 2022), was
quantified as 24.2 wt%. Portlandite was not observed in the XRD diffractogram. The absence of

portlandite is possibly related to the carbonation with the atmospheric CO, because approximately 4.4
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wt% of calcite was estimated (Du et al., 2019). SEM/EDS analysis (Fig.1c and d) gives an indication
that the Pb is trapped within the cementitious matrix. The dark rims around the unhydrated cement
clinker particles (Fig.1c) were considered to be the amorphous hydration products, C-S-H gel, because
of the high Ca and Si fraction detected (Fig.le and Fig.S1). The presence of Pb verifies the observation
reported in Guo et al.'s work (2017) that Pb can be attached to the tetrahedral silicate chain of the C-
S-H structure. In addition, Pb (Fig.1d) is presented in the pyrite ash phases adjacent to the iron oxide
particles (the bright assemblage in the backscatter image).
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Figure.1. XRD and SEM/EDS results of the CP pellets. (a) XRD pattern of the pellets, (b)
quantification results after subtracting the known amount of internal standard, (c) BSE image
of CP pellets demonstrating the unhydrated cement particles and the cementitious matrix
formed along their rims, (d) BSE image of CP pellets showing a mixture of hydrates and Pb-
bearing phases, and (e) the correlated quantitative results of the spots marked in images ¢ and

d. The abbreviation O in image (a) means alite and belite.
3.2. Pb retention in the alternative binders: characterization of CB, CA, MB, and AB pellets

The XRD results of CB pellets (Fig.2a and b) illustrate that hematite is the main crystalline phase (52.0
wt%) detected. Meanwhile, the jarosite and gypsum, also originating from the pyrite ash, are
observed at 4.4 and 9.2 wt%, respectively. The binder hydration products are ettringite (5.1 wt%) and
amorphous phases (20.1 wt%) that mainly consist of C-(A)-S-H gel and amorphous aluminum
hydroxide (Berthomier et al., 2021). Carbonates (vaterite and calcite) deriving from the carbonation
of calcium species (e.g., portlandite and gypsum) at alkaline conditions (Morandeau et al., 2014; Yu
et al., 2019) are quantified as 6.6 wt%. A minor proportion (0.5 wt%) of the crystalline Pb-bearing
phase kintoreite is found, with the most pronounced diffraction peak being observed at 46.8° 20. The

SEM/EDS images (Fig.2c-j) indicate that Pb preferentially distributes in the pyrite ash phases-rich
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area (light grey matrix in Fig.2d, Fe and S enriched), with a trend toward dispersion throughout the
cementitious matrix (Ca, Si, and Al area). Fig.2c shows that the porous iron oxide particles (hematite),
along with the unreacted slag grains (unhydrated binder phases), remained in the pellets, which is well

correlated with the XRD quantification results.
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Figure.2. XRD and SEM/EDS results of the CB pellets. (a) XRD pattern of the pellets, (b) the

quantification result related to the image (a), (¢) BSE image of CB pellets illustrating the
homogenous cementitious matrixes filled the space between the porous hematite particles and
the unreacted slag particles, (d) BSE image of a Pb transition zone in CB pellets, indicating the
Pb dissolved from the contaminated sample to the hydrates, and the elemental mapping of Pb

(e), S (1), Al (g), Si (h), Ca (i), Fe (j).

XRD mineralogical analyses of the CA pellets (Fig.3a and b) show that the amount of precipitated
ettringite (15.1 wt%) is approximately triple of the traditional binder samples (CP, 5.5 wt%). In turn,
the amorphous content (10.7 wt%) is only half of the CP samples. This is because the CAC is mainly
composed of CaO-Al,O; (CA), CaO-2A1,0; (CA2), and 12Ca0-7Al,0; (C12A7), therefore
generating considerable ettringite, gibbsite (4.3 wt%), and metastable CAH hydrates species (e.g.,
CAH,o, C2AHs, and AH3), instead of the C-S-H gel precipitation as the CP system (Hidalgo et al.,
2009; Li et al., 2017). The sulfate phases (gypsum and jarosite) within the raw pyrite ash act as a

sufficient supplier of sulfate ions at the early ages of hydration. However, as stated in the literature
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(Chen et al., 2021b), the excessive dosage of ettringite formation may lead to unintended expansion
and deteriorate the microstructures of the mixture. The cracks observed throughout the analyzed areas
of CA pellets (Fig.3¢c) could be attributed to ettringite precipitation due to the drying process during
the sample preparation (Bizzozero et al., 2014) and the high vacuum condition reached in the SEM
experiments (Contessi et al., 2020). In Fig.3d, the areas rich in ettringite are characterized by small
parallel cracks developing in a matrix of medium grey colors. Unlike the enrichment along the rims
of unhydrated clinker particles in the CP pellets (Fig.1c), the presence of Pb in CA pellets (bright grey
matrix) has a high correlation with the spatial distribution of Ca, Al, Fe, and S (Fig.3e and S2), inferring
that Pb-bearing species are intermixed with ettringite through the adsorption and/or incorporation.
Likewise, it is reported that the Pb, as a metal ion with similar sizes and charges, can substitute the
divalent Ca cations in the ettringite structure and/or adsorption on charged surfaces (Vempati et al.,

1995; Moon et al., 2013; Contessi et al., 2021).
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Figure.3. XRD and SEM/EDS results of the CA pellets. (a) the detected XRD spectra, (b) the
quantification results, (c) the BSE images demonstrate the microstructures of CA pellets with
several cracks being observed, (d) a higher magnification of the red dash rectangle marked
area in image (c), and (e) the EDS analysis related to the spots marked in the image (d),

illustrating the presence of Pb.

The pellets stabilized with MB binder present similar hydration products (Fig.4a and b) as the CP
scenario, however, with more crystalline ettringite (14.7 wt%) and less amorphous components (16
wt%). Accordingly, the sulfate contents (gypsum 4.2 wt% and jarosite 5.3 wt%) are decreased. Further,
although the mayenite and GGBFS are aluminate-rich materials like the CAC binder, the crystalline
gibbsite is not observed in the XRD patterns. The carbonates species detected in CP and CB pellets

(calcite and vaterite in Fig.1 and 2) are not present in the MB samples, indicating the low concentration
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of calcium in the pore solutions, which is not conducive to the formation of portlandite and its
subsequent carbonation. Noteworthy, the amorphous fraction can be partially attributed to unhydrated
blast furnace slags, which are amorphous (Kirca et al., 2013; Gardner et al., 2015). SEM images
evidence that the majority of the areas, showing a dense morphology, is mainly constituted by the
aluminosilicates (Fig.4c and Fig.S4) and possibly C-(A)-S-H gel (Fig.4g, h, and i), with both unreacted
slags and porous hematite particles (Fig.4e and j) being embedded within these binding matrices. The
distribution of Pb in the hydration products is more likely to be homogeneously dispersed in the
matrices, as the elemental maps reveal the dispersion of Pb in the Al, Ca, and Si enriched areas, which
are typical elements deriving from cement. The high compatibility of Fe and Pb in the EDS analysis
and elemental mapping (Fig.4f, j, and Fig.S3) evidence that the adsorption and coexistence of Pb in
hematite still play a role in the Pb retention even at the cured MB pellets, which is ascertained previous
findings that the Pb can be incorporated into defects or nanopores of hematite at basic conditions (Vu

et al., 2013).
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Figure.4. XRD results and SEM/EDS images for the MB pellets. (a) the XRD spectra of the

detected pellets, (b) the correlated quantification results, (¢, d, and e) the BSE images
demonstrate the internal structures of MB pellets, (f) elemental mapping of Pb, (g) Al, (h) Ca,
(i) Si, and (j) Fe.

XRD mineralogical analyses of the AB pellets show that the ettringite (0.3 wt%) formation is inhibited
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in this system. The hematite (59.0 wt%), gypsum (10.9 wt%), jarosite (5.2 wt%), quartz (2.3 wt%),
and kintoreite (0.9 wt%), which originate from the pyrite ash, account for over 78 wt% of the hydrated
pellets fraction. Additionally, calcium carbonate (calcite in 2.1 wt%) is present in the system. However,
the high fraction of angular light gray particles of various sizes rich in Ca, Al, and Si indicate that the
starting slag has reacted to a low extent and contributes to a relatively substantial amorphous content
(19.2 wt%). Furthermore, the Pb was preferentially distributed in Fe-rich areas, which could be
associated with the alunite-jarosite family (e.g., K-jarosite, Na-jarosite, and kintoreite) observed in the
raw pyrite ash. The overlapping of S (Fig.5m), Na (Fig.51), K (Fig.5k), and P (Fig.5f) indicates that
the Pb-rich assemblage might be a solid-solution series of jarosite group rather than an intermediate
composition. But the incorporation trend towards the binding matrix (Ca, Si, and Al-rich area) is
ongoing in the area neighboring the iron oxide particles, indicating that the dissolution and re-

distribution of Pb have occurred along the dissolution and hydration of binder phases.
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Figure.5. XRD characterization and SEM/EDS images for the AB pellets. (a) XRD spectra, (b)

the quantification result, (¢) BSE image of AB pellets illustrating the presence of unreacted slag
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particles, (d) BSE image of a Pb transition zone in AB pellets, indicating the Pb dissolved from
the iron oxides to the binding matrix, and the elemental mapping of Pb (e), P (f), Al (g), Si (h),
Ca (i), Fe (j), K (k), Na (1), S (m), and O (n).

3.3. Leaching toxicity

The results of ultrapure water leaching (Fig.6) confirmed the immobilization efficiency of Pb, Al, Fe,
and sulfates in the collected pyrite ash and applied binder scenarios. Without the HPSS process, the
release of Pb in the pyrite ash is two orders of magnitude higher than the limitations (10 pg/L based
on D.Lgs. n. 152/2006 and 50 pg/L based on D.M. n. 186). This means that any inadvertent ingestion,
such as the ingestion of contaminated crops and the inhalation of Pb-contaminated soil dust, might
bring health-threatening diseases to humans (Hou et al., 2020). The leaching of Fe is less sensitive to
the immobilization process and binder selection, which varies from 19 to 68 pg/L. In the CP pellets,
the Pb leachability (180 pg/L) far exceeded the concentration limit for on-site reuse (10 pg/L), which
ascertained previous works that the OPC binder is insufficient when the Pb concentration is at a
relatively high range (Contessi et al., 2020; Pu et al., 2021). With the pelletization treatment of CEM
III/B, CAC, and MBS binders, the Pb leachability significantly decreased to 30, 20, and 57 pg/L,
respectively. Accordingly, in the CAC and MBS, due to the presence of more ettringite, as confirmed
in the XRD analyses (Fig.3a and Fig.4a), the Al leachability pellets increased to 9200 and 7800 pg/L
compared with the concentration of 28 pg/L in CP pellets. Regarding the AB pellets, the Pb retention
capacity deterioration is shown, with an approximately two-fold Pb concentration of 380 pg/L
observed in comparison to the CP scenario. With regards to the sulfates leaching behavior, the
incorporation of OPC and ABS binder increased the concentration from 715 mg/L in pyrite ash to 1600
and 2000 mg/L. Whereas in the CB, CA, and MB pellets, the sulfates concentrations are 800, 940, and
410 mg/L, respectively.
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Figure.6. TCLP results of the pyrite ash, CP, CB, CA, MB, and AB pellets. The pH marked
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indicates the pH values of the leachate after the leaching. Note that the leaching profile of
pyrite ash presented here is multiplied by a parameter of 0.65 to present its weight percent in

the pellets.
3.4. Carbon emissions and cost analysis related to the pellets preparation and Pb immobilization

Fig.7 summarizes the carbon emissions and the preparation cost associated with each binder scenario.
In all the current cases studied, the CP pellets show the most significant carbon footprint as for
recycling 1 tonne of pyrite ash, 215 kg of CO, would be released. Considering the CO, saving in view
of the end life of applied binders at underuse (Habert et al., 2020), the following CP carbonation could
eliminate 29.7 kg CO»/t of the carbon footprint through the reaction with atmospheric CO,, accounting
for approximately 14% of the precursor pelletization process. Herein the overall cost for the CP pellets
preparation could reach 30.8 €/t (17.8 from the binder and water supply and 13.0 from the estimated
CO; tax in E.U.).
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are mainly composed of carbon footprint related to carbonation. In this work, it is estimated by the contamination, including the binder preparation (the estimated overall CO2 tax is calculated based on the
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Figure.7. The optical microscope images and the related carbon footprint of the pellets
preparation. The carbon uptake of CA and MB pellets is estimated to be 0 because the
carbonates are not found in their XRD patterns. The “Direct” marked in the image represents
the direct cost related to the pellets preparation and the “Tax” marked indicates the indirect

cost of CO; tax.

The CO; benefit under the CB scenario is significantly optimized as the calculated CO; release and
uptake are 71.9 and 38.7 kg COo/t, indicating over half of the CO, emission related to the binder
production can be mitigated as a consequence of the sponge effect (Cao et al., 2020). Although the CB
binder preparation cost (30.2 €/t) is higher than the CP pellets, the CO, tax (2.3 €/t) is much less than
the traditional pathway. With regard to CA pellets, the overall cost (75.5 €/t) related to this binder
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could be unprofitable because of the high price of CAC and its production is less carbon-negative,
which may emit 150.5 kg CO»/t. Further, the inhibited carbonation in CA pellets may bring less CO»
tax benefit to this strategy. For the MB pellet, despite the carbonates (calcite and vaterite) are also not
presented in this sample, its associated carbon footprint is only a quarter of the CP preparation at 50.0
kg CO,/t. Meanwhile, because of the broad quantities and economics of GGBFS, the overall cost of
the MB scenario is only 12.8 €/t. Noteworthy, the use of synthetic mayenite CO; emission data in the
carbon footprint calculation may overestimate the overall CO, emission and tax costs of MB pellets,
indicating that the overall economic benefits of the MB scenario are expected to decline further. The
lowest carbon footprint corresponds to the cases of AB pellets, with the emission estimated as 16.9 kg

CO»/t. The following carbonation takes up 15 kg of CO, emissions.

Further, we quantified the relative CO, emission and financial costs attributed to the specific Pb
immobilization efficiency of different binder strategies. From Fig.8a, the CP pellets nevertheless have
the highest CO» emission burden, with approximately 1.68 kg CO,would be released for immobilizing
1 g of Pb in pyrite ash. However, owing to its large-scale use, the overall expense of the CP strategy
is only 0.29 €/g Pb. Regarding the CA pellet, which has the most satisfactory Pb retention behavior
(20 pg/L), its relative CO, emissions and financial costs are 1.19 kg CO»/g Pb and 0.68 €/g Pb. The
use of CB and AB pellets both significantly reduced the CO, footprint (0.26 and 0.02 kg CO,/g Pb),
but the related expenses (0.26 and 0.27 €/g Pb) are close to the traditional CP strategy.

Binder strategies
Binder strategies
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Figure.8. The relative CO; emissions (a) and financial costs (b) of the Pb immobilization

efficiency attributed to the applied different binder strategies.
4. Discussion
4.1. Efficacy of cement-free S/S process for Pb immobilization
The leaching data (Fig.6) indicates a tight connection between the hydration products and the PTEs
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leachability, with more hydration products precipitation (e.g., ettringite, C-(A)-S-H gel, and
amorphous aluminum hydroxide) tending to offer more durable physical encapsulation of PTEs in
dense cementitious matrices, as well as higher efficiencies of chemical immobilization through the
adsorption and incorporation (Wang et al., 2018; Guo et al., 2021). Nevertheless, similar to the well-
established Pb retention in the OPC systems (Navarro et al., 2011; Contessi et al., 2020). In the CP
pellets, the Pb is well dispersed within the hydration products matrices along the unhydrated cement
particles with a particular connection to the Ca and Si. Since the ionic radius of Pb?* is only about 13%
larger than Ca?*, this ion exchange is plausible. However, similar to the investigations in the literature
(Contessi et al., 2020; Zhang et al., 2021b; Ouhadi et al., 2021), the efficiency of the
precipitated/stabilized lead components with OPC incorporation is high-potentially unsuccessful. This
is because, despite the majority of Pb can be well-retained by the C-S-H gel and/or Pb hydroxide
precipitation (Wang and Wang, 2022), the high pH conditions of OPC matrices due to the dissolution
of clinker phases might adverse the solidifying/stabilizing of Pb contaminants. Previous works suggest
that at highly alkaline conditions, the soluble Pb will be prone to present as soluble hydroxide
complexes (preliminarily Pb(OH);") instead of the Pb hydroxides precipitation and Pb incorporation
in C-S-H structures (Rose et al., 2000; Nimal Perera et al., 2001; Ouhadi et al., 2021).

The hydrates formation in the AB pellets is notably slower than in other cases, with a very low amount
of ettringite found in XRD (Fig.5a) and massive unreacted slag present in the microstructure, as
observed by SEM (Fig.5¢). As a consequence of this slow hydration reaction, the Pb concentration in
the leachates of AB pellets is twice to that of CP pellets. This slower hydration could be attributed to
insufficient alkaline activation. Although sodium silicate can accelerate the calcium dissolution
process and form additional C-S-H gel through pozzolanic reactions, the precipitated impermeable
agglomerations coating would soon cover the unreacted particles (Mohan and Mini, 2018).
Furthermore, the accelerated reactions also cause rapid water content consumption at the early ages
and parts of the water may be enclosed in the coating layers (Langan et al., 2002; Zhang et al., 2022).
Without the alkaline activation to solubilize the water-impermeable layer (Song et al., 2000; Zhang et
al., 2020), the grains and water do not come into full contact resulting in less binder taking part in the
hydration process. Therefore, although the Pb migration from the apparent enrichment along the iron
oxide (possibly kintoreite) to the faint dispersal in the binding matrix is found in the SEM/EDS
observations (Fig.5d), the lack of sufficient hydration products (such as C-(A)-S-H and ettringite)

causes an increase in Pb leaching profile.

Likewise, the binders used in MB and CB pellets are also GGBFS-rich materials, whereas the

incorporated mayenite and clinker phases promote the hydrates precipitation (Fig.3a and 4a), which
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further reduces the leachability of PTEs (Fig.6). Regarding the former scenario, MB pellets, it is
reported that mayenite is highly hydraulic and rapidly dissolve in the aqueous solutions and primarily
forms C;AHg (Adolfsson et al., 2011; Zhuang and Wang, 2021). However, unlike the coating film
formed in AB pellets, the C2AHs is not thermodynamically stable and would eventually convert to
high-density C3AHg as a final product (Adolfsson et al., 2011; Chen et al., 2021b). The conversion
process can trigger subsequent reactions with slags herein would explain the enhanced hydrates
precipitation in the MB pellets. Upon the CB pellets, although the GGBFS generally contains more
Al>O3 than the OPC binder, which could supply sufficient alumina sources for ettringite precipitation,
the quantified ettringite fraction is approximately equivalent to the CP samples but much lower than
the MB samples. This differentiated latent hydraulic reaction is because the considerable proportion
of Ca(OH); produced during the cement clinker fraction dissolution is preferentially consumed by the
silicate anions released from GGBFS and favors the C-S-H gel precipitation instead of the sulfate ions
from the jarosite and gypsum (Osmanovic et al., 2018; Zhang et al., 2019; Dai et al., 2021). The
previous thermodynamic calculations for OPC-GGBFS systems also ascertained this calcium
competition through varying proportions of the low Ca/Si ratio C-(A)-S-H gel and ettringite
precipitations (Lothenbach et al., 2011). The increasing content of GGBFS has an adverse effect on
the ettringite precipitation, as more Al is bound in the bridging sites in the silicate chains of C-(A)-S-
H (Lothenbach et al., 2011, 2012). Further, the lower Ca/Si ratio C-(A)-S-H gel increases the Pb uptake
capacities (Mancini et al., 2021). Herein, although the overall fraction of hydration products in the CB
pellets is lower than in the MB pellets, the Pb leachability is halved.

With the CAC pretreatment, the CA pellets demonstrate the minimum Pb leaching in all the cases. The
SEM/EDS characterization (Fig.3d), along with previous works (Contessi et al., 2020, 2021), has
highlighted the role of ettringite precipitation in Pb immobilization with a certain degree of substitution
of Pb?" for Ca**. In addition, unlike the incorporation in the C-(A)-S-H gel, literature confirmed the
poor affinity of Pb?*" for calcium aluminate hydrates and the formation of oxo- and hydroxyl
compounds (Duran et al., 2016). Therefore, such an enhanced immobilization performance could be
partially attributed to the low alkalinity of the CAC system (pH = 10.1) due to the amphoteric
properties of lead hydroxides, which are likely to appear as Pb(OH). precipitates, acting as Pb
solubility controlling phase at the faint alkaline environments as evidenced in the thermodynamic
simulations (Wang and Wang, 2022). However, this tendency decreased with increasing pH, with the
formation of Pb species in solution (e.g., Pb(OH);~ and Pb(OH)4*") are favored over Pb(OH); at harsh
alkaline conditions (Karlfeldt Fedje et al., 2010; Navarro-Blasco et al., 2013).

4.2. Views on carbon-zero emissions and practical implication
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Although pollutant release is recognized as an important environmental issue that is faced in the S/S
process, the recent most commonly discussed ecosystem impact is the high level of greenhouse gas
emissions related to the cement industry (Habert et al., 2020; Miller et al., 2021). Based on the carbon
footprint quantification results of all the binder strategies (Fig.7 and 8), it is clear that using cement-
free pathways leads to substantial savings in terms of CO» emissions. The CB pellet is the most
promising solution that can be realistically used in the scalable field trial concerning this case, cutting
the Pb leaching to 17% (30png/L) and the CO> emission to 18% (33.2 kg CO»/tonne pyrite ash) of the
CP pellet. Here, we expanded our data for the pyrite ash immobilization in a broader community to
indicate their potential practical supply relative to demand in local/regional scenarios (Fig.9). The
estimation shows that a doubling of pyrite ash annual production might be achieved between 2021 and
2030 (from 10.7 to 22.2 Mt, Fig.9a and Table.S3), driven by the growing demand of the fertilizer (Ma
etal., 2021). Hence, the Pb concentration in these produced solid wastes is a crucial practical limitation
for extrapolating the above-mentioned alternative binder scenarios since their different affinities to Pb
retention have been investigated in previous sections. Fig.9b reveals the distribution of the collected
Pb concentration records, with the mean concentration value being 4349 mg/kg. To further quantify
the attributed CO, emissions and expenses for the subsequent in-situ remediation, we used the mean
and maximum concentrations to represent the Pb enrichment within the newly generated pyrite ash.
The results (Fig.9c and Fig.S5a) show that the substitution of alternative binders can play a much
larger role in reducing CO, emissions, with reductions of up to 98.8% theoretically achievable by
maximizing the utilization of the AB scenario globally. Although the AB pellets cannot preclude the
risk of Pb exposure from being low enough at a high Pb concentration (for example, 11910 mg/kg in
this work), this strategy may present an opportunity for efficiently immobilizing the pyrite ash wastes
with less-enriched Pb concentrations since over 80% of records being lower 5000 mg/kg (Fig.9b).
From the leaching examination, the CA pellets have the most promising control of Pb transportation.
However, the CO, mitigation of CA pellets might reach a fairly limited upper bound (70.9% of CP
pellets emissions, Fig.9c) due to the huge CO; emission associated with the dissociation of limestone
during the clinker manufacturing process (Bharati et al., 2020). In addition, the wide use of CA pellets
would require the following significant financial barriers to be overcome, with its expenses 2.4 times
higher than the traditional CP strategy. This is because of the limited supply of bauxite, the main
aluminum source of CAC production (Zapata et al., 2022), making it insufficient to bridge such a great
gap in the current market demand (Habert et al., 2020). Nonetheless, some works tried to use
aluminum-rich solid waste (ladle slag) to partially replace the aluminum sources of CAC and reduce
manufacturing costs (Zapata et al., 2022). However, the introduction of new materials in CAC

production has difficulty finding acceptance in the construction industry and field cases, as these

86|Page



Chapter 3

sectors are fragmented with multiple stakeholders (Habert et al., 2020). Such issues may delay the
large-scale implementation of the CAC binder. Notwithstanding, the CB pellets are likely less affected
by the raw material availability and capital expenditure issues, which critically affect the exploitation
of cement-free Pb remediation approaches (Miller et al., 2021; Sun et al., 2022). The use of an
aluminosilicate precursor, which has been discussed as a potential alternative that can entirely replace
the use of OPC, is hindered by the issue of limited availability, making the implementation challenging
(Habert et al., 2020). Concurrently, the production of commercial CEM III/B binder envisages the use
of GGBFS, obtained as a by-product in the production of pig iron with a 330 Mt/year of global annual
production, to make up the clinker phases in a proportion ranging from 66-80 wt% (Osmanovic et al.,

2018; Nocun-Wczelik et al., 2021).
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Figure.9. CO; mitigation and cost analysis regard to the application of alternative binder
strategies. (a) Estimated sulfuric acid production and discarded pyrite ash from 2021-2030, (b)
the Pb concentrations in pyrite ash, with 11910 indicating the sample we used in this work and

4349 representing the calculated mean Pb concentration, (¢) the CO; carbon footprint
attributed to the in-situ remediation of pyrite ash, and (d) the financial expense analysis

attributed to the in-situ remediation of pyrite ash.

Therefore, the application of the CEM III/B binder could save a significant amount of historically

wasted and newly generated GGBFS, which also represents a substantial contribution to the overall
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benefit. The results show that applying alternative binders to one-for-one replace the OPC binder could
reduce the carbon footprint and be financially and strategically rewarding, fostering the green economy

and accelerating the trend toward carbon neutrality (Wang et al., 2021).
5. Conclusions

This work proposes the sustainable in-situ remediation of hazardous pyrite ash using the S/S process
using binders with different levels of OPC replacement. The overall findings shed light on the
understanding of Pb immobilization and transition in multiple alternative binders, highlighting the
significance of the perspectives of carbon neutrality in the S/S applications and providing new insights
into the highly efficient S/S of Pb-contaminated wastes. The main conclusions drawn from this study

are:

(1) Although the results demonstrate the Pb incorporation into the OPC-based cementitious matrix,
the high alkaline conditions resulting from the dissolution of clinker phases may interfere with the Pb
immobilization efficiency in the CP pellets. Consequently, the Pb leachability is over three times
higher than the limits. Herein, the traditional OPC binder exhibits low compatibility with Pb-rich pyrite
ash wastes, both from the standpoints of insufficient Pb retention capacity and the colossal carbon

footprint.

(2) The CAC binder displays significant potential for improving Pb immobilization in all the studied
binder strategies due to the facilitated formation of hydration products (ettringite, AI(OH)3, and C-(A)-
S-H gel), which provide a stronger physical encapsulation and chemical immobilization. Further, the
less-alkaline conditions of CA pellets also resulted in the formation of lead hydroxide species favoring
Pb retention. However, the ecological benefits of the CAC binder application are less satisfactory.
Although the associated carbon footprint is slightly optimized compared to the OPC strategy, it is not

likely to lead to sufficient emission abatements under currently proposed production procedures.

(3) The use of CB pellets is an ideal alternative binder due to its excellent compatibility with Pb and
relative low-carbon nature. The low Ca/Si ratio C-(A)-S-H enhanced the Pb incorporation within the
binding matrix, fulfilling the Pb leachability requirements for reuse as S/S material. In addition, the
sponge effect of the CB pellets, as well as the low-carbon footprint related to the CEM I11/B production,

would promote the achievement of carbon neutrality.

(4) Overall, our study provided useful guidance for improving the design and application of sustainable
pathways to solid waste amendment, which bridged the gap between carbon-neutral world rhetoric
and the reality of solid waste remediation applications. The carbon budget calculation based on each

binder strategy is an important basis for future S/S management decision-making with the perspective
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of carbon peak and carbon neutralization. Nevertheless, future works will be required to reveal

uncertainties in the stability of disrupted S/S products and potential eco-toxicity after long-term

adopted practices in diverse regional soil hydrology environments.
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Table.S1. XRD instrument settings

Parameters Settings
Radiation source Cobalt
Detector X’Celerator detector
Geometry optics Bragg-Brentano geometry
Soller slits 0.04 rad.; Bragg-Brentano'®
20 range 3-84°
Step size 0.017°
Time per step 100 s
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Table.S2. The estimated carbon footprint and cost analysis of the applied binder strategies.

Parameters CO; (kg/t) Reference Cost (€/t) Reference

OPC 852 D Ravikumar, 2021 70 Average commercial price
CAC 596 J Seo, 2022 300 Average commercial price
CEMII/B 213 T Garcia-Segura, 2014 90 Average commercial price
MAY 195 Estimated! 50 Average commercial price
ABS 107 Estimated! 90 Average commercial price
NaxSiO; 232 J.L.Santana-Carrillo, 2022 -

Mayenite 412 D Fernandez-Gonzalez, 2018 -

GGBFS 52 SJ Kwon, 2019 -

Water 2.5 NB Chang, 2012 0.6 Upadhyaya 2022

Note: ! The carbon footprint was evaluated based on the mix proportion of the raw materials. (e.g., the MAY is composed of mayenite and

GGBFS and the ABS is primarily composed of GGBFS and Na,SiOs)

Table.S3. The estimated H>SO4 and pyrite ash production in the next decade

Year  Sulfuric acid production (Mt) Pyrite ash production (Mt) Discarded pyrtie ash (Mt)
2021 77.66 11.87 8.31
2022 84.18 12.86 9.00
2023 91.23 13.94 9.76
2024 98.84 15.10 10.57
2025 107.53 16.43 11.50
2026 116.76 17.84 12.49
2027 126.53 19.33 13.53
2028 137.40 20.99 14.70
2029 148.80 22.74 15.92
2030 161.29 24.65 17.25
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Table.S4. The Pb concentrations (mg/kg) were collected from multiple publications.

No. Concentration Sources No. Concentration Sources
1 40430 (Contessi et al., 2020) 17 126 (Sierra et al., 2010)
2 10352 (Gabarron et al., 2018) 18 113 (Sierra et al., 2010)
3 5399 (Gabarron et al., 2018) 19 278 (Fellet et al., 2007)
4 2394 (Boente et al., 2017) 20 2376 (Fernandez-Caliani, 2012)
(Soriano-Disla et al., o
5 7550 21 1269 (Fernandez-Caliani, 2012)
2018)
6 10600 (Bendz et al., 2021) 22 6385 (Fernandez-Caliani, 2012)
7 6360 (Bendz et al., 2021) 23 1749 (Fernandez-Caliani, 2012)
8 43198 (Wang et al., 2018) 24 2825 (Fernandez-Caliani, 2012)
(Grantcharova and o
9 9838 25 247 (Fernandez-Caliani, 2012)
Fernandez-Caliani, 2021)
(Becelic-Tomin et al.,
10 2130 26 137 (Fernandez-Caliani, 2012)
2014)
11 395 (Oliveira et al., 2012) 27 493 (Vamerali et al., 2011)
12 443 (Oliveira et al., 2012) 28 410 (Corsini et al., 2010)
o (Corsini et al., 2011)
13 349 (Oliveira et al., 2012) 29 410
(Matzen et al., 2020)
14 284 (Oliveira et al., 2012) 30 144
15 658 (Oliveira et al., 2012) 31 5998 (Pérez-Sirvent et al., 2011)
16 4890 (Lopez et al., 2008)
Mean value (mg/kg) 4396
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Abstract

The solidification/stabilization of phosphogypsum using cemented paste backfill (OCPB) provides a low-
cost and alternative in-situ technique for recycling phosphogypsum stockpiles. But the OCPB is far from
obtaining steady states in which the pollutants would redistribute as a response to dynamic environmental
conditions. Further, the associated chemical interactions and the mineralogy information of the solubility-
controlling phases of contaminants (fluorine and phosphorus) have not been thoroughly studied or fully
understood. In this study, a framework coupling the chemical, mineralogical, and morphological analyses
is used to determine the fluoride and phosphate retention mechanisms of immobilized OCPB. Then the pH-
dependent leaching tests and numerical simulation is applied as a useful tool to identify the minerals
controlling stabilized OCPB leaching behavior. The overall findings proved that aluminate-rich calcium
silicate hydrates play an essential role in fluoride and phosphate retention. Both experimental and
simulational acid neutralization and leaching curves indicate that the cementitious matrix works as a strong
buffering material ensuring high pH conditions that are necessary for fluorine and phosphorus retention.
Although discrepancies were observed in absolute fluorine and phosphorus leaching values at highly acidic
conditions, the simulations are able to describe highly amphoteric leaching behavior. The simulation
suggests that the aluminum species and calcium phosphates governed the solubility of fluorine and
phosphorus, respectively. The results of this work would have implications for predicting the leaching

behavior of OCPB in detrimental and multiple environments.

Keywords

Phosphogypsum, cemented paste backfill, solidification/stabilization, leaching behavior,
waste management

1. Introduction

With the increasing demand for phosphoric fertilizers, phosphogypsum (PG) stacking and discharging is
becoming a serious global environmental issue (Chernysh et al., 2021). As a typical by-product generated
from the acidification process of phosphoric fertilizers production, the current worldwide generation of PG
was estimated at 200-250 million tons per year (Rashad, 2017), with approximately 70 million tons of
annual production in China (Zeng et al., 2021). Noteworthy, the major part of PG is still dumped in large
stockpiles without any treatment because of the high remediation costs (Zhou et al., 2020), coupled with
the risk of secondary contamination (Jiang et al., 2018) and transportation restrictions (Wei et al., 2021).
The discarded PG not only occupies considerable land areas but also degrades groundwater quality by the
PG leachates infiltration (Melki and Gueddari, 2018). In particular, water-soluble phosphorous and fluorine,

which represent the primary PG pollutants, and impurities of heavy metals (Ba, Cu, Pb, Zn) and toxic
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radionuclides (Ra226, Pb210, Po210, U238, et al.) can be concentrated in PG wastes (Bisone et al., 2017)
thus increasing PG remediation complexity (Rashad, 2017; Yang et al., 2020). The phosphorus
concentration can lead to the extensive growth of harmful algae and eutrophication of water bodies (Tong
et al., 2017), while high fluoride intake can increase the risk of chronic toxicity and cancer in humans,
especially children (Adimalla et al., 2020). For all the abovementioned factors, the persistence of PG-
associated groundwater pollution represents the most demanding issue. Only about 15% of PG is recycled
in the ex-situ forms of agricultural fertilizer (Hentati et al., 2015), road base (Amrani et al., 2020), set
retarder (Akin Altun and Sert, 2004), and soil stabilization amendments (Degirmenci et al., 2007). Therefore,
considering the high accumulation rate of pollutants and acidity in the disposal sites (Bisone et al., 2017),
finding a sustainable environmental-economic equilibrium solution for PG is in pressing need. The use of
cemented paste backfill (CPB) for underground disposal of industrial by-products was accordingly
introduced as a practical and affordable in-situ solution for PG management (Chen et al., 2017; Li et al.,
2017a). The incorporation and stabilization of chemicals in the cementitious matrix represent a common
practice for treating industrial solid wastes. However, the field application of this technology in PG
remediation still needs to be optimized to prevent the pollutants released from recycled materials (Behera

et al., 2021).

Nevertheless, the PG-based CPB (OCPB) will sooner or later intercept more acidic or basic groundwater.
In accordance with the different durabilities of the applied binding strategies and formulations, the partial
remobilization of toxic elements might be a source of secondary environmental risk (Li et al., 2020; Shi et
al., 2021) making it essential to understand the elution process of the different elements. In particular, the
mechanisms controlling the phosphates and fluoride immobilization in OCPB systems are still not well
established (Li et al., 2017a). With the ordinary Portland cement (OPC) stabilization, phosphorus was found
would precipitate as calcium-phosphate (Tan et al., 2017; Zhou et al., 2020) or adsorb by calcium silicate
hydrates (CSH) (Shi et al., 2021) and ettringite (Wu and Liu, 2018). Besides, fluoride was reported as
sparingly soluble fluorite (CaF2) (Park et al., 2008; Gomes et al., 2012). Although the solubility of these
stabilized mineral phases is strongly affected by the pH conditions, only a few studies performed leaching
experiments by the acid attack (Li et al., 2017b). Many scholars only investigated the evolution of the
system and determined the stabilization efficiency by the simple interaction with deionized water (Xue et
al., 2019; Shi et al., 2021). To reveal the mechanisms of the leaching behavior and the mobility of the
abovementioned contaminants, previous studies formulated several hypotheses, mainly relying on the
experimental results. For instance, Gijbels et al.’s work (2020) identifies the mineral phases involved in the
dissolution process by inversely determining the leached ions in the solution. However, they can hardly be
confirmed due to the limitation of detection technics (for instance, the X-ray diffraction is more sensitive

to the phase with more than 1 wt%) and the preparation of laborious large-scale experiments (time- and
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expense-consuming).

Therefore, a convincing simulation is equally important and urgently required as a useful tool to estimate
the release of pollutants from the stabilized mixtures. In some cases, scholars attempt to represent the
leaching behavior of stabilized PG using a correlation analysis model (Zhou et al., 2020). This approach
does not give a direct indication of chemical species controlling the release. But several models have been
developed to describe the leaching behavior of heavy metals. Halim et al. (2005) modeled the leaching
behavior of heavy metals from cementitious waste in the presence of two acid contents merchants and
deionized water. Solpuker et al. (2014) simulated the leaching potential of pervious concrete and its capacity
for immobilizing Cu, Pb, and Zn across a pH range from 4 to 12. These models are able to predict the
theoretical response of minerals in various geochemical contexts. Herein, the simulation approach could be
a promising tool for predicting the pollutants releasing behavior of the OCPB. To the best of our knowledge,
the detailed investigation of coupling the F and P retention mechanisms and the impact of multiple leachates

on the equilibrium of the reacting minerals in the OCPB systems have not been established well.

Thereby, the present study aims to assess the retention mechanisms and releasing behavior of fluorine and
phosphorus over a wide range of pH through a combination of laboratory experiments and geochemical
modeling. The mineralogical and chemical composition and morphology of PG and OCPB were
investigated by X-ray fluorescence spectroscopy (XRF), X-ray diffraction (XRD), scanning electron
microscope coupled with energy dispersive spectrometer (SEM/EDS), and electron microprobe analysis
with wavelength-dispersive spectroscopy (EPMA/WDS). The solidification/stabilization effectiveness was
verified by studying the leaching of fluorine and phosphorus from the PG and OCPB to the aqueous solution.
Based on the characterization of PG and OCPB, geochemical modeling is proposed as an aid tool to identify
and quantify the chemical reactions which are resulted from the interaction between the assemblages and
the leachates. This combination of the experiments and modeling approaches gives a more comprehensive
insight into the speciation of fluorine and phosphorus in the solid and solution, which can be used for
optimizing the selection of remediation scenarios of PG in real cases. These findings can enrich the research
to bridge the gap between the leaching behavior and the mineralogical controls, which has guiding
significance for properly addressing the complex reality of the areas suffering from PG storage-related

pollution.
2. Materials and methods
2.1. Sampling and OCPB preparation

PG used in this work was excavated from the layer comprised in the depth interval between approximately

20 to 50 cm from the surface of a stockpile site that was devoted to storage PG generated by fertilizer
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manufacturing and beneficiation of low-grade phosphate rock (Fig.S1). The excavated PG samples used
for the experiments were sieved through a 200 pum mesh and then dried at 55+5 °C to determine the moisture
content. OCPB samples were prepared at a PG: cement: water ratio of 2:1:1, using M32.5 Portland cement
(Xiangping Co. Ltd, GB/T3183-2017) as the binder. The PG, cement, and water were homogeneously
mixed, then poured into plastic cylinders (5 cm in diameter and 10 cm in height), then cured for 28 days in
a box at a relative humidity of 90% and temperature of 25 + 2 °C. Before the subsequent characterization
experiments, PG and OCPB samples were dried at 55 = 5°C for 48 h and stored in a vacuum dryer to avoid

further hydration of cement phases and dissolution of soluble species.
2.2. Physical, microstructural, spectroscopic, and chemical analysis

XRD patterns were recorded in an automated diffractometer (D8 Advance, Bruker Co. Ltd, Germany)
employing Cu-Ka as the radiation source at 40 kV and 40 mA. The scan range was from 4° to 80° 26 with
a step width of 0.02° 26. The mineralogical composition of the powdered sample was determined
quantitatively by Rietveld analysis. Highscore Plus 3.0e and Topas 2.1 were applied for identification and
quantification. The measurement details are reported in Table.S1. To quantify the amorphous fractions in
the samples, 20 wt.% of ZnO (zincite) internal standard (ACS Reagent) were mixed with the powder. The
bulk elemental composition of the raw materials was determined with wavelength dispersive XRF
spectrometry (AXS S4 Pioneer, Bruker Co. Ltd, Germany). About 400 mg powders were pressed (30 MPa,
Zhonghe ZHY-401B, Beijing Zhonghechuangye Co., Ltd., China) as a double layer on a boric acid backing
pellet. FTIR spectra were obtained by a spectrometer (Nicolet iS50, Thermo Fisher, Madison, USA) with a

lata

sample to KBr powder ratio of 1/100. The spectra were obtained in the range of 400 to 4000 cm™
resolution of 4 cm™! averaging 32 scans for each measurement. Microstructural investigation on polished
and carbon-coated PG and cured OCPB were performed using SEM (JSM-7900F, JEOL Ltd., Japan)
equipped with an EDS spectrometer. EMPA/WDS (JJXA-8230, JEOL Ltd., Japan) was performed to

characterize fluorine and iron to avoid the overlap of F Ko and Fe La lines obtained by SEM/EDS.
2.3. Leachate assessment of fluoride and phosphate

The mobilization of toxic elements was assessed according to the standard for leaching toxicity of solid
wastes (GB/5086.1; 1997, Jing et al., 2013). The OCPB samples were preliminary broken into particles less
than 5 mm in diameter. Aliquots of 10 g were placed in contact with 100 ml solutions containing an
increasing amount of HCI or NaOH. Each concentration of the acid/base solution was triplicate tested. After
being immersed for 18 h using a rotary shaker at 30 rpm, the leachates were filtered through 0.45 um filter
paper and used for further analysis. The sampled solution for fluoride and phosphorus analysis was tested
through the national standard of China for the determination of fluoride (ion-selective electrode method,

GB/7484-87, 1987) and phosphate (inductively coupled plasma optical emission spectrometry HJ/776,
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2015). The fluoride was tested by a fluoride ion detector (PF-202, INESA Scientific Instrument Co., Ltd,
Shanghai, China) with a detection limit from 10-1 to 10-6 mol/L. To eliminate the influence of fluoro
complex, sodium acetate (CH3COONa) or HCI was applied to modify the pH values of leachates from 5 to

7. The remained residues after leaching were collected and then dried at temperatures of 55 + 5°C.
2.4. Geochemical modeling

The U.S. Geological Survey (USGS) program Phreeqc Interactive 3.0.6 (Parkhurst and Appelo, 2013) was
used to determine the mineralogical species that most significantly affect the PG and OCPB leaching in
different solutions. No kinetic was considered in reactions. Thus it was assumed that equilibrium between
liquid and solid was reached. The Lawrence Livermore national library and Phreeqc thermodynamic

database were used for solubility products and dissolution reactions of mineral phases.

The initial mineralogy inputs of the model simulation are based on the previous characterization. In the PG
model, hydrofluoric acid (HF), phosphoric acid (H3POs), and sulfuric acid (H.SOs) are introduced into the
solution to representing the residual acids from the industrial process (Pérez-Lopez et al., 2010; Bisone et
al., 2017; Kandil et al., 2017). Considering that, on one side, scorzalite could be a gangue mineral that has
already experienced very harsh acidic conditions and no thermodynamic data are available, this phase was
assumed to be stable during the experimental leaching procedures. In the OCPB model, the stabilized
phosphorus and fluoride were assumed in the form of calcium phosphate (Cas(POs),) and fluorite (CaF>).
Portlandite is introduced into the solution to simulate the alkalinity of the OCPB assemblage. Based on the
aluminum-rich-CSH gel structure that is observed, the amorphous content quantified by XRD analysis is
classified into CSH matrix and amorphous aluminum hydroxide (Al(OH)3). The Ca/Si ratio of the CSH
matrix is assumed to be 1.5, and the dissolution reaction and equilibrium constant is from Diaz Caselles et
al. (2021). According to a previous study (Halim et al., 2005), an average surface area of 70 m*/g was
attributed to the CSH matrix. The amorphous aluminum hydroxide is found that, with the acid attack, can
present in the framework silicates and single silanol groups (Gutberlet et al., 2015). Clinker phases (CS,
GCsS, C3A, and C4AF) were not included in the database because no log K values of their dissolution can be
found in the literature. Moreover, since the surface characteristics for describing fluoride adsorption are not
well-established, two simulations were given: (1) OCPB_S1: only dissolution and precipitation reactions
are included; (2) OCPB_S2: the data of chloride surface complexation on CSH is applied to represent the
fluoride adsorption (Yoshida et al., 2021).

3. Results and discussion
3.1. Phase assemblage of the PG and OCPB samples

Quantitative phase analysis of XRD data highlighted that the PG is mainly composed of gypsum
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(CaS04-2H»0), bassanite (CaSO4-0.5H,0), and anhydrite (CaSOs), representing the 90.4wt% of the whole
sample (Fig.la,b). The other components in the PG sample consist of quartz (SiO;), muscovite
(KAILy(AISi3010)(OH)2), and feldspar (KAISi3Os). Besides, minor content of phosphorus compound
(scorzalite, FeAl(PO4)(OH),) was detected in the XRD pattern. The three calcium sulfate species were
produced from the acidulation process in the phosphoric acid plant and the following recrystallization in
the storage sites (Lieberman et al., 2020). Quartz, muscovite, and feldspar are common gangue minerals
(impurities) in phosphate rocks and would remain in the PG by-product based on the applied beneficiation
procedures (Li et al., 2019; Deng et al., 2020). Results of chemical analysis (Table.S2) corroborate the
mineralogical results, indicating SO3; and CaO as the main constituents representing around 90 wt% of the
total sample weight (53.69 wt% and 37.07 wt%, respectively). The third main constituent is SiO (5.28 wt%)
which belongs primarily to quartz and a lesser extent, together with Ba, Na, K, and Ti, could confirm the
presence of residual feldspar minerals (Rock, 1987), even though many authors indicate the possible

presence of clay minerals (Rutherford et al., 1994; Arocena et al., 1995).

By comparing the XRD results with XRF analysis reporting P, Fe, Mg, and Al (1.07, 0.63, 0.08, and 0.70
wt%, respectively), it is presumable that all these elements belong to the mineral scorzalite, probably
representing a residual unreacted phase from the feedstock ore. However, considering that the phosphorus
rock ore used in the industrial process did not belong to just one mining site, it is difficult to confirm
scorzalite origin. For this reason, the possibility of scorzalite as a secondary phase crystallized after the
industrial process cannot be excluded. Meanwhile, the quantified P,Os in PG is reported in many forms,
such as phosphoric acid, Ca(H,PO4),-H>O, Ca3(POs)., or apatite (Mashifana, 2019; Chernysh et al., 2021).
Further, it should be considered that coprecipitation with SO4>/HPO4* exchange in gypsum cannot be ruled
out as the potential source of P, as suggested by FTIR analysis of the band at 837 cm™! (Fig.S2 and Table.S3)
characteristic of HPO4* (Ennaciri et al., 2016). Moreover, it should also be stressed that a certain amount
of phosphate could belong to surface complexed HPO4* on silicates, especially feldspars and muscovite,
which contribute becomes relevant, especially at acidic conditions as in the PG system (Fox and Malati,
1993; Priyantha and Perera, 2000). Finally, the fluorine weight percentage (0.8 wt%) in PG detected by
XRF may be in the forms of acids, like HF and H,SiFe, and fluorosilicate complexes (Rashad, 2017;
Ennaciri et al., 2020).
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Figure.1 Mineralogical characterization of PG sample. (A) XRD pattern, (B) quantitative

mineralogical composition obtained by Rietveld method. (A: Anhydrite, B: Bassanite, F:

Feldspar, G: Gypsum, M: Muscovite, Q: Quartz, S: Scorzalite, Z: Zincite)

After 28 days of curing, the binder in the OCPB specimens is not entirely hydrated in both scenarios, with
diffraction peaks of cement phases (CsA, C3S, and C,S) still observed (Fig.2a,b). Phosphorus or fluoride-
containing crystalline phases are not detected in cured OCPB samples. Portlandite (Ca(OH),), which
usually forms after C3S hydration, is not found in OCPB. This could be due to as fluorine is released into
the system, portlandite acts as a pH buffer and dissolves completely, releasing Ca** in solution, forming
calcite by reaction with atmospheric CO,. Besides, gypsum, bassanite, and anhydrite from PG dissolved
readily at the first stage of hydration and subsequentially provided Ca*’, further accelerating the reaction.
In the PC system, AFm is identified in the XRD pattern, which is usually formed in cement paste when the
effective molar ratio of SOs to Al,O3 is <3 (Christensen et al., 2004). In comparison, ettringite is already
found in the 7d OCPB sample (2.5 wt%) as a result of the appreciable sulfate content from gypsum (Hewlett,
2003). It should be noted that ettringite usually incorporates different pollutants in its structure
(Chrysochoou and Dermatas, 2006; Contessi et al., 2020; Molinari et al., 2021). Moreover, being already
reported the potential incorporation of fluorine (Gomes et al., 2012; Kamei et al., 2015) and phosphorus
(Wu and Liu, 2018) in ettringite, its crystallization should be accompanied by a reduction in the above-
mentioned pollutants solubility and mobility. In addition to the precipitation of P/F-bearing crystalline
phases, the OPCB amorphous content can play a key role in fluorine and phosphorous fate. In fact,
amorphous calcium silicate hydrates (CSH) is reported as one of the major phase incorporating/absorbing
these pollutants in cementitious systems (Xu et al., 2017; Shi et al., 2021). To quantify the amount of CSH
present in the system, an internal standard, consisting of zincite, was used in the XRD measurements. The
results show that 25 and 21 wt% of amorphous content were found in 7 and 28 days cured OCPB (Fig.2b).
The FT-IR spectra and corresponding possible assignments (Fig.S3 and Table.S4) of PC and OCPB
corroborate the XRD quantification (Cai et al., 2018).
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Figure.2. XRD quantification results of cured PC and OCPB samples. (A) XRD patterns of PC
and OCPB (B) the quantitative mineralogical composition obtained by the Rietveld method of
OCPB and PC at different curing ages (A: Alite, B: Belite, C: Calcite, D: dolomite, E:
ettringite, G: gypsum, P: portlandite, Q: Quartz, Z: zincite, AFm: Monocarboaluminate, CA:
calcium aluminate, Ce: the accumulation of Alite, Belite, and calcium aluminate, Am:

amorphous).
3.2. Microstructural characterization of the PG and OCPB samples

The SEM imaging of PG reveals the presence of gypsum with its typical habit (Fig.3a and b). The SEM
micrographs (Fig.3c) and the associated elemental map (Fig.3d~i) show the presence of iron sulfide
particles and needle-like Al-Si-F-P-O complex, which were not detected in the previous bulk analysis. The
presence of iron sulfide could be related to residual pyrite in the phosphate ores (Renteria-Villalobos et al.,
2010; Deng et al., 2020). It should be noted that the fine matrix of the PG sample is mainly composed of
aluminosilicates, probably muscovite, based on Al, O, Si, and K distribution (Fig.3h, j, k, and I).
Interestingly, the results of P and F distributions substantiated the active role of silicates in the
incorporation/complexation of these two contaminants, as demonstrated in the XRD and XRF analysis
(Fig.1 and Table.S2). In addition, the formation of the Al-Si-F-P-O complex (Fig.3c) could be attributed to
the weathering of aluminosilicates (Rutherford et al., 1995), thus representing a crucial problem for the PG

repositories due to the fluorine mobilization with the clay soils or clay liners.
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Figure.3. SEM micrographs of PG. (A) raw PG with tiny particles (<20 pm) on the surface of
larger particles. (B) tabular gypsum crystals related to the marked area in image A. (C) iron
and sulfate-rich crystal and need-like Al-P-F-O complex. (D) elemental map of fluorine,
relative to the region displayed in image C, (E) iron, (F) phosphorus, (G) calcium, (H)

aluminum, (I) sulfur, (J) oxygen, (K) silicon, and (L) potassium.

The detailed F and P redistribution in the cementitious matrix is reported in Fig.4. CSH precipitation was
found in the OCPB system in the form of a very fine matrix (Fig.4a and d). The EDS microanalysis
highlights an enrichment in Al of the cementitious matrix (Fig.4c and f). This can be consistent with an
aluminum-rich CSH composition or a mixture of CSH and ettringite. Moreover, the EPMA/WDS mapping
(employed to avoid peak overlapping of the Ka emission line of F at 677 eV and the La line of Fe at 705 eV
in EDS analysis) results highlight a very high stabilization efficiency for both F and P, which are
homogeneously concentrated in this Ca, Al, and Si-rich matrix (Fig.4b and Fig.S5). The same behavior was
found for P (Fig.4e and Fig.S6), which was evenly distributed in the Ca, Al, Si, and O-rich areas. Thus
confirming that the two pollutants experienced the same fate. Besides, the WDS point analysis (Fig.S4 and
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Table.S5) unveiled a homogeneous distribution of the two critical pollutants in the hydrated matrix with a
medium concentration of 8.61 wt% and 0.23 wt% for F and P, respectively. It should be pointed out that, in
addition, local areas with very high concentrations (Fig. 4b) up to 20.92 wt% for F (Fig.S4, spot A) were
registered, thus confirming once more that such a fine-grained microcrystalline assemble plays a key role
as adsorbents for fluorine and phosphorus and that their long term stability should be ensured for an

effective material recycling.

FK Fe K IElE

x3500 — | sk zxa
Figure.4. SEM and EMPA micrographs of OCPB. (A) EMPA image of CSH assemblage, (B)
map of F, Fe, and P, based on WDS; (C) EDS spectra of points marked in the image (A); (D)

SEM image of the cementitious matrix; (E) map of Si, S, and P, based on EDS; (F) EDS spectra

of points marked in the image (D).
3.3. Retention of fluoride and phosphorus in PG and OCPB at various pH values

The pH-dependent leaching tests were performed to measure the neutralization capacity of the matrices and
to quantify the impact of pH variation on the geochemical behavior of raw PG and stabilized OCPB. The
acid and base neutralization capacity of PG and OCPB indicate the resistance to acid attack affecting matrix
durability and thus leaching of contaminants. In general, immobilization scenario efficiency strongly
depends on the ability of the cementitious matrix to maintain alkaline conditions (Giampaolo et al., 2002).
As shown in Fig.5a and b, a significant increase in the alkalinity of the final eluate of OCPB, using deionized
water as leachates, was noticed, with the pH value of PG and OCPB of 3.14 and 11.58, respectively.
Noteworthy, a pH values plateau is found in OCPB samples at the pH range from 13 to 14, whereas in pH-
range 9 to 13, a linear variation at increasing dosages of HCI is displayed, which is the range where

hydration products (e.g., CSH gel, ettringite, and portlandite) exert their buffering capacity.
The fluoride and phosphorus leaching results are presented in Fig.5¢ and d, respectively. The current
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Chinese industrial water guidelines (Tang et al., 2014; Wang et al., 2020), indicating fluoride and total
phosphorus limit(20 and 0.3 mg/L, respectively), were used as the normative limit to be accomplished
(dashed line marked in Fig. 5c and d) for the potential reuse of the material. The releasing values in excess
of the limits, especially by one or more orders of magnitude, were considered potential environmental
concerns. By comparing the leaching results of PG and OCPB in deionized water, a very high retention
capacity was confirmed as the concentration of fluoride and phosphorus in the eluate decreased from 113.72
and 158.60 mg/L (PG at pH 3.14) to 11.95 and < 0.06 mg/L (OCPB at pH 11.58), revealing that the fluoride
and phosphorus were well-retained by the cementitious matrix. These results highlight that, in neutral
conditions, the OPC is an efficient material for PG in-situ remediation. Moreover, the experimental results
unveiled a very high pH dependency on the stabilization efficiency of the two pollutants. The maximum
concentration of leached fluoride occurs in strongly acidic conditions, while a significant decrease was
found in neutral and alkaline conditions (pH 7-11). Nevertheless, such a pH increase proved to have an
adverse effect on the solubility/stability of fluoride. Then a slight increase in F leaching was found under
harsh alkaline conditions (pH 12-14). Similar pH-dependent leaching profiles were found and explained as
an expression of the sorption of fluoride onto clay minerals that increases at acidic pH, whereas the

mobilization takes place when the system is moved to alkaline conditions (Habuda-Stani¢ et al., 2014).

In the PG system, the decreased fluorine leaching in pH range from 6 to 11 was attributed to the formation
of calcium fluoride (Rai et al., 2000; Kang et al., 2019) and/or precipitation of fluorite and mallardite
(Bisone et al., 2017), even though these phases were not found in the studied assemblage. After the
solidification/stabilization process, the best pH condition to ensure a F leaching below the law limit
shifted to more alkaline conditions with the pH values in the range of 9 to 13. The above-mentioned pH
range is suitable for CSH gel and ettringite stability, thus substantiating their involvement in the fluorine
retention (Guan and Zhao, 2016, Tsunashima et al., 2012). Then a further increase in pH values (PG sample >
11 and OCPB sample > 13) will enhance the fluorine leachability in both scenarios. As said before,
considering this pH range suitable for hydration products stability, the sorption process should still be active.
Therefore, the deterioration of fluorine retention capacity may be mainly due to calcium complexation with
hydroxyl to form calcium hydroxyl complex (CaOH) rather than calcium fluoride (Kang et al., 2019). The
phosphorus release was only observed in acid conditions (Fig.5d), at pH values of PG sample <6.92 and
OCPB sample < 2.97. In neutral to alkaline conditions, the P concentration in the leachate was below the
detection limit (0.6mg/L). This reveals that, after the immobilization, P leaching accomplishes acceptable
limits on a broad pH range (from neutral to acid). Even when the acid environment is unsuitable for the
stability of hydration products, the phosphate species may react with other cations (primarily soluble Ca**)
and then promote the formation of aqueous dissociated species as precursors of phosphate precipitation

(Recillas et al., 2012).
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Figure.5. pH-dependent leaching results for sample PG and OCPB. Experimental and
theoretical neutralization capacity of sample PG (A) and OCPB (B); Comparison between
measured and calculated leachate concentrations of fluoride (C) and phosphorus (D). PG and
OCPB refer to experimental data, whereas the abbreviation "S" represents the modeling data.
The dotted lines marked in (¢) and (d) represent the acceptable limit of phosphorus and
fluoride in industrial water (0.3 and 20 mg/L, respectively). The missed experimental
phosphorus leaching data in Fig.5d means leachate concentration is below the detection limit
(0.06 mg/L). The triangle marked points mean leaching experiments using the deionized water

as the leachate.
3.4. Model simulations and parameter optimization

The pH-dependent leaching results have shown that hydration products, clay minerals, and calcium
phosphates may control the solubility of fluorine and phosphorus in neutral and alkaline pH regions.
Although many hypotheses can be formulated from the abovementioned experimental results to explain the
leaching behavior, they can hardly be confirmed. The PHREEQC geochemical simulations (Table.S6) are
accordingly applied in this section to confirm and quantify the role of the recognized F/P bearing mineral
phases. The comparison between simulations and experimental neutralizing capacity data (Fig.6a and b)

demonstrate that the used model fits well in all the pH ranges, also for the description of the enhanced acid

121 |Page



Chapter 4

resistance of the stabilized sample. All models describe the amphoteric character of F and P leaching (Fig.6¢
and d), but the quantitative match of F leaching in OCPB_S2 simulation is less satisfying between pH 10

and 13.5 because the upward trend found in the experiments at this range was not described.

According to the model, F is mainly present in acidic leachates (pH < 5) in the form of Al-F complexes
(AlFs, AlF;, and AIF*"). The formation of these complexes is due to the fact that the dissolved F ions, which
have a high electronegativity and a small ionic size, have a strong affinity to Al** ions and form the Al-F
species (Dubey et al., 2018). The relatively high Al concentrations could be attributed to the dissolution of
aluminosilicate minerals (muscovite and feldspar) in PG, whereas in OCPB, it could be due to the hydration
products ettringite and amorphous aluminum hydroxide. As shown in Fig.6, only gypsum and quartz are
present in the residues at this pH range (pH < 5). With the increase in pH values, F begins to precipitate as
calcium fluoride and calcium fluorophosphate at a pH of approximately 5 (Fig.6). Meanwhile, the decreased
F release at this pH range also ascertained this observation (Fig.6). Calcium fluoride is a less soluble phase
and thus limits F concentration in the leachate (Eary, 1999). Noteworthy previous researchers have
confirmed that within the pH range of 5.5 to 7.0, calcium fluoride appears to be the main phase that controls
the F solubility in soil (Street and Elwali, 1983; Elrashidi and Lindsay, 1985). Calcium fluorophosphate is
a stable fluoride-containing phase that would theoretically form in combination with calcium fluoride at
slightly acid and neural conditions (Elrashidi and Lindsay, 1985). As the pH values increased to alkaline
levels (pH >10), different mechanisms were accordingly shown with the adsorption hypothesis. In PG and
OCPB_S1 simulations, the increase of F concentration in the leachate between pH 11 and 13.5 is mainly
attributed to the dissolution of calcium fluorophosphate. As displayed in Fig.6, calcium hydroxide
phosphate is expected to form at this pH range. Therefore, the F is re-dissolved into the aqueous solutions
with a concentration increase following the experimental patterns in Fig.6¢. Zhu et al. (2009) ascertained
the occurrence of this ion-exchange process between fluoride and hydroxyl ions on the surface of calcium
fluorophosphate and calcium fluoride during their dissolution in the alkaline pH range (approximately 10).
In OCPB_S2 simulations, with the adsorption hypothesis, the dissolved F was mainly adsorbed onto CSH
matrix binding sites and no ion exchange between fluoride and hydroxyl ions took place. However, the
quantitative match of F leaching in OCPB_S2 simulation is less satisfying at this range, which could be

related to the overestimation of the reactive surface binding sites in the CSH matrix.

In comparison, the simulated leaching profiles of P adequately describe the pH-depend behavior. When the
pH is below 5, H3;PO4, H,PO44, and CaH,PO,* are the main solubility-controlling forms present in leachate.
Around the neutral pH, phosphate starts to precipitate as sparingly soluble calcium phosphates
(hydroxyapatite and calcium fluorophosphate), which is in agreement with phosphorus retention

mechanisms in wastewater (Froelich, 1988; Ready et al., 1999). Besides, Gerritse (1993) suggested that
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increases in pH values and calcium and fluoride concentrations from solutions could eventually lead to
increased incorporation of phosphate in sparingly soluble calcium phosphates. Phosphate is indeed well

described over a large pH range by the solubility behavior of calcium (hydro or fluoro) phosphate forms
(Fig.6).
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Figure.6. Predicted equilibrium concentrations evolution of mineral phases in residues. (A) PG

simulation, (B) OCPB_S1 simulation, and (C) OCPB_S2 simulation.

In simulations, the leaching behavior of F and P under neutral and mildly alkaline conditions can be
controlled by the precipitation of calcium fluoride, calcium fluorophosphate, and calcium hydroxide
phosphate. To estimate the accuracy of the simulation results, three solid residues (after leaching at pH 1.0,
13.6, and in deionized water) were used to compare simulated and experimental mineral assemblages

(Fig.7). The XRD spectra are shown in Fig.S7. Although the evidence of partial precipitation of F and P
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was confirmed in models, mineralogic phases containing F and P were still not identified in the XRD
patterns. It is to note that minor phases containing F and P are not detectable by XRD if their abundance is
lower than the detection limit of the technique. When the pH value of the leachate is 1 (Fig.7a), experiment
and simulation quantification results both demonstrate that only quartz and gypsum are present under these
highly acidic conditions, thus providing further evidence that the incongruent dissolution of ettringite and
amorphous aluminum in the acidic systems may feasibly be a source of aluminate for fluorine
immobilization (Gomes et al., 2012). By simple interaction with deionized water, simulated mineral phases
are in close agreement with the experimental XRD results after subtracting the cement phases (Fig.7b).
Only dolomite, the minor phase (2.87 wt%) identified in XRD quantification, was not included in the
simulation. Presumably, the dissolution of dolomite is limited by the reaction kinetics applied in the
simulations. It is important to note that the solubility parameters used in the geochemical modeling may
introduce some degree of error because mainly the data are based on single mineral equilibrium studies.
Moreover, the model predicts the formation of a limited amount of fluorite (0.83 wt%) and hydroxyapatite
(0.27%) in the OCPB system. The presence of these phases is not completely unexpected, as is already
found by other authors (Bisone et al., 2017), but in this system, their amounts are near or below the detection
limit of XRD. As the solution became more alkaline (Fig.7c), portlandite became the main calcium phase.
Besides, in the experimental quantification results, precipitation thenardite (Na,SO4) was found but not
observed in modeling. In OCPB_S2, fluorite is slightly under-saturated relative to the ordinary S1

simulation, and the dissolved fluorine is subsequently present on the CSH surface.
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Figure.7. Mineral phases in residue assemblage from quantitative XRD calculation and OCPB
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modeling in the leachate at pH values of 1.00 (A), 11.58 (B), and 13.60 (C). (the abbreviation
"E", "S1", and "S2" represent the experimental and simulation results based on OCPB_S1
and OCPB_S2, the values after the equal sign "=" means the final pH value of the leachates,

and the "water" is the leaching experiment using the deionized water as the leachate).

Overall, despite the enhanced retention capacities for F and P of OCPB that were experimentally observed
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and theoretically predicted, the environmental compatibility, for example, pH values of the groundwater,
must be carefully considered when reusing these materials. If these immobilized materials are reused in an
area suffering from acid precipitation (as shown in Fig.7a), they might consistently interact with the acidic
groundwater. Then the alkaline components in the unstable OCPB mixtures could be exhausted, and the

stabilized products may be a source of environmental risk.
4. Conclusion

This study explored the solidification/stabilization potential of OCPB for PG management and the
associated immobilization mechanisms of F and P. Three simulations were performed to represent the F
and P leaching behavior in original PG and immobilized OCPB samples. The agreement between
experimental and simulated results suggests the geochemical modeling approach is helpful for F and P

leaching predictions in a wide range of pH conditions. The main findings are as follows:

(1) PG is mainly composed of gypsum, bassanite, and anhydrite which were generated from the acidulation
process and the following recrystallization process during stockpiling. The silicates were the remained
gangue minerals in phosphate rock after acidulation. However, the source of the phosphorus-containing
phase, scorzalite, needs further investigation. Significant correlations of Al, Si, P, and F fractions as poorly

crystalline forms are found by elemental mapping.

(2) Although the newly formed crystalline phases containing fluorine and phosphorus are not observed in
the XRD patterns, the SEM/EDS and EPMA/WDS confirmed an aluminum-rich CSH composition or a

mixture of CSH and ettringite, which are potential adsorbing substrates for fluorine and phosphorus;

(3) The leaching behavior at different pH values revealed a significant reduction of contaminants released
to the environment under neutral conditions. But the highly amphoteric F and P leaching behavior indicated
that the optimal pH range for the contaminants retention is in the range of 10-13. Mineralogical evidence
from simulations points out that calcium phosphate, fluorophosphate, and calcium fluoride are the forms

likely to control pollutant release.

(4) Due to the wide variations in solid wastes and stabilized product characteristics, it is complicated to
reveal the fate of these minor pollutant content through laboratory approaches. This research has set the
reliable illustration for using geochemical modeling to provide reliable insight to understand the complex
leaching behavior under changing conditions fundamentally. The continued work is ongoing to integrate
the simulations into the widely different hazardous contaminants under a variety of conditions, which may
open a cost-effective and less time-consuming pathway for the solid waste solidification/stabilization

operation decision-making processes.
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Table.S1. XRD instrument settings.

Labels Parameters
Equipment Bruker D§ ADVANCE
Radiation source Copper, Ni filtered
Detector LYNXEYE XE-T
Geometry Bragg-Brentano
Soller Slits 2.5

Divergence Slit 0.20

Antiair scatter degree (A) 2.24
Goniometer_radius 280 mm

20 range 4~80°

Step size 0.02°

Time per step 28.8s
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Table.S2. Component contents of PC and PG.

Species PG (wt%) PC (wt%)
F 0.80 -
Na;O 0.08 0.14
MgO 0.08 2.23
AlLOs 0.70 6.19
SiO; 5.28 21.74
P>0s 1.07 0.16
SO3 53.69 1.92
Cl - 0.04
K,O 0.26 1.06
CaO 37.07 61.41
TiO» 0.10 0.39
Cr0; - 0.05
MnO - 0.33
Fe,Os 0.63 3.20
CuO 0.01 0.01
Zn0O - 0.03
SO 0.05 0.03
71O, - 0.01
BaO 0.16 0.11
Total 99.98 99.05
Loss 0.02 0.95
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Table.S3 Possible assignments of PG
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Wavenumber (cm™)

Assignments

466

602

670

777

797

837
1115
1142
1620.90
1685.79
2116.03
2238.62
3244.01
3405.32
3491.08
3546.74

Bending vibrations das of (Si—F) and/or (O—P)
vs vibration of SO4*
vavibration of SO4*
bending vibration of Si—O
bending vibration of Si—O

v HPO4*

v3 and v; vibration of SO4*
vs and v; vibration of SO4*
H—O-H bending mode
H—O-H bending mode
stretching of SO4*
stretching of SO4*
stretching vibrations of H,O
stretching vibrations of H,O
stretching vibrations of H,O

stretching vibrations of H,O
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Table.S4 Possible assignments of 28 days cured PC and OCPB.
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PC assignments OCPB  assignments

3643.1  -OH stretching vibrations

3516.5  stretching vibrations of H,O

3438.5  stretching vibrations of H,O
3408.9  stretching vibrations of H,O
2926.4  stretching vibrations of H,O
2855.1  overtone bands COs;

2517.2  Asymmetric stretching of CO3 2514.6  Asymmetric stretching of CO;
2239.9  the tetrahedral sulfate anion
2116.1  the tetrahedral sulfate anion

1791.1  CaCO; 17952  CaCOs
1685.6  H20 bend

1630 bending modes of adsorbed water 16213 bending modes of adsorbed water

molecules molecules

14274  Asymmetric stretching of CO; 1420.9  Asymmetric stretching of COs
1138.9  vs vibration of SO4
1113.9  wv;3 vibration of SO,

995.4 Si-O stretching vibration

875.3 v3 vibration of CO3 874.3 v3 vibration of CO3
798.0 bending Si—O vibration
778.2 bending Si—O vibration

712.8 v3 vibration of CO3 712.2 v3 vibration of CO3
670.4 v4 vibration of SO4
601.9 v4 vibration of SO4

519.9 bending Si—O vibration 519.7 bending Si—O vibration

485.9
471.3 v vibration of SO4
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Table.SS. Semi-quantification of the F and P weight percentage of points marked in Fig.4a and Fig.S4.

WDS EDS

Points F (wt%) P (wt%) Points F (wt%) P (wt%)
Spot A 20.92 0.13 - - -

Spot B 5.46 0.19 Spot 1 3.70 0.21
Spot C 17.89 0.16 Spot 2 1.96 0.00
Spot D 3.67 0.34 Spot 3 242 0.11
Spot E 4.79 0.29 - - -

Spot F 5.36 0.22 - - -

Spot G 2.19 0.29 - - -
Average 8.61 0.23 Average 2.69 0.11
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Table.S6. Modeling input of PHREEQC: Reactions, equilibrium constant, and initial content (mol/100g) of the mineral assemblages.

Mineral phases  Chemical formula Dissolution reaction log K Inputl?® Input2 ®
Gypsum CaS04:2H,0 CaS042H0 $ Ca** + SO4* + 2H,0 -4.58 0.48461 0.31314
Bassanite CaS04-0.5H,0 CaS04-0.5H,0 s Ca?"+ SO4> + 0.5H,0 -3.92 0.04621 0
Anhydrite CaSOq4 CaS04 s Ca* + S04 -4.36 0.01269 0
Quartz SiO; Precipitate_only - 0.03359 0.06876
Feldspar KAISi;0s KAISizOs + 4H" + 4H,0 $ AP + 3H4SiO4 + K* -0.28 0.00730 -
Muscovite KAI}Si}O]()(OH)z KA13Si3010(OH)2 + 10H" s K" + 3A1P" + 3H4S104 12.70 0.00383 -
Calcite CaCOs CaCO; s Ca** + COs* -8.48 -¢ 0.10938
Dolomite CaMg(CO3), CaMg(CO;), s Ca* + Mg?" + COs> -17.09 - 0.01008
Whitlockite Ca3(PO4)2 Ca3(PO4), + 2H" s 2HPO4* + 3Ca?* -4.23 04 0.00085
Brushite CaHPO.-2H-0 CaHPO4-2H,0 $ Ca?" + HPO4* + 2H,0 6.55 0 0
Fluorite CaF, CaF, s Ca?" + 2F -10.60 0 0.01021
Strengite FePO42H,0 FePO4-2H,0 +H' $ Fe** + HPO4* + 2H,0 -11.34 0 0
Vivianite Fe3(PO4)2-8H0O Fe3(PO4)2-8H,0 S 3 Fe?' + 2P04> + 8H,0 -36.00 0 0
Hydroxyapatite  Cas(PO4);0H Cas(PO4);0H + 4H' $ H,O + 3HPO4?> + 5Ca" -3.42 0 0.00265
Fluorapatite Cas(POs)sF Ca5(PO4)3F + 3H+ s 5Cat+2 + 3HPO4-2 + F- -17.60 0 -
+ <« + -

Ettringite CasAL(SO4)3(OH)15-26H,0 f?é;ﬁﬁi%“;ﬁ?é{)”'%mo +12H" S 2APT+3504" 50 ; 0.00329
Portlandite Ca(OH), Ca(OH), s Ca*" + 20H" -5.3 0 0.01720
C1.5-S-H Ca3.0Si207.9783H1.9566:2. Ca3.0Si207.9783H1.9566:2.2848H2O +6.0 H+ = 51.45 i 0.06336
(Amorphous) 2848H20 3.0 Ca+2 + 2 H4SiO4 + 2.2631 H20

fzgfl)(i‘?&lous) Fe(OH)3 Fe(OH); + 3H" $ Fe** + 3H,0 4.89 0 0
ﬁgg&ous) AI(OH); AI(OH); + 3H* 5 AP + 3H,0 10.80 0 0.02510
Fluoride acid HF - - 0.04211 0
Phosphate acid ~ H3POs4 - - 0.00589 0
Sulfate acid H,SO4 - - 0.01078 0

Notes: The "0" in the initial input table means that the phase is absent in the original assemblage, whereas the abbreviation

* Input mineral composition of PG modeling.

® Input mineral composition of OCPB modeling.

"n_n

indicates the phases are not considered in the system.
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Figure.S2. FTIR spectra of PG sample.
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Figure.S3. FT-IR spectra of 28 days cured OCPB (a) and PC (b).
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Figure.S4 WDS point analysis of the amorphous matrix presented in Fig.4a
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Figure.S5. Elemental mapping of OCPB assemblage based on EMPA/WDS, scan area relative to
Fig.4a.

Figure.S6. Elemental mapping of OCPB assemblage based on SEM/EDS, scan area relative to
Fig.4d.
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Abstract

The in-situ solidification/stabilization of phosphogypsum (PG) has been deemed to be an efficient
technology for large-scale stockpiled waste remediation. But there is still great uncertainty and controversy
concerning fluorine and phosphorus transformation. Further, with a great concern for the high carbon
footprint of the typical Portland cement binder, developing a low-carbon binder is of increasing importance
for sustainable development. Herein, y-Al,Os, an alternative with lower CO, emissions and energy
consumption, was preliminarily explored in PG remediation. Results showed that y-Al,Os; promoted
ettringite and amorphous precipitation. The SEM/EDS evidenced the role of aluminum-containing
assemblages in pollutant retention. The pH-dependent leaching tests illustrated that the addition of y-Al,O3
increases the fluorine retention capacity, but it is less dominant in phosphorus and sulfate immobilization.
The modeling approach verified Al-F, Ca-F, and Ca-P phases as the primary phases for pollutant retention.
The deviation in experimental and modeling leaching results indicates that the physical encapsulation
cannot be ignored, which is evidenced by the higher mechanical strength that y-Al,O3; modified mixtures
achieved, presenting mechanically stable assemblages for engineering application and pollutants retention.
This study proved that the utilization of y-Al>Oj3 can expand the scalable application of PG, both in view of

low-carbon strategy and high-performance solidification/stabilization.
Keywords

Phosphogypsum, solidification/stabilization, cemented paste backfill, aluminum oxide, solid waste

management
1. Introduction

Phosphogypsum (PG) is one of the most pressing environmental burdens associated with phosphorus
fertilizer and phosphoric acid production. In China, it was estimated that approximately 250 million tons of
PG were produced annually, with more than 55 million tonnes of growth rates each year (Qiu et al., 2020).
Most of the generated PG has been dumped in the ocean and deposited in waste piles near the phosphoric
acid factory and/or the mines where the phosphate ores are extracted without any treatment (Silva et al.,
2022). The PG stacks are exposed to weathering with aeolian and fluvial processes, and the pollutants
within PG are accordingly dispersed into the environment, contaminating groundwater systems and
threatening human health (Bisone et al., 2017). Therefore, effective treatments of PG are essential to control
its potential negative impacts. Several scholars have implemented recycling initiatives to ensure that PG
can be utilized as primarily used resources in construction (Calderén-Morales et al., 2021), aggregates in
cemented paste backfill (CPB) materials (Li et al., 2017; Zhou et al., 2020a), off-site agriculture

amendments to saline soil (Smaoui-Jardak et al., 2017), ex-situ sulfate resources for sulfuric acid production
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(Chernysh et al., 2021). Because of its high abatement capacity, practical engineering feasibility, and
profitable economic viability (Saedi et al., 2020), CPB is considered one of the prevalent and robust
techniques for PG in-situ treatment (Chen et al., 2018; Shi et al., 2021). Nevertheless, CPB may pose
various risks if not managed properly. As the secondary pillars to ensure the stability of the underground
excavations, an efficient CPB should have both adequate mechanical permeance (Belem et al., 2000) and

sufficient pollutants immobilization capacity (Qi and Fourie, 2019).

However, studies stated that the presence of PG recycled materials could deteriorate the hydraulic stability,
long-term durability, and mechanical properties of the CPB materials (Chen et al., 2017; Qi and Fourie,
2019). Especially from a geotechnical point of view, numerous studies have reported that due to weak
hydraulic properties, the increase of PG percentage due to the weak hydraulic property would significantly
decrease the uniaxial compressive strength of CPB samples (Li et al., 2017; Meskini et al., 2021). Although
a simple increase of OPC proportion can optimize the physical properties and the retention capacity, the
subsequent greenhouse gas emissions raising should be of grave concern. Another difficulty of PG
valorization comes from the redistribution of impurities. Because of the complexity of underground
structures (e.g., the long-term exposure to percolating water/groundwater and the deteriorated mechanical
stability due to the processed mining operation), as the CPB is pumped into goaf, the hazardous substances
may leach out and contaminate groundwater systems and then fauna and flora despite already being

immobilized by binders (Fall et al., 2007; Liu et al., 2021).

Therefore, in order to be utilized massively, efficient additives are needed to optimize the conventional
process for PG recycling. Previous work has confirmed that silica fume (Gu et al., 2020) and ground
granulated blast furnace slag (Min et al., 2021) are promising additive agents for improving mechanical
performance. In addition to the physical properties, modified quartz sand displayed an excellent phosphorus
immobilization capacity due to its large volume of pores, which favors the adsorption of phosphate (Shi et
al., 2021). However, this study did not consider the fluorine immobilization performance and the associated
retention mechanisms. MgO and NaOH were also incorporated in the electrolytic manganese residue-PG-
ordinary Portland cement (OPC) mixtures to solidify/stabilize fluorine and phosphate synergistically (Shu
et al., 2019). Despite the fact that the leaching of fluorine and phosphate decreases by the above additions,
the retention of pollutants is still not satisfactory, with the concentration of leached fluorine and phosphate
being unqualified for the drinking water limits (10 and 0.5 mg/L, respectively, according to Chinese
standard GB 8978-1996). Moreover, although sulfate is a common contaminant in industrial wastewaters,
it can cause the corrosion of steel and the deterioration of concrete mechanical properties (Chen et al., 2020;
Amine Laadila et al., 2021) is barely mentioned in the PG management research. Therefore, exploring a

facile additive agent to efficiently disperse fluorine, phosphorus, and sulfate pollutants on a cost-effective
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and chemically stable substrate is vital for promoting practical in-situ PG remediation. Aluminum was
presumably reported to facilitate the pollutants' retention, but its role has not been explicitly determined
(Feng et al., 2022). In this work, we suggest the use of a more environmentally friendly and lower carbon
footprint agent, y-Al>Os, in PG-CPB sample preparation, which can react with excess sulfate and promote
binder hydration (Zhou et al., 2019). In particular, aluminum oxide has excellent adsorption capacity for
both fluorine and phosphorus due to its large specific surface and high mass transfer efficiency (Moharami
and Jalali, 2014; Hafshejani et al., 2017). Further compared with the a-Al,O3, the y polymorph has a lower
surface energy and higher reactivity, which may have great potential to promote the CPB hydration process

and boost pollutants retention (Valero et al., 2006; Yang et al., 2020).

This study attempts to explore the feasibility of y-Al:O; in PG in-situ management. Herein, in order to
examine the possible retention mechanisms, CPB samples, both in the presence and in the absence of
fluorine and phosphorus, are prepared as comparative studies. X-ray powder diffraction (XRD), X-ray
fluorescence spectroscopy (XRF), Fourier-transform infrared spectroscopy (FT-IR), and scanning electron
microscopy/energy-dispersive X-ray spectroscopy (SEM/EDS) are applied to investigate the phase
transformation and microstructural evolution and to understand the role of reactions occurring in
cementitious systems in relation to fluorine and phosphorus fixation. Lastly, the fluorine, phosphorus, and
sulfate retention capacity is tested by pH-dependent leaching tests. This work benefits extending the PG in-
situ remediation with the direct use of the y-AlO; additive. This technology may make positive
contributions towards achieving a circular economy and industrial decarbonization towards net-zero
emissions. Furthermore, the geochemical modeling applied in this work should allow for providing more

comprehensive insights to extrapolate the new binders in solid waste management systems.
2. Materials and methods
2.1 PG sampling and CPB mixtures preparation

The PG used in the experiment was sampled from a stockpile site of a phosphorus fertilizer manufacturing
plant. All the chemical reagents are analytical grade (y-Al203 is from Guangzhou nano chemical
technology co., Ltd, NaF is from Xilong Scientific co., Ltd, P»Os is manufactured by
Tianjin Fuchen chemical reagent factory, gypsum and quartz are provided by Tianjin Kermal Chemical
Reagent Co., Ltd). The mixture designs of CPB samples are given in Table 1. 10 wt% of y-Al,O; was
employed to replace the OPC. The water-to-binder ratio was kept at 1.5. The control groups, mixtures with
or without phosphorus pentaoxide and sodium fluoride, were prepared to determine the individual influence
of phosphorus and fluorine on the evolution of the mineralogical phases. The blends were homogeneously
mixed and poured into plastic cylinders (5 cm in diameter and 10 cm in height). After 3 days of hardening,

all the samples were demoulded and sealed with plastic membranes before subsequent characterization tests.
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Table.1 Mix proportions of CPB mixtures (wt.%).

PG P05 NaF Gypsum Quartz oPC v-ALOs Water
PGO 28.6 - - - - 28.6 - 42.8
PGA 28.6 - - - - 18.6 10.0 42.8
PO - 0.6 - 25.7 23 28.6 - 42.8
PA - 0.6 - 25.7 23 18.6 10.0 42.8
FO - - 0.3 26 23 28.6 - 42.8
FA - - 0.3 26 23 18.6 10.0 42.8
PFO - 0.6 0.3 254 23 28.6 - 42.8
PFA - 0.6 0.3 254 23 18.6 10.0 42.8

Note: PGO and PGA represent the PG sample immobilized by OPC or mixed binder (OPC+ y-Al,O3); PO and PA mean the manually prepared
aggregates only with P,Os, quartz, and gypsum then mixed with OPC or mixed binder; FO and FA are the manually prepared aggregates with NaF,
quartz, and gypsum then mixed with OPC or mixed binder; PFO and PFA indicate the manually prepared aggregates with P,Os, NaF, quartz, and
gypsum then mixed with the OPC or mixed binder.

2.2. Mineralogical and microstructural characterization

All the samples were preliminarily crushed and sieved with an 80 um mesh, then dried at 55 + 5°C. An
automated diffractometer (D8 Advance, Bruker Co. Ltd, Germany) in Bragg-Brentano configuration with
a copper radiation source (at 40 kV and 40 mA) was used to record the XRD patterns. Angles from 5° to
80° 26 were scanned with a step size of 0.02°. Zincite (ZnO, ACS Reagent) was used as an internal standard
to quantify the amorphous content. Jade 6.5. and Profex (Doebelin and Kleeberg, 2015) were applied for
the qualitative and quantitative phase analysis of XRD patterns. The bulk elemental composition of the raw
materials was determined with wavelength dispersive XRF spectrometry (AXS S4 Pioneer, Bruker Co. Ltd,
Germany). FTIR spectra in the range of 400 to 4000 cm™' were obtained by a spectrometer (Nicolet iS50,
Thermo Fisher, Madison, USA), preparing specimens with a sample to KBr powder ratio of 1/100.
Microstructural investigation on polished and carbon-coated PGO and PGA samples was performed using

SEM (Mira 4, Tescan, Czech Republic) equipped with an EDS spectrometer.
2.3. Mechanical properties

The uniaxial compressive strength tests were performed on the PGO and PGA specimens with an
electromechanical compression testing machine (CDT1305, MTS Systems Co., Ltd). The equipment has a
maximum loading capacity of 300 kN with a 0.6 kN of contact pressure. The loading rate was kept at 0.1
mm/min. All data regarding the test were monitored and collected using the computer software PowerTest

(Model V3.0).

2.4. pH-dependent leaching tests
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The immobilization efficiency of pollutants was tested according to the standard for leaching toxicity of
solid wastes (GB/5086.1; 1997, Jing et al., 2013). The acid attack was carried out in the presence of a
predetermined amount of nitric acid (1 N HNOj3) as the eluent at a liquid-solid ratio (L/S) of 10. Before the
leaching procedure, the PGO and PGA were preliminary broken into particles less than 5 mm in diameter.
After being immersed for 18 h using a rotary shaker at 3042 rpm, the leachates were filtered through 0.45
um filter paper. The fluoride, phosphorus, and sulfate concentration in the eluates were quantified according
to the specific standards: fluoride - Determination of fluoride: ion-selective electrode method, GB/7484-87,
1987; phosphorus - Inductively Coupled Plasma atomic emission spectrometry, HJ/776, 2015; sulfate -
Determination of sulfate: barium chromate spectrophotometry, HJ/T 342, 2007.

2.5. Modeling Approach

The modeling of the aqueous-solid partitioning and the mineralogical species equilibrium was
accomplished using the U.S. Geological Survey (USGS) program Phreeqc Interactive 3.0.6 (Parkhurst and
Appelo, 2013). Minerals controlling the solubility of constituents were selected from the MINTEQ
(Gustafsson, 2011), Cemdatal8 (Lothenbach et al., 2019), Phreeqc database (Appelo et al., 2014), and
Lawrence Livermore National Laboratory (LLNL) thermodynamic databases at 25 °C. The initial
assemblage used in the simulation was based on the XRD and XRF characterization. A basic assumption
for the geochemical speciation modeling is that the dissolution, precipitation, and adsorption reactions of

all constituents reach equilibrium. The details of the initial phase assemblages are summarized in Table.S3.
2.6. Operating costs and CO; emission

The total CO; emissions for recycling PG with different scenarios were analyzed from a “cradle-to-gate”
perspective according to the assumed equipment performance standards. Fig.S1 displays the system energy
boundary of the PGO and PGA sample preparation process. The CO, emission of OPC production and water
supply system was conventionally given as 852 kg CO,/t (Ravikumar et al., 2021) and 2.50 kg CO,/m?
(Chang et al., 2012). The average disposal cost expense for hazardous solid waste in China was estimated
as 2015 CNY/t (Zhu and Jin, 2021). Considering that there were no existing inventories with respect to the
v-AlO; as aforementioned, the key data were obtained from previous literature. To note, the carbon
footprint of the kaolin and limestone mining process was not considered. Meanwhile, the transportation
distance for OPC, PG, and y-Al,Os to the in-situ remediation factory was assumed negligible in the analysis.
The major unit operations in the y-Al,O3 processing include raw materials acquisition, physical grinding,
oxy-fired calcination, and drying process (Hosseini et al., 2011; Sousa and Bogas, 2021) (Fig.S1b). The
energy consumption and CO; emission for each unit were determined by the electricity generated for
acquiring 1 tonne of y-Al203 (Vizcaino-Andrés et al., 2015; Cao et al., 2021). The CO, emission of the
grid and renewable electricity used is estimated as 0.540 and 0.025 CO./kWh (Renforth et al., 2013;
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McQueen et al., 2020). And the ratio of the electricity from different energy sources is anticipated as 2.33
(Grid electricity to renewable electricity) (Yao and Zang, 2021). Additionally, the calcination efficiency of
kaolinite and total mass loss in y-Al,Os production processes were assumed as 85 and 90%, respectively.
Parameters for product benefit, disposal fee saving, CO, emission, carbon tax/credit, and associated energy

demand are outlined in Table.S5.
3. Results
3.1. XRD and FTIR characterization of mixtures

Fig.1a shows the XRD patterns of specimens after 28 days of curing time. In all the patterns, gypsum occurs
as the major crystalline phase (e.g., PGO 35 wt.% and PGA 18 wt%), with the most intense diffraction peak
observed at 11.6° 26, as well as 20.7° and 23.3° 26. As expected from cement chemistry, typical hydration
products ettringite and portlandite are detected. The presence of calcite could be related to the carbonation
of hydration products in contact with the atmosphere (Savija and Lukovié, 2016). Muscovite, originating

from the raw PG, has only been identified in the PGA and PGO patterns.

Intensity/(a.u.)

Weight percentage/(wt%)

Figure.1. XRD analyses of CPB samples. (a) XRD patterns of the 28 days cured samples and (b)
quantitative mineralogical composition obtained by the Rietveld method. A: Alite; B: Belite, C:
Calcite, D: Dolomite, E: Ettringite, G: Gypsum, M: muscovite; P: Portlandite, Q: Quartz, Z:

Zincite.
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The addition of y-Al>O3 does not lead to the formation of additional crystalline phases. Based on Rietveld's
quantitative phase analysis, after subtracting the known content of ZnO used as the internal standard, the
mineralogical quantification results are summarized in Fig.1b. All tested samples are characterized by high
amorphous content, in particular, 51%, 42%, 54%, and 39% are observed in FO, PO, PFO, and PGO
specimens, respectively. While in the group of samples with y-Al,Os activation, FA, PA, and PFA, the
amorphous content was kept at percentages of 49%, 37%, and 52%. However, the amorphous content

increases to 46% in the PGA sample.

To further evaluate the pollutants retention mechanisms in the presence of y-Al,O3, FT-IR spectra (from
wavenumber 400 to 1600 cm™) and the corresponding assignments are presented in Fig.2 and Table.S2.
The detected vibrational frequencies are in good agreement with crystalline phases obtained from the XRD
measurements and generally give an indication of sulfate, carbonate, silicate, and hydroxide phases. The
features at 460, 602, 670, 1115, 1137, and 1425 cm™! can be attributed to the bending and stretching vibration
of SO4* (Olmez and Yilmaz, 1988; Trezza and Lavat, 2001). The sharp bands at 712 and 874 ¢cm™ and the
broadband at 1430-1480 cm™! correspond to the bending vibration of COs* and stretching vibration of C—
O (Wang et al., 2019a) ascertained the carbonation reactions. The broad bands around 516 cm™! present in
FO, PO, and PGO samples were due to the out-of-plane skeletal vibration of the Si-O bond (Wang et al.,
2019a).
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Figure.2. FT-IR patterns of CPB samples. (a) Spectra of unaccelerated samples PO, FO, and PGO;
(b) spectra of accelerated samples, PA, FA, and PGA.
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The broad peak ranging from 900 to 1000 cm ' in PA, FA, and PFA samples could be assigned to the
multiple T-O bonds vibrations (where T is Si or Al). As it is possible to observe two different modes here
(i) a deepening of the transmittance associated with the C-S-H gel, the position of which remains fairly
constant, and (ii) a broadening of the absorbance associated with the C-A-S-H gel (Garcia-Lodeiro et al.,
2011; Kapeluszna et al., 2017). Noteworthy, the unhydrated cement components (Alite and Belite) were
also confirmed that contribute to the vibration at this range (Hughes et al., 1995; Higl et al., 2021). Although
the hydration process accompanies the dissolution of Alite and Belite, their characteristic band
(approximately at 920 cm™) still overlaps with C-(A)-S-H bands making it hard to distinguish the
transmittance contribution from different components. Further, a shoulder peak was observed in the region
from 1450 to 1500 cm™!, which could be related to the vibrations of Ca(OH). (approximately at 1460 cm™)
and the significant output of amorphous C-S-H gel. Thus, FTIR spectra analysis further shows that the

dominant components in the samples were mainly gypsum and carbonates.
3.2. Microstructural observations

To explore the influence of y-Al,O3; on the microstructural features and pollutants distribution, samples
were analyzed by SEM/EDS. The microstructural observation (Fig.3a and Fig.S3) evidence that the internal
microstructure of PGO was mainly composed of a homogenous gel matrix, short ettringite prisms, and
tabular gypsum crystals, accompanied by several unhydrated cement particles (see in Fig.S3a and b).
Similarly, a homogeneous distribution (Fig.3e, S4, and S5) is observed in the analyzed area of PGA samples.
By contrast, needle-like ettringite crystals (around 5 um in length) are present in the transition zones along
with the cement particles and amorphous matrix (see Fig.S4c and d). These results are consistent with the
XRD and FTIR characterization. Further, the elemental mapping (Fig.3a—d) and EDS spot analysis (Fig.31)
suggested that the concentration of F and P are correlated to the Ca and Si ones, which are the typical
elements originating from the OPC constituents. Meanwhile, Al is mainly concentrated, together with the
Ca, on unhydrated cement particles (see Fig.S3). A similar homogeneous distribution of F and P, with a
preferable enrichment at Ca and Si concertation areas, is observed in PGA samples (see Fig.3e—h and
Fig.S4). This preference suggests that the chemical fixation from the binder component plays a role in the
pollutants immobilization, where the high concentration of F and P was observed on the rim of the unreacted
cement particles, representing the area undergoing hydration reactions. Whereas the fine distribution of Al
is massively observed in the matrix (Fig.3e and g), indicating that apart from ettringite precipitation, the
homogeneously dispersing of y-Al,O3 also offers important incorporation feasibility. Further, calcium-
phosphate-fluorine complexes (CPF, Fig.3i—k and Fig.S5) are occasionally found, which is not observed in
PGO samples. Herein, we hypothesize that, based on the SEM/EDS images, the generation of calcium-

silicate-fluorine/phosphate precipitates could be the principal removal mechanism.
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Figure.3. BSE/SEM images, elemental mapping, and EDS spot analyses of PGO and PGA samples
with 28 days of curing. (a) BSE graph of PGO samples with the mapping of P, Si, and F (b-d); (e)

internal microstructure of PGA sample with elemental mapping of P, Al, and F (f-h); (i) occasionally
found CPF with the mapping of P (j) and Ca (k) correlated the red dash line marked area in image
i; () EDS spectrum correspondent to the red point marked in previous images.

3.3. Examination of the mechanical properties

The compressive strength of CPB samples is reported in Fig.4a, and the calculated relative changes are
shown in Fig.4b. Overall, the addition of y-Al,Os does not have a positive impact on the early age
mechanical performance. The strength values of the tested FA, PA, and PGA specimens (7 days) are reduced
to 0.3, 0.4, and 0.3 MPa, respectively, with only a slight increase which is observed in PFA (see Fig.4b).

At 28 days, the y-Al>O; exhibited a positive influence on the strength development, with the compressive
strength increased by a maximum of 0.6 MPa at PGA samples. Interestingly, the FO and PO samples attain
1.1 and 0.9 MPa at 7 days, whereas they have no strength development later. Similar findings are also

reported in previous studies (Singh, 2003; Zhou et al., 2020a).
3.4. pH-dependent leaching tests: fluoride, phosphorus, and sulfate releasing

The fluoride, phosphate, and sulfate pH-dependent leaching results from raw PG (Liu et al., 2022), PGO,

and PGA specimens are shown in Fig.5, 6, and S6, respectively. Overall, such elements are generally well
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Figure.4. Mechanical properties of CPB samples. (a) the tested unconfined compressive strength
values of 7 and 28 days hardened CPB samples and (b) the relative changes of strength values with
the influence of Al;QOs.

immobilized in the intact hardened paste at the near-neutral pH ranges, indicating that PGO and PGA
scenarios both represent effective remediation at pH values of approximately 5 to 10. In this pH range, the
fluoride leaching (limit 10 mg/L) of PGO and PGA samples varies from 0.07 to 0.45 mg/L and from 0.06
to 0.21 mg/L. Meanwhile, the phosphate releasing (limit 0.5 mg/L) of PGO and PGA samples are from 0.22
to 0.46 mg/L and 0.09 and 0.37 mg/L. But the leached amounts for fluoride and phosphate in PGO and
PGA samples are both at their maxima in the extreme acidic region. Additionally, the results also
demonstrate that the presence of y-Al,Os induced an improvement in fluoride retention. When the pH values
of PGO and PGA leachates are at 1.07 and 2.05, respectively, the fluoride concentration decreases from
24.08 to 0.99 mg/L. Further, as shown in Fig.5, fluoride leaching exhibits a strong amphoteric characteristic.
The fluoride concentration of PGO and PGA leachates increased to 0.48 and 0.23 mg/L at pH values of
12.61 and 12.26, respectively. Thus the concentration increase in strongly alkaline conditions indicates the
decomposition and/or precipitation of the phases controlling fluoride solubility. To note, although the
insight from the pH-dependent leaching tests is unable to furnish direct proof of mineralogical facts, it
provides a reference for accessing the possible mechanisms in the following simulations. On the contrary,
high pH values have a negligible effect on phosphate immobilization (see Fig.6), and both matrices (PGO
and PGA) exhibit a similar trend in phosphate release. In PGO samples, 4.99 mg/L. of phosphate was
leached out at pH values of 2.05, whereas in PGA samples, it was 1.43 mg/L (pH 1.07). Then, the

concentration of phosphate decreased with the pH values. Furthermore, the pH values poorly influence
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sulfate releasing, with the sulfate concentrations remaining relatively constant (around 4.00 g/L, R1 and R2
in Fig.S6) within the studied range. Therefore, this observation suggests that despite the sulfate being
partially stabilized as ettringite in samples with the incorporation of y-Al,Os, we predictably ascribed that
massively remaining gypsum in both PGO and PGA mixtures dominates the equilibrium of sulfate. The
slight increase of sulfate release observed at stage 3 (R3 in Fig.6) evidenced the role of gypsum. In fact,
according to thermodynamic modeling at pH >12, gypsum is no longer stable and portlandite is formed
instead. Furthermore, there are no explicit restrictions for sulfate concentration in Chinese water quality
standards nowadays. But in the E.U. region and from the WHO guidance, the limitation is set as 0.25 g/L
(Akoteyon et al., 2011). Hence the retention of sulfate should be carefully investigated in the following

works.
3.5. Leaching simulation results and the evolution of fluoride- and phosphorus-containing phases

In order to characterize the possible retention mechanisms of pollutant-containing phases at various pH
conditions, the geochemical leaching model is applied here as an aid tool to reveal the mineralogical
evidence involved in this process. The model parameters for the initial phase assemblages are estimated
from the previous characterization and reported in Table.S3. The model assumes a chemical equilibrium
between the solid assemblages and the leachates. The clinker phases (C.S, CsS, CsA, and C4AF) were not
considered in this system because of the absence of available thermodynamic data. Since the typical gangue
minerals, quartz and muscovite, have already experienced harsh acidic procedures during the acidification
of phosphorus rock, they were assumed not to participate in the dissolution and precipitation reactions (EI
Zrelli et al., 2018). In addition, the stabilized phosphorus and fluoride in PGO samples were assumed in the
form of calcium phosphate (Ca3(PQs),) and fluorite (CaF,). Considering the CPF found in PGA samples
(Fig.31), two retention hypotheses, CPF and Cas(PQa),, are successively simulated. Besides, based on the
fine matrix that is observed in Fig. 4 that is reasonably ascribed to C-A-S-H and the complementary
thermodynamic GEMS modeling (Kulik et al., 2013), the amorphous content quantified in PGA samples
by XRD analysis is classified into C-A-S-H and amorphous aluminum hydroxide (Al(OH)s). Whereas, in
PGO samples, the amorphous content was assumed to only consist of C-S-H. The simulated leaching

behavior of F and P under different pH conditions are plotted in Fig.5 and 6.

Thus, overall, the proposed mineral set is deemed reasonable for describing the leaching profiles of F and
P. In Fig.5, the results illustrate that the concentration of F is mainly controlled by the Al-F complexes (AlF3,
AlF,", and AIF*") and hydrofluoric acid at lower pH values. When the alkalinity of the solution increased
to the neutral pH range (approximately at 5), calcium fluoride ions and fluorine ions were the dominant
species in the solution, and solid phases containing fluorine and calcium started precipitating, thus

controlling the F retention. The literature suggests that fluorite and fluorapatite are less soluble fluoride-
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containing phases that would theoretically form under neutral conditions (Street and Elwali, 1983; Elrashidi
and Lindsay, 1985; El Zrelli et al., 2018). Whereas F concentration increase at strong base conditions (pH >
11) could be attributed to the precipitation of portlandite, the exceeded consumption of active (or free)
calcium strongly influenced the precipitation/dissolution of fluorite. The marked shift in sulfate releasing
at strong base conditions further evidenced this hypothesis (R3 in Fig.S6). The evolution of P-containing
phases (Fig.6) implied that the aluminum addition has a more negligible effect on phosphorus retention,
while calcium plays the dominant role. At acid conditions (pH < 5), phosphorus mainly consists of HPO4
(PO4*, HPO4*, H,POy, and H3PO4) and CaPO4(CaPOy4, CaHPO,, and CaH,PO4") species. As leachate pH
increases, calcium fluorophosphate is theoretically expected to precipitate, thereby contributing to P
immobilization (Froelich, 1988; Wu et al., 2022a). Additionally, it is worthy to note that in both samples,
the cumulative leached amounts of F and P were overestimated. The main reason contributing to the
differences is hypothesized to be the presence of physical protection. In the view of magnitude order, the
simulations are closer to the PG leaching profiles, representing the total amount of F and P that can be
leached out in the CPB matrix. It again suggests that, despite the pH values being unsuitable for the
hydration products, the physical solidification still plays a significant role in the reduction of F and P release,

although the mechanism still needs to be uncovered.
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Figure.5. Fluorine leaching results from pH-dependent leaching tests and the simulated fluorine-
containing phases distribution. (a) PGO samples and (b) PGA samples. The others represent the
trace fluorine-containing phases (e.g., MgF', NaF, and SiF¢*). F_ PGA, F_PGO, and F_PG mean the

fluorine concentration in the leachate of PGA, PGO, and PG, respectively. The area with orange,
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green, and blue marks means the fluorides in the solutions, whereas white marks indicate the

fluorides present in the solid assemblages.
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Figure.6. Phosphorus leaching results from pH-dependent leaching tests and the simulated fluorine-
containing phases distribution. (a) PGO samples and (b) PGA samples. The others represent the
trace fluorine-containing phases (e.g., MgPOg4, NaHPO4, and KHPOy), “HPO4” is the
accumulation of PO,*, HPO,*, H,POy, and H;POy, “CaPO,” is the accumulation of CaPOy,
CaHPO,, and CaH,PO4*. The abbreviation P_PGA, P_ PGO, and P_PG mean the phosphorus
concentration in the leachate of PGA, PGO, and PG, respectively. The area with red and blue
marks means the phosphates in the solutions, whereas white marks indicate the phosphates in the
solid assemblages.

4. Discussion
4.1. Efficacy of y-Al,Os activation on hydration products formation and physical consequences

The direct correlation between the mineralogical phases and the consequential mechanical properties is not
always evident (de Figueirédo et al., 2020). Herein, the FO samples, with the dependent presence of F,
demonstrated a persistent mechanical performance at 7 and 28 days (Fig.4) and a higher portlandite content
retained after 28 days (Fig.1). This result is in good agreement with the strength and mineralogical phases
evolution proposed in Krivenko et al.'s work (2019), which could be attributed to the accelerating effects
of fluorine on the very early age hydration. As reported, incorporating fluoride can promote the
consumption of calcium ions and accelerate the setting of Portland cement by promoting the dissolution

and hydration of C3S and C;A at early ages (Wang et al., 2021). But the dissolved fluoride would form an
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impermeable membrane covering the calcium silicate grains and retard further hydration (Krivenko et al.,
2019). Therefore, no significant mechanical increment was observed in the FO samples at later ages.
Moreover, from Fig.3d and Fig.S2, the homogeneous distribution of F in the Ca and Si matrix reinforces
the idea that F works as an accelerator in promoting the hydration of calcium silicate. A similar observation
was also reported as the fine fluorine-silicate oxide particles would generate by reactions between calcium
silicate and fluoride ions (Matsuzawa et al., 2017). Interestingly, a similar hypothesis for the phosphorus
retarding mechanisms, same as the formed fluorine coating film, is proposed in these studies. However,
other investigations and consequent mechanisms were given as the retard primarily focuses on the first 24
hours (Boughanmi et al., 2018; Wu et al., 2022b). The presence of P in the amorphous matrix (Fig.3b)
further supported the previous observations (Tan et al., 2017; Zhou et al., 2020a; Shi et al., 2021) as the
retention is mainly controlled by P, Ca, and Si co-precipitation. Noteworthy, the mechanical weakening
effects were also not found in the later ages compressive strength values (3 to 28 days) of the various
phosphorus-containing samples prepared in the given works. The approximately identical mechanical
properties of PO samples at 7 and 28 days (Fig.4) also ascertain this hypothesis. Previous works assumed
that calcium phosphate (amorphous and/or crystalline precipitate) might produce and retard cement
hydration (Zhang et al., 2022). However, due to the variability in mineralogy and reactivity in cementitious
phases of such phosphate-binder systems, no clear and recognized conclusion was ever drawn that reveals
the interaction in complex processes. Although mechanical deterioration was found in PGO samples at early
ages, the 28 days strength developed significantly, which is in accordance with previous observations (Guo
et al., 2012; Cao et al., 2022). This behavior can be explained by the theory of tight packing of grown

crystals, but further independent examination is required to reveal the associated mechanisms.

With y-Al>O3, the previous characterization evidenced the promotion of ettringite crystallization (Fig.1) and
the incorporation of Al into hydration products (e.g., C-A-S-H or Al(OH); complexes) (Fig.2), indicating
that the agent has little effect on the types of crystalline hydration products but mainly on the phases' weight
percentages of phases. Additionally, the promoted ettringite formation and gypsum consumption in samples
containing y-AlO3z suggest that alumina addition improves sulfate retention by fixing sulfate ions in
ettringite that is less soluble than gypsum. These findings can be attributed to the supersaturation of the AI**
and SO4* ions in the pore solution. Consequently, the ongoing ettringite crystallization and the high
consumption of Ca** and OH" decreased effective saturation indices for portlandite (Quennoz and Scrivener,
2013). Therefore, the portlandite is totally dissolved and works as a calcium source for ettringite formation,
leading to a reduced portlandite weight percentage. As seen in Fig.1, the portlandite content is significantly
lower in all specimens prepared with y-AlOs than with respect to specimens prepared without alumina. To
note, although more ettringite formation is confirmed, the 7 days mechanical properties of all the samples

with y-AlO; are still far away from satisfactory. But with the continuous hydration, the samples
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demonstrated an apparent potentiality for achieving greater mechanical properties at 28 days of curing.
Some authors argued that the improvement of mechanical properties could derive from the formation and
accumulation of excessive amounts of the more dense structure of hydrated products (e.g., C-(A)-S-H and
CAH), which tends to increase the gel/space ratio as well as bulk density (Nazari and Riahi, 2011; Heikal
et al., 2015). Therefore, in the presence of y-Al,Os, although more significant ettringite formation is
observed, it is less likely to promote early strength enhancement. But the dissolved Al ions in the solution

may positively correlate with strength and structure optimization at later ages.
4.2. The solidification/stabilization of fluorine and phosphorus with y-Al;O; activation

Since the release of pollutants in high concentration for the solidified assemblages, especially under acid
conditions, is still concerned, both solidified/stabilized systems have the potential for suffering performance
loss or failure (Li et al., 2017). Moreover, the effect of pollutants within PG on the mineralogy and the
reactivity of industrial binders is much more complex than what can be expected from laboratory trials.
Herein, morphological and mineralogical tests were carried out to assess the main retention mechanisms.
As shown in the combined experimental and modeling inspection (Fig.3, S3, and S4), the dominant
controlling phases of P and F are positively correlated to Ca and Si, which are the typical elements of the
OPC main components. It is believed that this correlation, which is also reported in previous studies, is the
result of the interplay of multiple mechanisms, such as the formation of calcium fluorine/phosphate
precipitates (Recillas et al., 2012; Kang et al., 2019), adsorption and ion exchange of ettringite (Wei et al.,
2021), and adsorption and physical encapsulation on C-S-H (Shi et al., 2021). Further, the Al is found to be
highly correlated with pollutants immobilization (Fig.3g). The retention is presumably in the way of
adsorption of the amorphous phase C-A-S-H and/or coexisting of aluminum hydroxyfluoride
products (Lisbona et al., 2013; Yang et al., 2020), of which the anions can replace OH™ to maintain the
charge balance or electroneutrality of the system. To ensure that the stabilized products can effectively
retain pollutants in acidic conditions, the fluorine and phosphorus concentration in the leachate of PGO and
PGA was determined after leaching tests at pH <4 and geochemical modeling was carried out based on the
abovementioned experimental conditions. In general, compared to raw PG leaching, the fluorine and
phosphorus retention is drastically strengthened in stabilized systems both using OPC (PGO) and OPC with
v-AlLO; (PGA) (Fig.5 and 6).

To note, the PGA samples deliver remarkable fluorine retention efficiency resulting in fluoride
concentration in the leachate 1.0 mg/L (pH 1.07) compared to PGO and PG samples, with 24.1 mg/L, pH
2.05 and 125.0 mg/L, pH 1.01, respectively. The chemical protection mechanism underlying the promoted
performance is interpreted on the base of geochemical modeling data. It is revealed that, in the individual

aspect of thermodynamic equilibrium, y-Al>O3; would not modify the possible retention phases at neutral
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and alkaline pH conditions, which is ascribed to the precipitation of calcium fluoride/phosphate (fluorite
and fluorapatite). This emphasizes that the calcium-phosphate-fluoride complexes presented in Fig.3i could
be a possible coexisting phase in PG-binder systems, whether they originated from PG or formed after the
mixing. In addition, greater fluoride retention in the PGA samples at acid conditions (pH < 5) is
experimentally observed, which is theoretically attributed to the formation of the aluminum fluoride
complexes (see the simulations presented in Fig.5). This highlights the importance of aluminum in
controlling fluorine leaching. Recent works have reasonably assumed that the existence of secondary
precipitation phases (insoluble AIF complex) plays an important role in driving fluorine leaching (Stone et
al., 2016; Zhou et al., 2020b). In comparison, phosphate leaching could be dominated by the crystallization
and dissolution of calcium phosphate precipitates (fluorapatite), as the estimated high formation of
phosphate precipitates (Fig.6) rationalizes the low leaching efficiency. Noteworthy, apart from the
formation of complexes, the deviation between the experimental and theoretical results also could be partly
explained by physical protection. The hydration products can not only provide the strength of solidified
matrices but also can stabilize pollutants through physical encapsulation and adsorption (Baur and Johnson,
2003; Halim et al., 2005). Especially for the phosphate leaching, although the simulations reveal that the
aluminum is less relevant to the phosphate phase formation, a drop of phosphate release was observed.
Therefore, the strengthened performance in pollutants retention performance of PGA samples could also
take advantage of their stronger mechanical properties, which contribute to greater physical protection.
Furthermore, despite not being observed in the characterization experiments, the possible presence of
Al(OH); in the PGA systems may benefit fluoride retention by means of Al-F complexation and adsorption
(Gong et al., 2012). In short, the findings here demonstrate that the addition of y-Al>O; enhances both

chemical fixation and physical encapsulation, resulting in the drop in fluoride and phosphate leaching.
4.3. The feasibility of y-AL,O3 application: CO; neutrality and cost analysis

The assumed carbon footprint of PGO and PGA samples shows that the y-Al,O3 incorporation reduced the
CO; emission by 35%. The investigation demonstrates that the majority of CO, emissions of CPB are
related to OPC production (direct emissions due to the calcination of limestone and indirect emissions
because of the electricity used for heating and grinding) (Cao et al., 2021; Ravikumar et al., 2021). In
comparison, the key constituent in y-Al,Os production is kaolin (main constituent in kaolin is kaolinite
mineral: Al,03-2510,-2H,0) (Hosseini et al., 2011). The calcination of it would not lead to direct CO,
emission, which amounts to approximately 60% for OPC production. Further, it is evident that the highest
calcination temperature of kaolinite (900 °C) is much lower than that of OPC (1450 °C), indicating a lower
energy consumption. Therefore, a greater percentage of renewable energies can be used to reach this

relatively low calcination temperature (Cao et al., 2021) since the ratio of ordinary grid electricity to
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renewable electricity used in this work is 2.33. Hence, additional CO, profits would generate with the
application of cleaner energy. The total costs of CPB samples were calculated based on the local market
price of the introduced agents, and the PG stock expenses were assumed based on the regular landfill
disposal fee and hazardous solid waste tax. Nevertheless, we realize that y-Al,O3 incorporation inevitably
increased the total expense due to its high cost (Table.2), but the treatment of PGA samples is still more
profitable than the PG stock. More importantly, compared to the carbon price of 0.455 CNY/t in E.U. (Chen
et al., 2022b), the price in P.R.C (0.100 CNY/t) still has a tremendous upward movement in the coming
years (Wang et al., 2019b; Chen et al., 2022a). To note, based on the Paris agreement (World Bank., 2021),
the carbon price would rise further to achieve the 1.5 °C goals. Meanwhile, aside from the existing
industrial-scale y-Al,O3 production initiatives, scholars (Osman et al., 2017) attempted to synthesize y-
AL Os from the aluminum foil waste, which would benefit its profitable price. But additional calculations
would need to be performed to investigate the economic feasibility and carbon neutrality implementation

using the alternatives.

Table.2. Assumed cost and carbon footprint associated with PGO and PGA samples preparation.

Samples PGO PGA PG stock
CO; Emission (kg CO/t) 855.74 555.74 -
Preparation cost! (CNY/t)? 526.15 1044.15 2015.00
CO; tax (CNY/t) 85.57/389.36° 69.45/315.98 -
Total expense (CNY/t) 611.72/915.51 1113.60/1360.13 2015.00

Note: ' The preparation cost is based on the mix proportion presented in Table.1; 2CNY/t represents the cost for recycling 1 tonne of PG; * A/B
means the CO, tax from the P.R.C. standard (A, 0.100 CNY/kg CO,) and the E.U. standard (B, 0.455 CNY/kg CO,).

5. Conclusions

In the present study, y-Al;O3 was explored as an innovative potential agent for the in-situ remediation of
PG using the CPB technique. Overall results demonstrated that the incorporation of y-Al;O3 promoted the
ettringite precipitation and induced aluminum-containing amorphous phase formation. In the view of the
engineering application, the compressive strength of PGA achieved 1.9 MPa, fulfilling the strength
requirement of the CPB mixtures. Evidence from elemental mapping implies that most of the F and P
retention is related to the precipitation of Ca-Si-containing phases. Although the leaching tests demonstrate
that the solubility of precipitated F and P components is very pH-dependent, the PGA samples exhibit
promising F and P immobilization results within the studied pH range. The geochemical modeling provides
qualitative support for determining the role of hardly detectable F- and P-containing phases and describing
the amphoteric leaching profiles. The deviation between the experimental measurements and simulation
results indicates that the physical incapsulation/solidification has a role in governing the retention behavior

in addition to the individual impact of chemical precipitation/stabilization. The assumed carbon footprint
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confirmed that for recycling 1 tonne of PG, the use of y-Al>Os to partially replace cement could significantly
reduce the total CO, emissions by approximately 35%. Therefore, the utilization of the proposed novel
binding system is potentially viable to offer a practical, carbon-neutral, and profitable application for
sustainable recycling of PG waste, especially with the concern for implementing additional carbon
neutrality policies to limit global warming. In future works, the exploration of inexpensive and low-carbon
alternative Al source agents could be further investigated. Meanwhile, the emphasis on the durability of

immobilized products should be precisely validated before large-scale applications.
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Supporting information for Chapter 5

Enhancing the sustainable immobilization of phosphogypsum by

cemented paste backfill with the activation of y-Al,O3

Yikai Liu'; Qiusong Chen* *; Maria Chiara Dalconi'; Simone Molinari'; Luca Valentini'; Yunmin Wang>?;

Shiyuan Sun®; Peishen Wang?; Gilberto Artioli!

! Department of Geosciences and CIRCe Centre, University of Padua, via G. Gradenigo 6, 35129, Padua, Italy
2 Sinosteel Maanshan General Institute of Mining Research Co., Ltd., Maanshan, 24300, China;

3 School of Resources and Safety Engineering, Central South University, Lushan South Road 932, 410083, Hunan, China

Table.S1. XRD instruments settings

Labels Parameters

Equipment Bruker D8 ADVANCE

Radiation source Copper, Ni filtered

Detector and geometry LYNXEYE XE-T, Bragg-Brentano
Soller Slits and divergence Slit 2.5 and 0.20

Antiair scatter degree (A) 2.24

Goniometer_radius 280 mm

20 range 4~80°

Step size 0.02°

Time per step 28.8s
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Table.S2. Possible assignments of FTIR spectra

Wavenumber/(cm™') Possible assignments

420 bending vibration of COs

460 bending vibration of CO;

602 vibration of SO4

670 vibration of SO4

712 vibration of CO3

874/876 symmetric stretching vibration of C—O
1003 bending vibration of COs

1115 bending vibration of COs
1137 vibration of SO4

1425 Asymmetric stretching of CO;
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Table.S3. Modeling parameters

Initial PGO Initial PGA

Elements Minerals Equilibrium equitions Log k (mol/100g)* (mol/100g)

Ca Gypsum CaS042H,0 = Ca*" + SO4* + 2H,0 -4.6M 0.2166 0.1054
Bassanite CaS040.5H,0 = Ca?" + SO4* + 0.5H,0 -3.9M 0.0000 0.0000
Anhydrite CaSO4 = Ca® + S04~ 44O 0.0000 0.0000
Portlandite Ca(OH), + 2H" = Ca’" + 2H,0 2270 0.0143 0.0000
Calcite CaCO; = COs* + Ca** -8.5@ 0.0822 0.0601
Fluorapatite Cas(PO4)sF + 3 H" =5 Ca’* + 3 HPO# + F -25.0M 0.0000 0.0000
Hydroxyapatite Cas(PO4);0H + 4H" = H,O + 3 HPO4* + 5 Ca** -3.4@ 0.0000 0.0000
Whitlockite Ca3(POy), + 2H" = 2HPO4* + 3 Ca?* -42® 0.0022 0.0022
Brushite CaHPO4 2H,0 = Ca* + HPO4* + 2H,O -6.6 M 0.0000 0.0000
Dolomite CaMg(COs), = Ca*" + Mg*" + COs* -17.1@ 0.0046 0.0084
Fluorite CaF,=Ca*+2 F -10.6@ 0.0030 0.0060
C-S-H Ca2.0Si206.6436H1.2872:1.7542H20 + 4.0 H+= 29.5® 0.1545 0.0000

2.0 Cat+2 + 2 H4Si04 + 0.3978 H20

C-A-S-H (Ca0)(A1203)0.15625(Si02)1.1875:1.65625H20 16.6 @ 0.0000 0.0944

+2.9375 H+=0.3125 Al+3 + Ca+2 + 0.75 H20 +
1.1875 H4Si104

Ettringite CagAlx(SO4)3(OH)12-26H,0 + 12H" = 2AP1" + 56.7©@ 0.0050 0.0158
3S04* + 6Ca® + 38H,0

0.0000 0.0000
Others Quartz Si0; + 2 H,0 = H4Si04 4.0 0.0388 0.0552
MagnesiumF MgF, = Mg?" +2 F -8.1® 0.0000 0.0000
SodiumF NaF =Na"+F -0.02 @ 0.0000 0.0000
Muscovite KAIL3Si;010(OH), + 10H" = K" + 3AP* + 3H,Si04 12,70 @ 0.0054 0.0059
Thenardite Na,SO; =S04* +2 Na* -03@ 0.0000 0.0000
Aluminafluoride ~ AlF; = AI** + 3F -17.2@ 0.0000 0.0000
Fe(OH); Fe(OH); + 3H" = Fe** + 3H,0 489 @ 0.0000 0.0000
(Amorphous)
Al(OH); AI(OH); + 3H" = AI** + 3H,O 10.80 @ 0.0000 0.4046
(Amorphous)

Notes: * The mole concentration of the minerals for 100 grams of the soil;
®The maximum mole content of the phase that can dissolve in the solution;
¢ This phase is assumed to be stable in the simulation.
4The source of the thermodynamic database (1) indicates LLNL, (2) represents MINTEQ, (3) means CEMDATA 18, and (4) is PHREEQC.
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Table.S4. Normalized oxide weight percentage of PG and OPC samples.
Species PG (wt%) OPC (wt%)

F 0.81 0.00
MgO  0.00 2.31
ALOs 071 5.23
Sio, 532 22.72
P,0s 1.08 0.00
SO; 54.10 3.88
K:0 0.00 0.82
CaO 37.35 60.91
Fe:0;  0.63 4.12
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Table.SS. Assumptions and parameters used for the carbon footprint of PGO and PGA production

Assumption Units Value Comments
Kaolin calcination
Calcination tempreature [°C] 800 Ref. Hosseini et al., 2011
Calcination time [h] 2 Ref. Hosseini et al., 2011
Decomposition temperature [°C] 900 Ref. Hosseini et al., 2011
Decomposition time [h] 2 Ref. Hosseini et al., 2011
Drying temperature [°C] 70 Ref. Hosseini et al., 2011
Total drying time [h] 28 Ref. Hosseini et al., 2011
Calcination efficiency [%] 85 Assumed
Mass loss in processes [%] 90 Assumed
Calcination and decomposition 1y v 7 759.44  Ref. Cao etal., 2021
energy demand
Grinding
Grinding equipment [kg CO/t] 34.60 Ref. Vizcaino-Andrés et al., 2015
Energy costs and emissions
Grid electricity [CNY/kWh] 0.49 Ref. Niu et al., 2017
. . o kg
Grid electricity CO> emission COYKWh] 0.540 Ref. Renforth et al., 2013
Renewable electricity [CNY/kWh] 0.43 Ref. McQueen et al., 2020
Renewable electricity CO» [kg
emission COKWh] 0.025 Ref. McQueen et al., 2020
Percentage of the grid and [%] 70/30  Ref. Yao and Zang, 2021
renewable electricity
Solid waste disposal expense
Average disposing costs (e.g.,
dump construction, [CNY/t] 2000.00 Ref. Zhu and Jin, 2021
transportation)
The hazardous solid waste stock fee,
based on Regulation on the
Stock fee [CNY/t] 15.00 Implementation of the Environmental
Protection Tax Law of the People's
Republic of China.
OPC preparation
OPC [CNY/(] 520.00 ﬁ;s;grznled average price of OPC in China
OPC production CO» emission [kg CO/t] 852.00  Ref. Ravikumar et al., 2021
OPC Energy demand [kWh/t] 1311.11 Ref. Cao et al., 2021
Water preparation
The price of industrial and commercial
3
Water [ONY/m’] 4.10 water in Beijing, PRC
Water supply CO, emission [kg CO2/m?] 2.50 Ref. Chang et al., 2012
CO:; emission tax
PR.C. [CNY/kg] 0.100 Ref. (Wang et al., 2019¢)
U.S. [$/t] 50 Approximately equal to 0.325 CNY/kg
E.U. [€/t] 70 Approximately equal to 0.455 CNY/kg
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Figure.S3. Elemental mapping of the PGO samples correlated to Fig.3A.

Figure.S4. Elemental mapping of the PGA samples correlated to Fig.3E.

SK PK

Figure.SS. Elemental mapping of the PGA samples correlated to Fig.31.
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Figure.S6. Sulfate leaching results from pH-dependent leaching tests. R1 means the region where
sulfate releasing is dominated by gypsum, R2 is the pH range for the ettringite to start to

precipitate, and R3 represents the area suitable for saturation of portlandite.
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Chapter 6

Abstract

The use of cement for solid waste solidification/stabilization is under scrutiny due to its substantial emission
of greenhouse gases. However, the dual role of hydration products and calcium-rich minerals may serve as
a CO; sink and promisingly reabsorb a great content of atmospheric CO,, which is hitherto unexplored. In
this study, we detail the inherent potential sponge effect of phosphogypsum (PG) based cemented paste
backfill (PCPB), finding that the PCPB application may produce 16.7 Mt/year of CO; in China, whereas a
reduction of 5.76 Mt/year could promisingly reach up when considering the future reabsorption. The
phosphate impurities within the PG demonstrate an adverse effect on the CO, uptake, which inhibits the
precipitation of hydration products and inversely favors the formation of calcium-phosphate species that
retard the dissolution of cement particles. By contrast, the fluorides imply an acceleration of the hydration
reactions and accordingly hasten the carbonation process. Further, geochemical modeling suggests that
maintaining a basic pH condition of the system is another significant factor in promoting the CO, capture
capacity, of which a 35% increase in CO; uptake can be acquired with a continuous low concentration
NaOH supply, but this enhancement will require the widespread deployment of future validation. The
overall work sheds light on the PCPB application having a scalable potential to be an efficient pathway for
in-situ remediating PG from the perspectives of CO, balance, environmental requirements, and

technological feasibility.
Keywords

Phosphogypsum; Cemented paste backfills; Solidification/stabilization; Decarbonization; Solid waste

management
1. Introduction

Phosphogypsum (PG) is a typical by-product generated from acid digestion of phosphorus fertilizer
production, which is generally enriched in phosphates and fluoride pollutants (Holanda et al., 2017; Tsioka
and Voudrias, 2020). Statistics show that about 300 million tonnes of PG are produced annually worldwide
(Chen et al., 2017). However, over 85% of the PG output is haphazardly abandoned at various industrial
sites or landfills without any treatment (Silva et al., 2022). The relatively weak stability of PG in ambient
conditions would allow the concentrated pollutants to be massively rereleased into the environment, posing
severely secondary pollution to the environment and humans (Liitke et al., 2020). Therefore, efficient and
profitable immobilization technologies must be developed and strategically displayed to manage this waste.
Regardless of many in-situ and ex-situ trials that have been carried out to address these hard-to-abate
industrial by-products, the in-situ cemented paste backfill (CPB) technology remains an attractive

application due to its advantages, such as practicable procedures, profitability, minimized potential
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secondary pollutants from the transportation, large daily processing capacity, and reduced toxicity of the
final mixtures (Li et al., 2017; Chen et al., 2018). This well-established disposal technique is based on the
use of hydraulic binders (mainly ordinary Portland cement, PC), together with water, to solidify and
stabilize the waste (Belem et al., 2000). Researchers investigated the PG-based CPB (PCPB) mixtures with
respect to the microscopic and macroscopic properties, such as hydration products (Li et al., 2019a; Shi et
al., 2021), microstructure (Zhou et al., 2020), mechanical properties (Chen et al., 2018; Maierdan et al.,
2021), acoustic emission signals (Liu et al., 2021a), and durability (Meskini et al., 2021). However, the
great environmental impact of PC production has positioned the PCPB strategy as one of the largest energy
consumers and CO, emitters, which has become a significant constraint for its practical application (Saedi
et al., 2020; Zhao et al., 2021). To overcome the drawbacks of over-reliance on PC, scientific evidence
highlights the capability of multiple lower-carbon footprint additives agents in substituting cement
production, for example, modified quartz sand (Shi et al., 2021), fly ash (Meskini et al., 2021), and lime
(Zhao et al., 2022). These improvements are accepted as a promising strategy to improve the properties and
reduce greenhouse gas emissions of PCPB mixtures if implemented in a field application in the next few
decades. But before fully or extensively replacing PC proportions, the abovementioned approaches can be
limited by technical shortcomings, such as the uncompetitive cost of the alternative materials, the possibility
of deteriorated physical stabilization, and the uncertainties in long-term performance (Miller et al., 2021).
Therefore, considering the unique properties and simplicity of PC application (Hossain et al., 2020; Wang
et al., 2021), to date, a minimum but appreciable PC content is still required for the PCPB mixtures design,
indicating that PC-free formulations are still challenging and the demand for PC will continue to increase

(Habert et al., 2020).

Conversely, aside from the substantial greenhouse gas emissions from the PC calcination process, cement-
related materials are significant CO; sinks due to their ability to react with atmospheric CO, (McQueen et
al., 2020; Habert et al., 2020). This sponge effect mainly benefits from the carbonation of the calcium-
containing phases, such as portlandite and calcium silicate hydrates (Morandeau et al., 2014; Mascarin et
al., 2022). As a spontaneous process, the carbonation of cementitious materials occurs when the sample is
exposed to the atmosphere (Steiner et al., 2020). Noteworthy, the primary component of PG is gypsum
(approximately 90 wt%) (Zhao et al., 2015; Chen et al., 2017), which can provide additional calcium for
carbonation. Considering the massive stockpile of PG, such a practicable and well-constructed solid waste
in-situ remediation procedure (PCPB) has great potential to capture a huge amount of CO in the direct
carbonation process. Therefore, a better understanding of the mitigation potential of the sponge effect is
required, which has been missing in previous work (Edraki et al., 2014; Li et al., 2019b; Zhou et al., 2020).
Furthermore, it has been widely reported that the formation of hydration products (portlandite, ettringite,

and C-S-H gel), which are the primary feedstock of carbonation, starts a few minutes after being mixed
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with water (Zhou et al., 2019; Liu et al., 2019a). However, the impurities within the PG can inhibit the
formation of hydration products, with several hypotheses and assumptions have been proposed that the
phosphates and fluorides, the main pollutants in PG, may adversely affect the hydration kinetics at early
age, which may impact the final conversion efficiency of Ca species (Li et al., 2017; Chen et al., 2018;
Zhou et al., 2020). These adverse effects are postulated mainly based on the observations of the deteriorated
mechanical properties or the extended setting time, where little attention has been paid to deeply
understanding the early-age hydration reactions as well as the evolution of the solid/aqueous phases.
Especially, the dissolution of soluble fluorides and phosphates coincides with the development of early age
hydration (Rashad, 2017; Xu et al., 2019). Therefore, the possible role of fluorides and phosphates in

affecting the kinetics of the carbonation process needs to be investigated.

In this paper, an in-depth characterization of the sponge effect of PCPB in future CO, emissions mitigation
is carried out to address the research gaps in solid waste net-zero emission and sustainable management.
Our approach builds on the investigation of early age hydration progression in order to scrutinize the effect
of rapidly dissolved pollutants (phosphates and fluorides) in carbonation. Additionally, comparison
experiments on the individual effect of phosphates and fluorides were undertaken. Moreover, geochemical
modeling approaches were applied to elucidate underlying mechanisms involving mineral dissolution and
precipitation. Accordingly, the species distribution of phosphates/fluorides/clinker phases with the
influence of the CO, concentration and alkaline agent supply was conducted. An end-to-life CO, emission
and storage model of PCPB applications was developed to elucidate the CO, balance within China's PG
recycling cycle, which has been missing in previous work. Overall, this study attempted to fill the gap in
the literature on reusing industrial waste in CPB technology by providing credible evidence from the carbon

perspective.
2. Material and methods
2.1. Samples preparation

The PG (Fig.S1) was collected from a by-product stockpile site devoted to a phosphorus fertilizer
manufacturing plant. CEM I 42.5 PC (compliant with GB 175-2007) was used in the mixture preparation
procedure. All the chemical reagents (y-Al,Os, NaF, P,Os, gypsum, and quartz) were of analytical grade
(see the details given in Table.S1). Four mixtures (Table.1) were prepared to study the effects of phosphates
and fluorides on the early age hydration and carbon capture capacity. They are PCPB (mixture prepared by
blending PC, y-Al;O3, and PG), MF (mixture prepared by blending PC, y-Al,Os3, NaF, gypsum, and quartz),
MP (mixture prepared by blending PC, y-Al,O3, P,Os, gypsum, and quartz), and binder (comparison group
only with PC, y-Al:Os, gypsum, and quartz). Although increasing the PC content can enhance the

immobilization efficiency of CPB mixtures, this research aimed to use as much PG as possible to provide
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maximum benefit for circular economy and carbonization strategies. Hence, the PG to binder ratio was set
as 2 to 1. The agents were homogeneously mixed for 5 mins and cast into a mold (approximately 100 mm
in diameter and 5 mm in height). After 15, 60, 180, 360, 720, 1440, and 4320 minutes since the first contact
of solid agents and water, the entire sample holder and the mixture are immersed in liquid nitrogen to stop
the hydration, reaching —190 °C in approximately 10 s. Subsequently, the frozen mixtures were grounded
and sieved to 63 um. Before the following characterization experiments, the specimens were still kept in a
frozen and vacuum state to avoid the influence of further hydration in phase composition (Zhang and

Scherer, 2011; Salvador et al., 2016).

Table.1. Proportions of the mixtures (wt%)

Label PG P,0s NaF Gypsum  Quartz oPC v-ALO3  Water
PCPB 42.9 / / / / 21.4 43 314
MP / 22 / 37.5 32 21.4 43 314
MF / / 22 37.5 32 21.4 43 314
MB / / / 429 / 21.4 43 314

2.2. Characterization techniques

The mineralogical compositions of the prepared mixtures was obtained by XRD characterization using a
D8 advance diffractometer (Bruker Co. Ltd, Germany) with Cu Ka radiation, operated at the scanning
region range from 5° to 80° 26, with a step size of 0.02°. Zincite (ZnO, ACS Reagent) was homogeneously
mixed with the sample powders as the internal standard. The FTIR tests were conducted by a Nicolet iS50
spectrometer (Thermo Fisher, USA) at the frequency range of 400-4000 cm™'. The KBr powder to sample
ratio was kept at 100. The decomposition process of phases at elevated temperatures was deduced from
TG/DTG by using a simultaneous thermal analyzer (STA 449F3 Jupiter, Netzsch, Germany). The samples

were heated from room temperature to 1050 °C at a 15 °C/min rate in a nitrogen atmosphere.
2.3. Carbon capture and storage

The CO; emission for the PCPB mixture preparation is mainly related to the OPC production, y-Al,Os
production, and water supply (Fig.S2), which is conventionally given as 852 kg CO»/t, 390.7 kg CO»/t, and
2.50 kg CO»/m?, respectively. The emission sources of the binder mainly come from the direct CO, emission
related to the resources, grinding process, drying procedures, calcination, and the electricity used for the
aforementioned procedures. The CO2 emission related to binder transportation activities is not considered.
The CO; emission attributed to the water supply is roughly based on the pipe construction, electricity-related
CO; emission, and water recycling phases. The detailed calculation can be found in previous literature

(Chang et al., 2012; Liu et al., 2022). The potential captured CO, is based on the quantification results of
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calcite from experiments and geochemical modeling (Cao et al., 2020). The analysis of the Chinese PG
stock cycle begins with an estimation of PG production in the next 15 years (Cui et al., 2022), and the
overall rate of PG devoted to the PCPB application is based on statistical data in 2019 (Ye, 2020). Note
that the overall recycling rate is estimated as a slowly-growing process (Cui et al., 2022). Therefore, the
nationwide PG weight used in the PCPB application is calculated assuming that the rate keeps constant as

the statistics in 2019 (14%).
2.4. Geochemical modeling

The geochemical model was constructed using the PHREEQC v3 program (Parkhurst and Appelo, 2013)
with the thermodynamic databases from PHREEQC (Appelo et al., 2014) and CEMDATA 18 (Lothenbach
et al., 2019). The calculations were performed at 25 °C and at the pressure of 1 bar. The simulation of the
binder hydration was determined based on the methodology proposed by previous literature (Lothenbach
et al., 2008a, 2008b; Holmes et al., 2022). Noteworthy, we are convinced that the presence of phosphorus
and fluoride have adverse/promoting impacts on the rate of clinker phase dissolution and hydration
reactions (Singh, 2003; Matsuzawa et al., 2017; Saadaoui et al., 2017). However, it has not been accounted
for in the model proposed in this work because no reliable thermodynamic data or numerical methods exist
to describe this behavior. To reveal the role of fluorides and phosphates at different ages, the hydration
degree used in the simulation was selected at 5%, 20%, and 50%, respectively. The calculations enable
predicting the progressive modification of the phase assemblage as a consequence of the increasing
concentration of fluorides and phosphates (from 0 to 0.05 mol/100 g PCPB). Further, to simulate the effect
of the CO; content, as well as the additional alkaline agent, on the carbonation of the PCPB mixtures, the
mineralogical assemblages from the XRD quantification were used as the initial input of the simulation
with constant CO; flux input (1 mol/100 g PCPB mixture in total divided by 100 steps at 1.0 atm and 20 °C).
The gas phase volume is fixed as 1L. Simultaneously, NaOH was added to the system with a 1/20 ratio to
the CO; input. In addition, it was assumed that there was no more hydration reaction and cement clinkers

fraction kept stable.
3. Results
3.1. XRD analysis

Fig.1a shows the XRD patterns of the PCPB mixtures after air curing with ages ranging from 15 to 4320
minutes (3 days). Ettringite and portlandite are the crystalline reaction products detected in all the patterns,
along with the trace of unhydrated cement phases alite and belite. The characteristic peaks of y-Al.O3; were
not found, possibly due to its rapid dissolution and formation of hydroxides (Yang et al., 2020). The

carbonation product, calcite, was observed since the hydration time was over 60 mins. The weight

186|Page



Chapter 6

percentage of each crystalline phase was quantified using the Rietveld’s method (Fig.1c). After subtracting
the mixed internal standard content, the amorphous fraction was accordingly quantified at approximately
32.5 wt% at 15 mins and decreased to 14.8 wt% at 360 mins. With the curing time, the amorphous fraction
increased to 32.6 wt% at 4320 mins. The presence of amorphous may mainly be related to AI(OH)s and C-
(A)-S-H precipitation (Yang et al., 2020; Gu and Chen, 2020), as well as pore water. The continuously
decreasing OPC content (sum fractions of alite and belite, from 10.8 wt% at 15 mins to 6.6 wt% at 4320
mins) suggests that the reaction process proceeds with more clinker phases dissolved and more hydration
products formed. The progress of ettringite and portlandite precipitation displayed a constant increase up
to 360 mins, with the maximum contents detected of 8.4 and 8.8 wt%, respectively. Then the ettringite
content is approximately not changing up to 4320 mins, whereas the portlandite shows a significant
decrease during this period (from 8.8 wt% to undetectable). Instead, calcite is starting to precipitate

massively (from 1.5 to 4.8 wt%).
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Figure.1. XRD patterns and the correlated quantification results of PCPB mixtures (a and b) and

manually prepared mixtures (¢ and d). A: alite, B: belite, C: Calcite, E: Ettringite, G: Gypsum, P:

Portlandite, Q: Quartz, S: Brushite, Z: zincite. OPC is the accumulated weight percentages of alite
and belite.
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To better understand the roles of fluorides and phosphates on the phases forming during the process, the
XRD characterization of the control groups (MF and MP samples) was carried out and the results are shown
in Fig.1b and d. In the early reaction period (15 mins), MF and MP display an appreciable difference in the
characterized phases. In the MF sample, a significant portlandite content (21.1 wt%) is observed, with only
6.0 wt% of OPC phases present in the mixture, suggesting an increased clinker phase consumption at the
early ages. On the contrary, diffraction peaks of portlandite disappeared in the MP system, and brushite
was found as the newly observed Ca-bearing phase. Further, the dissolution of cement phases and the
formation of ettringite in the MP mixture were somewhat delayed, with approximately 14.7 wt% of OPC
and 0.5 wt% of ettringite being determined. At 4320 mins, no major changes in OPC, ettringite, and
portlandite amount in MP samples are detected, in turn, the amount of portlandite in MF samples
significantly decreased to 2.4 wt%. In addition, calcite is quantified as 5.5 and 2.8 wt% in MF and MP

samples, respectively.
3.2. FTIR analysis

FTIR was performed to further investigate the change of functional groups in reaction compounds. The
spectra of the mixtures at the different hydration stages are shown in Fig.2, while the associated possible
vibration assignments are reported in Table.S6. The peaks that appeared in the high-frequency zones (3520,
3400, 1682, and 1621 cm™!) are the typical hydroxides-corrected vibrations due to the stretching vibration
of the O—H group in H,O and H-O-H bending vibration, which might be associated to crystalline-bound
water in C-(A)-S-H, gypsum, ettringite, and portlandite (Zarzuela et al., 2020; Padilla-Encinas et al., 2022).
The presence of the sulfate group was inferred by the bands at 599, 668, and 1109 cm™ (Anbalagan et al.,
2009; Scholtzova et al., 2015). However, the overlapping in sulfate peaks typical of ettringite and gypsum
makes it difficult to distinguish between these two minerals based on these peaks alone. But the signal
observed at 988 cm™! could be the distinct peak for the ettringite that correlated to the AI-O-H bonding
mode (Scholtzova et al., 2015). Especially in the MP pattern (Fig.2b), the intensity of this band is the lowest,
which ascertained the XRD quantification results (Fig.1d) that MP has limited ettringite precipitation. The
shoulder at 510 cm™ is typical of Si—O bondings (Wang et al., 2020). However, this could also be assigned
to the Al-O stretching vibrations (Gijbels et al., 2019). Considering the given low intensity and overlapping
in these bands, they cannot be readily attributed. Besides, the broad peak along the region from 420 to 450
cm! may be due to the AI(OH); precipitation (Gijbels et al., 2019). The intensity of this absorption band is
substantially lower in the mixtures over time, evidencing that the AI(OH); is consumed by the reaction.
Noteworthy, in MP mixtures (Fig.2b), a band at around 919 cm™ was observed, which could be associated
with the P-OH stretching mode of HPO4 groups (Mandel and Tas, 2010), thereby confirming the brushite
precipitation. In addition to the foregoing signals, the bands at 873, 1004, and 1417 cm™ are indicative of
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the C—O modes, of which the intensity slightly increased with the curing time (Fig.2a), demonstrating the
substantial formation of calcite. In turn, it is also worth mentioning that the absence of these C—O bands in

MP mixtures suggests that carbonates are not forming, verifying the XRD analysis above.
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Figure.2. FT-IR spectra of cured samples. (a) patterns of PCPB samples and (b) patterns of control

groups.
3.3. TG/DTG-DSC analysis

A more detailed characterization of the phase evolution in the mixtures was performed by
thermogravimetric analysis. Based on the TGA curves presented in Fig.3a and d, all the tested samples
demonstrate a similar profile where three regions characterize the total mass loss: (1) 60—200 °C, related to
the loss of free water and weakly bound water in ettringite, gypsum, and C-(A)-S-H gel; (2) 400-500 °C,
related to portlandite decomposition; and (3) 650-750 °C, related to calcite decomposition. The detailed
derivative thermogravimetric (DTG) curves (Fig.2b and e) indicate more specific differences within these
similar profiles. In the 60—200 °C region, two shoulders were found to have formed before and after the
temperature reached 150 °C. From the DTG peak around 120 °C, the presence of ettringite and amorphous
C—(A)-S-H can be confirmed (Barzgar et al., 2021). The absence of this peak in the MP sample,

characterized by a broad shoulder, is related to the contribution of gypsum, which formed bassanite at this
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temperature. Herein, the combined decomposition of ettringite (Winnefeld and Lothenbach, 2010), partial
dehydration of gypsum (Jiménez and Prieto, 2015), and release of water molecules that are confined in the
interlayer region of C—(A)—-S—H (Barzgar et al., 2021) could explain the DTG behavior. The largest DTG
peak occurring at 170 °C indicates the complete dehydration of gypsum, with anhydrite formed as the final
product (Secco et al., 2015; Jiménez and Prieto, 2015). Thereafter, the mass loss presented at 430 °C
corresponds to the decomposition of portlandite. As identified by the XRD analysis, in the DTG curves, the
portlandite correlated peak intensity decreased with the curing time (Fig.3b) and P»Os presence (Fig.3e). In
turn, the intensity of the endothermic peak related to the decomposition of calcite which occurs around

780 °C increased remarkably suggesting that the reaction is proceeding continuously.
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Figure.3. The TG/DTG curves of mixtures. (a) TG curves for PCPB from 15 to 4320 mins, (b) DTG
patterns for PCPB mixtures from 15 to 4320 mins, (¢) TG curves for control groups, and (d) DTG

patterns for TG curves for control groups.
3.4. Geochemical model results

Geochemical modeling was carried out to investigate the impacts of fluorides and phosphates on the
thermodynamic stability of hydration product assemblages. The results presented in Fig.4 and 5 reveal the

influence of NaF and H3POj concentrations on hydration product precipitation, considering the hydration
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degrees of 5%, 20%, and 80%, respectively. In the analysis with NaF (Fig.4a, b, and c), fluorite is the only
F-bearing solid phase identified. The saturation index of NaF and AlF; are below -1 (Fig.S4), representing
they are prone to dissolve completely under the given conditions (Parkhurst and Appelo, 2013). The Na in
the system is primarily present in the solution as ions and pairs, whereas the Al is preserved as amorphous
Al(OH); and ettringite. The portlandite weight percentage is only minorly affected by the NaF input,
remaining at approximately 2.6 wt%. Conversely, the increasing addition of NaF content lowered the
gypsum concentration (e.g., at 5% hydration degree, from 38.2 to 34.0 wt%), which indicates that the
partially dissolved gypsum could be the Ca source of fluorite precipitation. This gypsum dissolution is
consistent with the XRD results (Fig.1d), as the quantified gypsum content of the MF mixture is lower than
the fraction quantified in MP and MP samples, equating to roughly 3.0 and 7.9 wt% of difference,

respectively.

(a) 100 (b) 100 (c) 100
80 5% hydration degree 80 20% hydration degree 50% hydration degree
< 60 = 60 = 50
R =X *
= 40 s 40 = 60
D o) @
g g 2 g
= f o [ =4
o o 8
g 8 g
5 5 E %
0] > 2
= = =
0 0 0
0.5 1.0 15 2.0 0.5 1.0 1.5 2.0 05 1.0 1.5 20
NaF content/(g/100g PCPB mixture) NaF content/(g/100g PCPB mixture) NaF content/(g/100g PCPB mixture)

Figure.4. PCPB phases assemblages evolution with the NaF content at the hydration degree of 5%
(a), 20% (b), and 50% (c).

Regarding the impact of phosphates, the phase diagrams display an obvious inhibiting influence on the
precipitation of hydration products (CSH, portlandite, and ettringite). Especially at the early hydration (5%,
Fig.5a), the hydration products are all thermodynamically unstable when 0.8g of H3PO4is added to the
system. But this effect is progressively alleviated with continuous hydration, which confirms observations
from the literature (Holanda et al., 2017). From Fig.5c, it is evident that although the fraction of ettringite,
portlandite, and C—S—H decreased with the phosphates content, these hydration products are retained with
a total amount of 17.2 wt% at the maximum input. Noteworthy, the portlandite is more sensitive to the
phosphates as its weight percentage (Fig.5) and saturation index (Fig.S5) illustrate a sharp drop since the
PCPB mixture gets the contact of H;PO4, which is assumed because of the buffering effect (Ren et al.,

2022). The phosphorus present in the system mainly exists in the form of hydroxyapatite. Instead, the
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saturation indices of brushite and whitlockite are all below -1 (Fig.S5). However, hydroxyapatite tends to
dissolve partially with the increase in phosphorus content, and its saturation index is still approximately 0.

Subsequently, the dissolved phosphorus converts into the forms of H;PO4 and H,PO4", and HPO4>.

I- Quartz [l Hydroxyapatite [ Al(OH)3 [ Portlandite [ Ettringitte [[0] CSH Gypsum Water [ Unhydrated OPCI

(a) 100 (b) 100 (c) 100

5% hydration degree 90 20% hydration degree 50% hydration degree
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Weight percentage/(wt%)
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(4]
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1 2 3 4 1 2 3 4 1 2 3 4
H3PO4 content/(g/100g PCPB mixture’ H3PO4 content/(g/100g PCPB mixture) H3PO4 content/(g/100g PCPB mixture)

Figure.5. PCPB phases assemblages evolution with the H;PO4 content at the hydration degree of
5% (a), 20% (b), and 50% (c).

The evolution of weight percentages and saturation indices of phase assemblages with the captured CO»
weight content is given in Fig.6. In agreement with the experimental observations mentioned above,
portlandite is the main component that is able to react with the atmospheric CO; in the form of calcite.
During this period (portlandite carbonation), although the amount of calcite keeps increasing at the expense
of portlandite, the overall pH of the system remains stable, which revalidates the buffering effect of
portlandite. When the portlandite is all depleted with 20.3 g CO. being absorbed, the carbonation reaction
enters into the second stage in which the pH decreases and dissolution of C—S—H and ettringite starts,
respectively. Experimental data also confirm the concurrent carbonation of C—S—H and ettringite that it can
occur under ambient conditions within a time span of hours (Steiner et al., 2020; Xie et al., 2022). Although
a deep and complete conversion is usually limited by many factors (McQueen et al., 2020), for instance,
relative humidity, water vapor partial pressure, and CO; concentration, the geochemical model proposed
here provides reliable quantitative predictions for the potential CO, capture capacity of PCPB mixtures.
After the complete transformation of C—S—H and ettringite (31.7 g of CO, being captured), fluorite is here
assumed as the predominant component for carbon retention. In the third period, due to the progressively
decreased pH values, the fluorite is no more thermodynamically stable, then the dissolved Ca ions are

partially converted to calcite. It is estimated that approximately 3.5 g of CO, can be collected when the

fluorite is completely decomposed

192|Page



Chapter 6

(a) [ Fluorapatite Bl Fluorite [l Ettringitte (b)
24 Gypsum [ Calcite [ZZA Portlandite o —— —
[ ]csH[ZAQuartz[JUnhydratedOPC | 7 T e
90 | Ffrfempﬂehcfn
80 54 l
< x 1
S )
E 70 -E .‘
g £ 101 |
£ 50 g
e ® I|
S 40 oy
o n
£ 15 J[—csh_ |
5 Ettringite L
= 3 Calcite =
6 - Portlandite : —
4 -20 =|—o— Gypsum
2 Fluorite
0 1 T 1
5 10 15 20 5 10 15 20
Captured CO,/(g/100g PCPB mixture) Captured CO,/(g/100g PCPB mixture)

Figure.6. Carbon capture capacity of PCPB mixture with the influence of CO; input. (a) Phase

assemblages evolution and (b) solubility of the primary Ca-bearing phases.

4. Discussion
4.1. Reconstruction of the early age hydration systems: the influence of fluorides and phosphates

The results obtained in this work, as well as previous observations, highlight that fluorides and phosphates
have a significant influence, both favorable and unfavorable, on the early age hydration of PCPB mixtures
which implies a superior limitation for carbonation (Zhou et al., 2020; Wang et al., 2022). In general, the
hydration process is fundamentally a dissolution—precipitation process that can be affected by (1) the
dissolution kinetics of anhydrous phases, (2) the nucleation rates of hydrates, and (3) the calcium-
aluminate-silicate-sulfate balance in the solution (Scrivener and Nonat, 2011; Marchon and Flatt, 2016).
However, the exact impact of fluorides and phosphates within the PG is questioned in the literature (Jiang
et al., 2022). To explore the possible mechanisms, starting with the manually prepared mixtures may be the
"silver bullet" that can provide technical clarity. The results of MF mixtures suggest the acceleration of the
early age hydration when fluoride is added to the mixture. This promotion may be attributed to the formation
of the calcium-fluoride complex (Fig.4), which contributes to the calcium ion consumption and inversely
increases the dissolution of clinker phases (e.g., alite and belite) (Yang and He, 2021; Wang et al., 2022).
Although this accelerated dissolution was not directly caught by the experiments, the abundant portlandite
and ettringite precipitation in the MF mixtures (Fig.1d) may partly support the hypothesis. Additionally,
the geochemical modeling suggests that, even at the early hydration (5%, Fig.4a), the dissolved fluorine
remains in the system as a quite stable fluorite compound, whereas it synchronously remains as fluorite and

fluorapatite when the phosphates are present in the system (Fig.6). Further, the increasing content of sodium
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fluoride does not cause perturbation to the delicate balance of dissolution—precipitation of hydration
products. As demonstrated in Fig.4, the gypsum-fluorite weight percentage transformation at high fluorine
contents suggests that the Ca source for the fluorite precipitation can also originate from gypsum instead of
the dissolution of hydration products. This is due to high pH conditions maintained in the mixture systems,
which leads the fluorite to cross the saturation limit and attain a more saturated condition (Dehbandi et al.,
2017). At the same time, under alkaline conditions, the hydroxide pairs from the dissolved clinker phases
were enriched without disturbing the availability of main hydration products, with the SI of ettringite, C—
S—H, and portlandite kept approximately at 0 (Fig.S4). Hence, it can be supposed that the Ca sources
devoted to the equilibrium of fluorite are driven by the gypsum dissolution, which is a high solubility
mineral, rather than the soluble calcium from C,S and C;S. However, more work needs to be done to

confirm this implication.

In contrast to the fluoride impact, the addition of phosphates produced a mostly retarding effect on early
hydration. It was claimed that the dissolved phosphates tend to precipitate in the form of calcium-phosphate
complexes following earlier hydration and protectively coating the anhydrous cement particles (Bénard et
al., 2005; Huang et al., 2017). The XRD data acquired in this work (Fig.1d) also implies that the potential
mechanism, the coating effect, greatly inhibits the OPC hydration in MP mixtures. Noteworthy, as observed
in the geochemical modeling and experimental observations reported in Bénard et al.'s (2005) work,
hydroxyapatite is a highly-possible mineral phase that may precipitate and block the surface of the
anhydrous clinkers. The XRD data reported in this work indicate that brushite is the only detected
crystalline phosphate-bearing mineral that contributes to the retardation effect. Indeed, poorly crystalline
hydroxyapatite is not detectable by XRD data if present in quantity below the detection limit of the
technique. Hence it is hard to be found in the XRD. Meanwhile, previous reports (Liu et al., 2020b) suggest
that the hydroxyapatite transformation from poorly to highly crystalline phase under normal ambient
conditions requires a long time. Further, although hydroxyapatite is considered a stable mineral with low
solubility, calcium hydrogen phosphate species have been rapidly formed during hydroxyapatite dissolution
in simple aqueous solutions (Boudia et al., 2018). Nevertheless, the exact form of the proposed calcium-
phosphates species still needs to be elucidated. We believe that future investigation on the kinetics of
brushite-hydroxyapatite transformation may explain the solution undersaturation in geochemical simulation
and the poorly crystalline structure with respect to hydroxyapatite. Subsequently, as a consequence of the
inhibition of clinker phase dissolution, the lack of soluble calcium, aluminate, and hydroxide in the solution
further retard the formation of hydrates. This was also evidenced in the case of MP mixtures, where
crystalline hydration products did not appear in the system, either from experiments or simulations.

Concurrently, the dissolved H3PO4 can consume the hydroxides ions provided by the clinker phases and
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lower the pH values of the systems, consequently, the precipitation of portlandite, ettringite, and CSH is

delayed (Huang et al., 2017).

In the real case of PCPB mixtures, by comparing the PCPB mixtures and control groups (PCPB and BI in
Fig.1), the retardation effect is also evident because of the lower amount of available portlandite and greater
content of anhydrous OPC. The former could be associated with the buffering effect to maintain the basic
conditions because the majority of the PCPB mixture is composed of the acid PG (Zhou et al., 2020) and
the latter is possible due to the coating effect of phosphates that retarded the dissolution of clinker contents.
Meanwhile, the amorphous fraction of PCPB mixtures at early ages (Fig.1b) indicates the possibility of
amorphous Al(OH)s precipitation, which means the solution pH at this period may be close to the neutral
conditions that are unsuitable for its dissolution (Lydersen et al., 1991). Along with the successive
dissolution behavior, the pH values of the solution increase significantly, which facilitates the dissolution
of Al(OH)s, with the intensity of AI-O—H shoulder vibration peak ranging from 420 to 450 cm™ obviously
decreased (Fig.2a). Further, the increased OH, Ca**, and AI** concentration, in conjunction with the
sulfates originates from PG, leads to the hydration products formation (Radwan and Heikal, 2005), which
is supported by the XRD results with more ettringite being quantified (Fig.1b). Simultaneously, it is clear
that carbonation starts at this stage, as the XRD pattern clearly evidences the presence of calcite. After that,
the Ca*" ions continuously released react with the SiO4* ions to form large amounts of gel products. The
XRD quantification results of amorphous fraction from 14.8wt% at 180 min to 32.6 wt% at 4320 min are
ascribed to the C—(A)—S—H formation.

It can thus be concluded that despite fluorides can accelerate early hydration and further promote the
carbonation process, the retarding effect of phosphates and acid pH values of PG dominate the roles of the
seesaw battle. Notwithstanding, there is a wide variety of impurities within the PG due to the applied
acidification procedures in different factories and the weathering process in the stockpile sites (Silva et al.,
2022) (e.g., the minerals of phosphates and fluorides, the pH values of the PG samples, and the gangue
minerals presented). Therefore, the candidate mechanisms mentioned above may substantially be slightly
altered when the introduced PG is from different origins. It is clear that pretreatment applications have a
great potential to efficiently improve the hydration process and CO; uptake by unlocking the anhydrous
clinker phases from the coating effect and refraining the portlandite from the CO; capture agent to pH
buffers.

4.2. Implications for the carbon storage potential

The basis of the effective climate change mitigation programs is to reduce atmospheric CO; emissions to
achieve net zero emissions and avoid more than a 2 °C increase in global average temperature as proposed

by the Paris Agreement goal (McQueen et al., 2020; Guo et al., 2021; Liu et al., 2021b). The PC industry,
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which is an essential ingredient in PCPB mixture preparation (Liu et al., 2020a), is a particularly energy-
and CO»-emission-intensive sector that accounts for approximately 7% of annual global anthropogenic CO,
emissions (Cao et al., 2020). However, the PCPB application is unlikely to eliminate CO, emissions related
to the use of PC because of the over-reliance on PC for the current industrial chain and the impracticability
of direct replacement of conventional PC agents within the next decades (Habert et al., 2020). Based on the
statistics, there are approximately 500 and 6000 Mt of PG stocks present in China (Bao et al., 2017) and
worldwide (Li et al., 2022), in which 14% of recycled PG is devoted to the PCPB field application (Ye,
2020) (Fig.7a and b). Considering the continuously growing annual production of PG (see Fig.S6) (Cui et
al., 2022), it is vital to understand the PCPB mixture preparation along the top-down cycle (Fig.S2) in future
CO; emission criteria. Fig.7c shows the assumed carbon footprint of PCPB mixture preparation that reaches
466.0 kg CO; for recycling 1 tonne of PG, with the majority (91%) coming from PC production. Accounting
for the different recycling scenarios (Fig.7d, e, and f), in 2035, with the increasing generation of PG, the
CO; emission related to the PCPB binder consumption can reach 2.0-16.7 Mt/year accounting for the 0.2
to 1.9 %o overall CO; emission in the cement industry of China (Liu et al., 2015, 2021b). Nevertheless,
reducing emissions from different binder sources is emphasized as one of the most important technologies
but challenging. Many attempts have been applied to efficiently immobilize PG (Min et al., 2021; Jian et
al., 2022), but there is a huge gap that still needs to be fulfilled concerning the costs, technical barriers, and
actual contributions to hazardous substance retention (Liu et al., 2021b). Furthermore, these alternative
binders have not been listed as an efficient methods and standard criteria in any official documents in China

yet.

Conversely, researchers proposed that, aside from the CO, emissions sources, cement-related materials are
significant CO; sinks that deliver similar carbon mitigation results (Cao et al., 2020). The abovementioned
experimental data demonstrate that carbon capture of PCPB starts at very early hydration (60 mins) and
increases with the curing age. Using the quantified weight percentage of calcite, we can accordingly reflect
the weight of captured CO». From Fig.7c, the dual role of recycling 1 tonne of PG can reach 46.6 and 131.1
kg of COzuptake. Interestingly, in the geochemical modeling (Fig.6), the CO;uptake continued even though
the calcite was no more precipitate in the system. This is because the pH value is unsuitable for calcite
growth, which is usually around 9.4 (Habert et al., 2020), therefore, the carbon presents in the system as
unstable forms of bicarbonate complexes (e.g., CaHCO3"). Further, with the continuous decrease of pH
values, the adsorbed CO leads to the formation of carbonic acid in conjunction with CO3** and HCOj5 ions.
Herein, we further developed a model to assess the role of additional alkaline agents (2g NaOH in total with
respect to 44g of CO3) in the carbon uptake capacity (Fig.S7), which suggests that the PCPB CO, uptake
was increased to 161.2 kg accounting for 35% of the entire emission. Then by implementing the full

portfolio of PG utilization scenarios, the CO» sponge effect is estimated to be 0.20 (Exp), 0.55 (Sim), and
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0.68 (NaOH) Mt at a low PG utilization rate (Fig.7f), whereas it can reach by up to 1.67 (Exp), 4.69 (Sim),
and 5.76 (NaOH) Mt at a high PG utilization rate (Fig.7d), of which the maximum CO; reduction attributing
14% of global commercial carbon capture and storage goal in 2020. Noteworthy, although the traditional
electrolytic production of solid NaOH agent is a high cost and carbon footprint process, of which producing
1 tonne of NaOH may bring 0.55 kg CO; direct emissions, the low amount of NaOH used in this work
implies only a 0.03 Mt CO2 emission increase for recycling 1 tonne of PG (Medina-Martos et al., 2022).
Meanwhile, the application of optimized NaOH production processes and the discovery of alternative
sodium resources (for instance, seawater desalination brine) can further promisingly lower the attributed

carbon emission and broaden the techno-economic feasibility
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Figure.7. The dual role of PCPB application to carbon emission trend. (a) China's annual
production of PG and the estimated stock volume of PG in China and worldwide, (b) PG utilization
methods in China in 2019, (¢) The CO; emissions (EMI) and uptake (CAP) of PCPB mixtures for
recycling 1t of PG, of which the OUT indicates the overall CO; emission, the CAP is calculated
based on the XRD characterization (Exp 46.6), and geochemical modeling presented in Fig.6 (Sim
131.1) and Fig.S7 (NaOH 161.2), (d) the sponge effect of PCPB mixture in the scenarios at high PG
utilization rate, (e) the sponge effect of PCPB mixture in the scenarios at medium PG utilization

rate, and (f) the sponge effect of PCPB mixture in scenarios at low and constant PG utilization rate.
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Notwithstanding, we note that the carbonation of cement is a diffusion-limited process, of which the rate is
subject to substantial uncertainties interplay between in-use stock dynamics and atmospheric CO»
concentrations (Cao et al., 2020; Habert et al., 2020; Assen et al., 2021). Experimental analysis reveals that
the carbonation rate of PC samples at ambient conditions can reach 0.04 mm/day (Hernandez-Rodriguez et
al., 2021), whereas, for the mortar sample, it might be 0.13 mm/day (Habert et al., 2020). Considering the
longevity lifetime of the PCPB application (from decades to centuries) (Chen et al., 2017) and its relatively
practicable field utilization (Chen et al., 2018), it is clear that future decarbonization is promising, which
will become increasingly significant as PG stocks increase. Therefore, necessitating strategies should be
adapted to sweep the potential burden in the current PCPB roadmap and intentionally increase the rate of
the carbonation process. The previously discussed experiment results indicate that one of the major
challenges is from the primary pollutants in PG, phosphates, which can block the surface of cement particles
and lower the pH values required for calcite precipitation. Therefore, effective phosphates removal means,
for instance, washing pretreatment (Rashad, 2017; Liu et al., 2019b) and sorption (Guo et al., 2020), are
needed to improve the reaction rate and achieve the best performance of PCPB CO; uptake. Another major
issue the geochemical modeling reveals is the maintenance of basic pH values to guarantee carbonate
precipitation. Currently, the NaOH is synchronously added into the system by the CO; flux, which has
shown good performance based on the geochemical modeling. However, it lacks long-term laboratory or

field stability tests, which are required to be proven in future studies.
5. Conclusion

This study provides valuable insight to advance understanding the carbon capture and utilization in a net-
zero industrialized world, specifically in solid waste in-situ immobilization. In summary, we explored the
effect of fluorine and phosphates on the carbon uptake and storage of PCPB applications using multiple
experiment techniques and geochemical simulation. Considering the precipitated calcite, we quantified the

dual role of PCPB in the CO; emission balance. The following conclusions are drawn:

(1) Fluoride is observed to increase the reaction rate at the early ages, with more hydration products and
fewer anhydrous cement particles quantified in the experiments. Geochemical modeling reveals that this
acceleration is attributed to the formation of the calcium-fluoride complex, which contributes to the calcium
source consumption and accordingly promotes the dissolution of clinker phases to maintain the calcium-
rich environment. This acceleration may theoretically hold a great promise for shortening the pathway of
CO; cradle-to-gate balance. Future experimental and long-term work is required to understand exactly the

impacts of fluorides on the kinetically controlled carbonation process.

(2) Phosphates adversely affect CO; uptake, possibly due to the formation of calcium-phosphate species

depositing on cement surfaces and retarding hydration. This immediate precipitation may favor calcium
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consumption, but geochemical modeling indicates that it inhibits the conversion from calcium-bearing

phases to calcite, conversely favoring the brushite or hydroxyapatite precipitation.

(3) The CO; uptake depends strongly on the alkalinity of the PCPB system. The geochemical simulation
demonstrates that the continuous and low-concentration NaOH supply can significantly enhance CO;
capture capacity. However, the simulated results were achieved without real process investigation and there

is plenty of scope for significant further improvement.

(4) The carbon footprint assessment shows that, for recycling 1 tonne of PG, PCPB preparation directly
releases 466 kg of CO, emission. With the growing PG production, the overall CO, emission through the
PCPB application may reach 16.7 Mt/year, accounting for 1.9 %o of CO emissions in the cement industry
in China. Simultaneously, the dual role of PCPB could capture between 10% and 35% of CO;, promisingly

reducing net direct emissions by up to 5.76 Mt.
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Supporting information for Chapter 6

The sponge effect of phosphogypsum-based cemented paste backfill in

the ambient carbon capture with a focus on the early hydration

Figure.S1. Images of PG sample. (a) The fresh state of PG and (b) SEM graph of PG demonstrate

the presence of gypsum.
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Figure.S3. Estimated hydration degree based on the model proposed by (Lothenbach et al., 2008a,
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Figure.S4. SI of fluorides and hydration products at hydration degree with the impacts of NaF

contents. (a) 5% hydration degree, (b) 20% hydration degree, and (c) 50% hydration degree.
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Table.S1. Brand of the agents (analytical grade) used in this work.

Agent Sources

v-AlLO3 Guangzhou nano chemical technology co., Ltd
NaF Xilong Scientific co., Ltd

P»0Os Tianjin Fuchen chemical reagent factory
gypsum Tianjin Kermal Chemical Reagent Co., Ltd
quartz Tianjin Kermal Chemical Reagent Co., Ltd

Table.S2. XRD instrument settings

Labels

Parameters

Equipment

Radiation source
Detector

Geometry

Soller Slits

Divergence Slit

Antiair scatter degree (A)
Goniometer radius

20 range

Step size

Time per step

Bruker D8 ADVANCE
Copper, Ni filtered
LYNXEYE XE-T
Bragg-Brentano
2.5

0.20

2.24

280 mm

4~80°

0.02°

28.8s

Table.S3. The normalized oxide weight percentage of PG and OPC samples.

Species PG (wt%)

OPC (Wt%)

F 0.81
MgO  0.00
ALO;  0.71
Si0, 5.32
P,0s 1.08
SO; 54.10
K20 0.00
Ca0 37.35
Fe,05  0.63

0.00
231
5.23
22.72
0.00
3.88
0.82
60.91
4.12
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Table.S4. Modeling input associated with Fig.6 and S7 (g/100g¢ PCPB mixture)

Phases Weight percentage
Unhydrated OPC 6.6

Calcite /

Portlandite 3.5

Quartz 4.2

Gypsum 45.2

Ettringite 6.5

NaF 0.8

H3;PO4 0.6

Amorphous 325

Table.SS. Possible assignments of FTIR spectra

Wavenumber/(cm™)  Possible assignments

510
599
668
873
919
1004
1109
1417
1621
1682
3400
3520

vibration of Si-O

vibration of SO4

vibration of SO4

symmetric stretching vibration of C—O
HPO

vibration of SO4anp bending vibration of COs3
vibration of SO4

Asymmetric stretching of CO;

v2 (H20)

v2 (H20)

v2 (H20)

v2 (H20)

Chapter 6
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Chapter 5

Chapter 7

Conclusions and future perspectives

7\

Generation of ~ Engineering applicability and economic feasibility
potentially toxic elements Low-carbon footprint
(PTEs) High PTEs immobilization efficiency

- bearing solid waste  In-situ solidification/stabilization
Do Phosphate ores 9
Sulfuric acid Phosphoric acid
Profitable’ PTEs
lExpense leaching
Pyrite ash Phosphogypsum
Chapter 2: Leaching behavior of Pb and sulfate in pyrite ash Chapter 4: Reveal F and P retention mechanisms in OPC based S/S process

= Assessing PTEs' leaching behavior through bulk mineralogical characterization. *= Fluoride and phosphate are efficiently immobilized in the aluminum-rich CSH.
= Geochemical modeling predicts the leaching behavior under a broad pH range. = PHREEQC validated the highly amphoteric F and P leaching behavior.

= pH and mineralogy synergistically impact the leaching of Pb and Zn. = Aluminum fluoride and calcium phosphate control the release of F and P.
= Remediation strategies can be elaborated by combining geochemical models = Model reveals hidden F/P-bearing phases control pollutants leachability at
and experiments . high pH values.

Chapter 3: In-situ remediation of pyrite ash through carbon-negative binders Chapter 5: Optimize the F and P leachability in a sustainable way
= Four alternative binders with lower carbon footprints are applied to mitigate the = Incorporation of y-Al,O, enhanced the immobilization efficiency of F and P.

use of OPC in Pb-rich solid waste immobilization. = Ca- and Al-F are the primary phases that dominate F leaching.
= Underlying Pb retention mechanisms for each binder are revealed. = Optimized mechanical properties indicate a greater encapsulation.
= Expense and CO2 emissions for multiple binder scenarios are quantified. = y-Al,O, modified matrix exhibited satisfactary performance of PG remediation.

Appendix: Revealing the Pb and sulfate immobilization mechanisms

= A geochemical model with parameter fitting functions was developed.

= Provide an in-depth sight on OPC and CAC in PTEs retention.

= The competitiveness of precipitation and sorption for Pb and SO, retention was
comprehensively clarified.

* Enhanced PTEs in-situ immobilization through an OPC-free pathway.

The accumulation of potentially toxic elements (PTEs) in the soil body is a perilous and crucial obstacle to
achieving the sustainable stewardship of ecosystems, which has garnered significant attention. Moreover,
the PTEs can cause seriously impaired neurological disorders and life-threatening cancers after entering the
human body by inadvertently ingesting contaminated soil and contaminated crops. In this work, the
application of in-situ solidification/stabilization (S/S) is a promising technology that can treat the PTEs
containing solid waste profitably and scalably. Using the low-carbon binders, including CEM III/B, calcium
aluminate cement (CAC), mayenite-ground granulated blast-furnace slag (GGBFS) mixture (MAY),
alkaline activated GGBFS (ABS), and y-Al,Os, to partially or entirely replace the use of ordinary Portland
cement (OPC) has been proven a highly hope strategy that promotes the PTEs remediation efficiency and
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bridges the gap between carbon-neutral world rhetoric and the reality of solid waste remediation
applications. The developed geochemical modeling has prompted the possibility of an in-depth
investigation for in-situ remediation in industrial sites by evaluating the PTEs leachability and the sponge
effect of S/S products. The overall findings shed light on the understanding of PTEs immobilization
mechanisms in multiple alternative sustainable binders, highlighting the significance of the perspectives of
carbon neutrality in the emission-intensive S/S applications and providing new insights into the highly

efficient S/S of contaminated wastes. The main conclusions of each chapter are as follows:

In Chapter 2, the characterization results demonstrate that Pb and Zn are the most abundant heavy metal
pollutants within the collected pyrite ash samples. With the XRD, SEM/EDS, and Raman investigation,
anglesite and kintoreite have been confirmed as the primary Pb-bearing crystalline phases, which may be
generated from the oxidation of remaining pyrite particles. In addition, the jarosite could be a heavy metal
hoster, as the Pb or Zn-incorporated jarosite was characterized along the edge of the hematite particles. The
pH-dependent leaching tests and geochemical modeling reveal that the Pb and Zn leachability strongly
depends on the pH values of the leachates, with a downward trend towards the near-neutral pH region from
6 to 10. At acid conditions, the increased solubility of Pb is dominated by the dissolution of anglesite and
the formation of Pb nitrate complexes, while Zn is controlled by Zn ions and Zn-sulfate complexes in the
solution. In contrast, when the pH values move to strong alkaline conditions, the upward trend could be
associated with the complexation of aqueous metal hydrates. Noteworthy, the results indicate that even
under normal conditions (for instance, normal rainfall), the stockpile of pyrite ash poses a great
environmental risk and strongly threatens human health, which only worsens under acidic or alkaline
conditions. Herein, integrating profitable and sustainable remediation technologies in the contaminated site

is critically essential to prevent further pollution.

In Chapter 3, we found that the use of OPC is insufficient for efficient Pb immobilization due to the high
alkaline conditions of the soil-binder system resulting from the dissolution of clinker phases, which
may interfere with Pb precipitation. Meanwhile, the substantial carbon footprint attributed to OPC
production also places critical scrutiny on this scenario. Although the CAC binder incorporation
provides a promising Pb immobilization efficiency, the less satisfactory ecological benefits and the
relatively high carbon footprint diminish the trial application of CAC. The CEM III/B binder tends to
be a comprehensively sustainable and profitable strategy due to its excellent compatibility with Pb and
relatively low-carbon nature. The experimental results indicate that aside from the Pb incorporation in
the binding matrix similar to the OPC-soil system, the formation of low Ca/Si ratio C-(A)-S-H gel
promoted the Pb retention, fulfilling the Pb leachability requirements for reuse as S/S material.

Furthermore, the quantified sponge effect of CEM III/B incorporated pellets suggests that it would
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promote the achievement of carbon neutrality. Overall, the works in this chapter provided useful
guidance for improving the design and application of cement-free pathways for sustainable solid waste
amendment, which bridged the gap between carbon-neutral world rhetoric and the reality of solid

waste remediation applications.

In Chapter 4, based on the conducted XRD characterization, the phosphogypsum used in this work is
mainly composed of gypsum, bassanite, and anhydrite generated from the acidulation process and
recrystallization process during stockpiling. Minor contents of silicates (quartz, muscovite, and feldspar)
and phosphate-containing phase (scorzalite) were quantified, of which the former is attributed to the
remained gangue minerals in phosphate rock after acidulation. The detailed SEM investigation
demonstrates that the distribution of fluorides and phosphates is likely related to the silicates through
incorporation or complexation. In addition, the formation of the Al-Si-F-P-O complex could be attributed
to the weathering of aluminosilicates, thus representing a crucial problem for the phosphogypsum
repositories due to the fluorides mobilization with the clay soils or clay liners. With the S/S of OPC, the
SEM and EMPA investigation indicates that the immobilization of fluorides and phosphates is mainly
attributed to the aluminum-rich binding matrix, which could be an aluminum-rich C-S-H gel or a mixture
of C-S-H and ettringite. The leaching tests and geochemical modeling reveal that despite a significant
reduction of contaminants leaching in the stabilized products being observed, the F and P leaching behavior
is still highly amphoteric in both the stabilized and unstabilized phosphogypsum. Mineralogical evidence
from simulations points out that calcium phosphate, fluorophosphate, and calcium fluoride are the forms

likely to control pollutant release.

In Chapter 5, the overall results proved that the utilization of y-A1203 can expand the scalable application
of phosphogypsum with a greater pollutants retention capacity (fluoride leaching of OPC-phosphogypsum
mixture is 24.1 mg/L at pH 2.1 and y-Al,O3-OPC-phosphogypsum mixture is 1.0 mg/L at pH 1.1) and
mechanical properties. The XRD investigation demonstrates that the incorporation of the y-Al,O; agent in
the OPC-phosphogypsum system promoted the precipitation of crystalline ettringite and aluminum-
containing amorphous due to the high Al concentration in the pore solution as a result of the rapid
dissolution of y-Al;Os. In addition, the compressive strength of y-AlO; incorporated samples has been
optimized, fulfilling the mechanical strength requirement of engineering applications. Further, similar to
the OPC-phosphogypsum system, SEM/EDS results indicate that the Ca-Si-containing phases take the role
of F and P retention in the y-Al:Os incorporated samples. Further, the pH-dependent leaching tests
demonstrate that the y-AlO; agent decreased the F leaching in acid conditions, even if the harsh acid pH
conditions are unsuitable for the stability of hydration products. The geochemical modeling approach

provides qualitative support for determining the role of hardly detectable F- and P-containing phases and
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describing the amphoteric leaching profiles, highlighting the importance of aluminum components in
controlling fluorine leaching at acid conditions through the forms of the AIF complex. Moreover, the
quantified carbon footprint for using the y-AlOs to partially replace the use of OPC could significantly
reduce the total CO, emissions of phosphogypsum S/S remediation by approximately 35%, decreasing from
856 to 556 kg CO»/t, indicating that it could be a promising agent for financially profitable carbon-negative

immobilization materials.

In Chapter 6, we revealed the impacts of fluorides and phosphates on the early ages of cement hydration
and quantified the carbon uptake and storage capacity of the in-situ phosphogypsum remediation. The
experimental results suggest that fluorides promote early ages hydration, whereas phosphates tend to bring
adverse effects. The former positive influence could be attributed to the calcium-fluoride complex, which
accelerates the dissolution of clinker phases to retain a calcium-rich system. In contrast, the retard
mechanisms of phosphates are possibly related to the formation of calcium-phosphate coatings, which
deposit on cement particle surfaces and accordingly prolong the hydration process. Noteworthy, by
comparing the results from the phosphogypsum-based mixtures and control groups, the retard effect of
phosphates and acid pH values of phosphogypsum dominate the roles of the seesaw battle, although the
acceleration impact of fluorides simultaneously controls the hydration process. The carbon footprint
assessment shows that, for recycling 1 tonne of phosphogypsum, the mixture preparation process directly
brings 466 kg of CO» emission. With the growing demand for phosphates fertilizer, it is estimated that the
CO; emission may reach 16.7 Mt/year for safeguarding the phosphogypsum reserves, accounting for 1.9 %o
of CO2 emission in the cement industry in China. Aside from the CO, emissions related to the start of life,
the sponge effect of the phosphogypsum-based mixture may partially mitigate this considerable carbon
footprint. Herein, based on the geochemical modeling approach and the experimentally quantified calcium
carbonates fraction, we further evaluated the CO, uptake capacity of the systems. The overall findings
indicate that alkalinity plays a primary role in controlling the sponge effect. Even with a low concentration
but continuous NaOH supply, the CO; capture capacity was significantly enhanced. The dual role could
capture ranging from 10% to 35% of CO:released, promisingly reducing net direct emissions by up to 5.76
Mt, equivalent to approximately 14% of the global commercial carbon capture and storage goal in 2020.
The methodology proposed in this work may have an important impact on designing the sustainable solid
waste amendment from the perspectives of credible social needs, environmental requirements, and

technical feasibility.

Overall, our study provided useful guidance for designing cement-free pathways to facilitate
sustainable solid waste management practices, embracing a more carbon-neutral resolution. However,

several issues should be carefully addressed before the following broader implementation.
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Future works will be required to reveal uncertainties in the stability of disrupted stabilized products
and further evaluate the potential eco-toxicity after long-term adopted practices in diverse regional soil
hydrology environments. Currently, the determination of the PTEs retention efficacy is primarily based
on short-term leaching tests. Although this procedure can partially reflect the resistance of stabilized
products to harsh conditions, long-term leaching tests are also essential for ensuring the stability of
the structures. Especially considering the concerns from the wide socio-environments underlie the
potential audience of these advanced technologies, including the stakeholders, the policymakers, and
clients, using multifaceted performance determination to convince the public is an important factor for

prioritizing the in-situ remediation.

Another pitfall that could be attributed to the geochemical modeling construction is how to couple the
theoretically existing physical encapsulation to the proposed system, which requires fully integrating
the multiple mechanisms. The porosity, durability, and integrity of the immobilized products have been
widely reported to significantly influence the PTEs retention capacity. The proposed model is mainly
based on the bulk chemical characterization of the samples and does not comprehensively consider the
influence of physical properties. Herein, the deviation between the experimental leaching data and
simulated results is presented in all the studies, which could be partially related to the physical
encapsulation. Therefore, the following works on revealing the physical profile would allow a more

consistent description of the solid waste-binder systems.

In addition, there is a need for unifying and estimating the adsorption mechanism, which offers a
unique opportunity to advance the constructed model. Although in this work, some attempts toward
solving this problem rely on the adsorption dataset from chloride, the large gaps between the
measurements and predictions emphasize that future research should be conducted on the specific
dataset, either through the laboratory (e.g., PTEs adsorption experiments) or simulations (e.g., bid data

analysis or machine leaching).
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ordinary Portland cement and calcium aluminate cement: clarifying and

quantifying the contributions from binders and solid waste.
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Abstract

Solidification/stabilization of potentially toxic elements (PTEs) is the biggest challenge raised in the field
extrapolation of this technology. While the general PTEs immobilization mechanisms may be revealed
based on demanding and broad characterization, there is a need to address quantitatively the underlying
mechanisms attributed to each mineralogical phase within the stabilized products. Herein, we proposed a
geochemical model with parameter-fitting techniques to reveal the solidification/stabilization of Pb-rich
pyrite ash through a traditional (ordinary Portland cement) and an alternative (calcium aluminate cement)
binder. We find that ettringite and C-S-H both demonstrate strong affinities for Pb at basic conditions. Partly
soluble Pb may be immobilized as Pb(OH). when hydration products are insufficient. At acid and neutral
conditions, hematite from pyrite ash and newly-formed ferrihydrite are the main controls of Pb, along with
anglesite and cerussite precipitation. Thus, this work provides a much-needed complement to this widely-

applied technique for detecting PTEs leaching behavior.
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1. Introduction

The stockpile of potentially toxic elements (PTEs) containing solid waste is an inevitable consequence of
jumping global anthropogenic activities, which has become one of the most widespread and critical
problems worldwide (Xia et al., 2019; Wang et al., 2019). Many works have shown that the excessive
accumulation of PTEs can cause carcinogenic and poisoning effects on biota, thus harming ecosystems
(Sun et al., 2022; Tang et al., 2022). For instance, the intake of Pb can cause various life-threatening cancers
(Hou et al., 2020), and the over-inhalation of sulfates may impair the human taste and laxatives (Torres-
Martinez et al., 2020). Considering the ubiquitous presence of PTEs in the earth's upper crust (Kumpiene
et al., 2019), many attempts have been made to avoid the occasional inhalation or inadvertent ingestion of

these contaminants.

The in-situ solidification/stabilization (S/S) is recognized as an efficient and practicable remediation
strategy with great potential to be extrapolated in field trials (Contessi et al., 2020; Guo et al., 2021).
Generally, ordinary Portland cement (OPC) represents the prevailing binder extensively used in the S/S
process (Guo et al., 2017), but recent studies within this decade have highlighted the importance of
mitigating the use of OPC in order to entail reaching net-zero emissions and accessing the 2015 Paris
Agreement (Yin et al., 2018; Chen et al., 2022¢; De Kleijne et al., 2022). Therefore, a growing body of
evidence has shown that developing alternative low-carbon binders is a crucial way to reduce the CO,
emission related to the S/S process being estimated that over 60% of greenhouse gas emission of OPC is
from raw material (limestone) calcination reaction (Chen et al., 2022b). The researchers have raised ever-
increasing attention to the use of alternative binders for PTEs immobilization, such as kaolinite (Contessi
et al., 2020), biochar (Wang et al., 2020), calcium aluminate cement (CAC) (Chen et al., 2021b), granulated
blast furnace slag (Wang et al., 2022a). However, unlike the well-established OPC system, the controls of
PTEs in alternative pathway immobilized systems remain poorly known (Hossain et al., 2020). The PTEs
fate is still a matter of debate despite it is well known that the S/S process diminishes the mobility of the
toxic elements predominantly in two manners (1) coprecipitation and adsorption by hydration products and
(2) micro- or macro-encapsulation and chemical fixation (Ouhadi et al., 2021). Most importantly, the
binder-waste assemblage is highly sensitive to the pH values, which is driven by many factors such as the
mineralogical composition, the dissolution of the complexes (e.g., Pb hydroxides and Zn hydroxides), and
the interaction with percolating rainwater (Appelo et al., 2014; Yin et al., 2018). Furthermore, the Pb
leaching at acid conditions could be several magnitudes (10* or 10°) higher than in neutral pH conditions
(Contessi et al., 2020). Therefore, characterizing the PTEs leaching behaviors and the associated
mechanisms over a broad pH range is fundamental in tailoring the field application (Malviya and Chaudhary,

2006; Contessi et al., 2020). However, relevant empirical analysis to reveal the underlying mechanisms
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responsible for the leaching behavior of constituents remains largely lacking.

Based on several recent undertaken research, the geochemical modeling approach could disentangle how
this coupling operates, where insights can be gained through the use of pH-dependent leaching tests coupled
with geochemical speciation modeling (Jarosikova et al., 2018; Du et al., 2019; Sun et al., 2019; Chen et
al., 2021c). In systemic studies, the dissolution/precipitation equilibrium of the PTEs containing phases and
the cementitious assemblages is assumed to be the primary mechanism for the leaching behavior of the
PTEs. Although there is strong evidence that the ion exchange and adsorption also play a critical role in
controlling the PTEs release, for instance, the Pb could be incorporated into the ettringite structure (Contessi
et al., 2021) and adsorbed onto the surface of C-S-H/C-A-S-H gel (Liu et al., 2021; Chen et al., 2022b).
The reconstruction of these processes in geochemical modeling is still fragmented and poorly constrained
(Vega-Garcia et al., 2021; Zavarin et al., 2022). This is because the representativeness of the modeling is
limited by the amount of available data from the thermodynamic database (Lu et al., 2022; Holmes et al.,
2022). These knowledge gaps hinder the development of a fundamental understanding of the controls on

PTEs liberation and migration.

To contribute to filling in these gaps, the main objectives of this work are: (1) elucidate the roles of
traditional (OPC) and alternative (CAC) binders in Pb retention to investigate the possibility of using
cement-free pathways to reduce the great greenhouse gas emissions associated with OPC application and
(2) integrate the insights of adsorption and ion exchange mechanisms controlling Pb mobilization. To
achieve these goals, pyrite ash (PA) was characterized to explore its mineralogical composition and the
source of Pb. Subsequently, the Pb retention performance of S/S immobilized PA in both traditional and
alternative ways is evaluated by X-ray diffraction (XRD) analyses, scanning electron microscopy/energy
dispersive spectroscopy (SEM/EDS) investigation, and pH-dependent leaching tests. Further, the PA-binder
assemblages after the leaching tests were collected to quantify mineral phase dissolution and formation
repricipitation. Finally, with the thorough characterization of the partitioning of chemical species, we
constructed geochemical modeling coupled with the Parameter Estimation software (PEST). The Pb
leaching behavior and the associated modeled retention mechanisms and experimental observations should
be as close as possible. The result of this paper demonstrates the feasibility of using the cement-free pathway
to immobilize the PA and, indeed, mitigate the use of OPC. Further, it provides a reliable methodology to
guide the development and test the plausibility of conceptual and numerical models of Pb mobilization and

transport, even with a limited dataset, which may help improve the in-situ application of S/S technologies.
2. Materials and methods

2.1. Sampling and pelletization process
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The PA is collected from an abandoned factory in Ancona, Italy, which was devoted to the pyrite (FeS,)
roasting process to produce sulfuric acid. Before the following S/S process, the sample was air-dried and
passed through a 2 mm mesh sieve. The binders used in this work are OPC (CEM 152.5 R, Barbetti S.p.A.,
Italy) and CAC (Gorkal 70, Mapei S.p.A., Italy). The high-performance S/S process® (Bonomo et al., 2009;
Contessi et al., 2020) was applied to pelletize the PA and binder. The exact mixture proportion is given in
Table.1, with the water-to-solid (binder+PA) ratio being kept at 0.23, which is within the typical range
(approximately 0.2) in the S/S process for contaminated solid matrices (Wang et al., 2022b). After
pelletization, the samples were sealed in plastic bags for 28 days under ambient conditions and then sieved
to a diameter range between 2 and 10 mm (Fig.S1).

Table.1. The components proportion of pellets (wt%)

Label PA (dry) OPC (dry) CAC (dry) Water Water/Solid ratio
OPP 65.2 16.4 - 18.4 0.23
CAP 64.9 - 16.3 18.8 0.23

*Note: the solid represents the weight accumulation of binder (OPC or CAC) and PA

2.2. Characterization methods

The mineral phases of selected samples were identified by X-ray diffraction (Malvern Panalytical X'Pert
Pro diffractometer, UK) with a stepwise of 0.02° and a scanning range of 3° to 84° 26. Samples were ground
in an agate mortar and micronized in a McCrone micronizing mill for 5 mins. To quantify the amorphous
content in the pellets, 10 wt% of zincite (ACS Reagent, Thermo Fisher Scientific Inc., Waltham, USA) was
mixed with the powdered samples as an internal standard. SEM/EDS investigation (CamScan MX3000,
Applied Beams, USA) was used to characterize the polished and carbon-coated PA, OPP, and CAP samples.

2.3. Leaching procedures and ions concentration determination

The pH-dependent leaching tests were performed on the sieved soil following the EN 14429:2015 (British
Standards Institution, 2015) standard, consisting of a series of parallel batch extractions tests with
increasing pH values. The analytical reagent nitric acid (HNOs) or sodium hydroxide (NaOH) was used to
adjust the pH values of the leachate. The collected eluates were filtered at 0.45 pm and analyzed for element
concentrations (Pb, Al, Fe, and SO4) by ICP-MS. The amount of acid/basic agent used for the pH-dependent

leaching tests is given in Fig.S3.
2.4. Geochemical modeling construction

PHREEQC (Dijkstra et al., 2002; Parkhurst and Appelo, 2013; Appelo et al., 2014) and PEST++ (Doherty,
2015) software were used to calculate the thermodynamically stable phases and identify the possible

retention mechanisms (precipitation, adsorption, and ion exchange) during the leaching tests. The databases
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applied in this work include the cement-specific database CEMDATA18 (Lothenbach et al., 2019) and the
extended database PHREEQCDAT (Appelo et al., 2014). A schematic of the developed modeling
algorithms is shown in Fig.1.
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Figure.1. The Pb retention mechanisms and the framework of the forward modeling construction.
(a) the optical microscope image of CAP, (b) precipitation/dissolution of Pb-bearing phases, (c)
adsorption of Pb on C-S-H layers, (d) ion exchange of Pb to the ettringite (the ettringite image is
from Puppala et al. (2018)), (e) physical encapsulation of the Pb, and (f) the simulation framework.

The solid phases input, indicating the pellets mineralogical compositions, in the simulation construction is
based on the XRD quantification results and the SEM/EDS observations of OPP and CAP samples. In
addition, nitric acid and sodium hydroxide were added to the solution phases aiming to define acid/basic
buffering in the leaching tests. Using the abovementioned database, the equilibrium state of possible Pb-
bearing phases in OPP and CAP systems was estimated (Fig.1b). The PEST++ was incorporated to simulate
the roles of adsorption mechanisms of C-S-H, jarosite, and hematite (Fig.S2) and ion exchange mechanisms
of ettringite (Fig.1d) of Pb immobilization (Guo et al., 2017; Gabarrén et al., 2018; Shi et al., 2022). The
estimated output of the overall simulation is the concentration of the elements in the leachates, validated by
experimental results from the pH-dependent leaching tests and ICP analyses. In addition, the residues of
OPP and CAP samples after leaching tests were collected and characterized through XRD to further verify

the modeling by comparison with the solid phase compositions in the residues.

3. Results
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3.1. Characterization of the PA samples

The XRD pattern (Fig.2a) and SEM/EDS micrograph (Fig.2b) of PA samples display the typical
mineralogical compositions of roasted pyrite, mainly constituted by hematite (Fe,Os3), gypsum
(CaS04-2H»0) and jarosite (KFe3(SO4)2(OH)e) (Oliveira et al., 2012). The Pb is mainly present as anglesite
(PbS0O4) and kintoreite (PbFes3(PO4)(SO4)(OH)s), typical phases usually found in weathered PA storages
(Parbhakar-Fox, 2016). Further, the EDS spot analyses indicate that aside from anglesite and kintoreite, the
presence of Pb in PA is also related to Ca, Fe, and Si (Fig.1d) (Gabarrén et al., 2018).
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Figure.2. The mineralogical and BSE images of the PA sample. (a) XRD pattern of the PA powder,
(b) BSE image indicates the different topographical form of hematite, (¢) BSE image demonstrates
the Pb incorporation in complexes assemblage, and (d) EDS patterns related to the points marked

in image c. A: anglesite, G: gypsum, H: hematite, J: jarosite, K: kintoreite, Q: quartz.
3.2. Characterization of the OPP and CAP samples

The XRD diffractograms and the quantification results (Fig.3) show that ettringite is the primary crystalline
hydration product (4.5 wt%) detected in the OPP samples. The observed calcite (6.1 wt%) could be
attributed to portlandite carbonation at early ages when the cement-based sample is exposed to the ambient
atmosphere (Steiner et al., 2020). By subtracting the known amount of ZnO fraction, the amorphous content
is quantified as 24.4 wt%, which is composed of the C-S-H gel (Contessi et al., 2020). Hematite (45.5 wt%),
gypsum (9.2 wt%), and jarosite (3.1 wt%), originating from the PA samples, are still present in the stabilized
OPP pellets. The Pb-bearing phases demonstrate different fates as the anglesite is totally dissolved, whereas
the kintoreite (0.4 wt%) remained in the OPP matrix. Regarding the CAP pellets, massive ettringite (15.4
wt%) and gibbsite (5.5 wt%) fractions are identified due to the CAC binder providing more aluminate. In
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turn, the weight percentages of sulfate-bearing minerals, gypsum (4.5 wt%) and jarosite (2.3 wt%) decrease
compared to the OPP pellets. The dissolved gypsum and jarosite act as sulfate sources for the ettringite
precipitation. Further, the amorphous content in CAP pellets is quantified as 10.5 wt%, which may be
primarily attributed to the amorphous AI(OH)s or CAH gel as the C-(A)-S-H gel is estimated that would
not precipitate in the CAC incorporated system (Klaus et al., 2013; Qoku et al., 2022).
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Figure.3. The XRD investigation of the OPP and CAP samples. (a) XRD patterns and (b) The
quantification results. C: calcite, E: ettringite, G: gypsum, H: hematite, I: Gibbsite, J: jarosite, K:
kintoreite, L: gehlenite, O: alite and/or belite, Q: quartz, Z: zincite. Binder in Fig.2b indicates the

sum fraction of alite and belite in OPP samples and the fraction of gehlenite in CAP samples.

The SEM/EDS (Fig.4) images of OPP samples ascertained the presence of unhydrated clinker particles
(rectangle-marked particles in Fig.4b) and hematite particles (bright assemblages), which are embedded in
an apparently continuous gel matrix (Ca and Si present area, see Fig.4d and e) connecting the unreacted
portions. The Pb distribution (Fig.4c) is homogeneously dispersed within the cementitious matrices, with a
slight enrichment along the edge of unhydrated cement particles (red rectangle in Fig.4c) and in the body
of porous hematite particles (yellow rectangle in Fig.4c and f). The preference for Pb concentration in the
unreacted cement particles could be attributed to the formation of pozzolanic reaction products, such as C-

S-H, of which the Pb incorporation in the C-S-H structure through linkages to Si—O chains has been widely
reported (Guo et al., 2017; Contessi et al., 2020).
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Figure.4. SEM/BSE images of OPP samples. (a) backscattered microscopy image of OPP sample, (b)

images demonstrating the presence of unreacted hematite and clinker phases, (c) elemental

mapping of Pb, (d) Ca, (e) Si, (f) Fe, (g) AL, and (h) O.

Fig.5a reveals that the ettringite, along with the cementitious matrix, supports the microstructure of CAP
samples, surrounded by hematite and unhydrated particles. Similar to the OPP samples, Pb was mainly
found in the hydration matrix. However, small particles characterized by a marked Pbenrichment can be
observed in the matrix (bright particles in Fig.5b and marked circular area in Fig.5c), possibly
corresponding to anglesite (Fig.5h). The Si distribution is not equal along the different binder scenarios
(Fig.5e), which is relatively less proportion in CAP, ascertained the finding as the C-(A)-S-H is not the
primary reaction product. In addition, Pb is found incorporated in the Fe sulfates assemblages (dash
rectangle marked area in Fig.S4a). From the qualitative EDS quantification results (Fig.S4b), the relatively
high fraction of Pb (23.8-25.1wt%), Fe (40.9-42.5wt%), and S (18.2-19.9wt%) suggest the mixtures are
probably plumbojarosite (PbosFes3(SO4).(OH)s) because of the weight percentages of detected K (0.7-0.8
wt%) and Na (0.4-0.9 wt%) are much lower, which are the characteristic elements for confirming
potassium/sodium-jarosite (K/NaFe3(SO4).(OH)s). However, the formation and presence of plumbojarosite
are still not clear. Some works suggest that it can remain in neutral and basic conditions, for instance, at
high pH values and high-Ca concentrations environment, which is sufficient for portlandite saturation, the
Ca-precipitation (portlandite and/or calcite) can block the plumbojarosite aggregates and accordingly lower
the dissolution rate (Chen et al., 2021a; Hoeber and Steinlechner, 2021). But this mineral is prone to form
and keep stable under harsh acid and high-Pb concentration conditions (Forray et al., 2010; Deng et al.,

2022; Helser and Cappuyns, 2022).
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Figure.5. SEM images of CAP samples. (a) backscattered microscopy image of CAP sample, (b)

image demonstrating the presence of lead sulfates, (c) elemental mapping of Pb, (d) Ca, (e) Si, (f)
Fe, (g) Al, and (h) S.

3.3. Leaching behavior of Pb and sulfates from the pH-dependent leaching tests and modeling

To reveal the PTEs immobilization efficiency of the OPP and CAP pellets, the leaching behaviors of Pb and
sulfates at different pH values were investigated (Fig.6). The amount of HNOs; and NaOH agent solution
used to reach the target pH values are given in Fig.S3. The detected pH value of CAP pellets (pH 9.8) is
slightly lower compared to OPP pellets (pH 10.9) and is consistent with results reported in the literature
(Contessi et al., 2020; Calgaro et al., 2021). Concerning the Pb leaching (Fig.6a and b), both scenarios show
amphoteric leaching behavior, where the minimum Pb leachability of OPP (2.3 pg/L) and CAP (4.4 pg/L)
pellets were observed at pH 11.4 and 10.2, respectively. Although the Pb retention efficiency of the CAP
sample is slightly lower than the traditional OPP sample at moderate alkaline conditions, the Pb retention
capacity of CAP at highly-acidic and -alkaline conditions is more satisfactory than the OPP samples. When
the pH value decreases below 4, the detected Pb concentration of OPP is 43000 pg/L (pH 3.3), whereas the
highest value (12000 pg/L) for CAP was found at pH 11.8. The estimated Pb release from OPP and CAP
modeling also ascertained their experimentally determined amphoteric characteristic, as the highest Pb
concentration was observed at harsh acid conditions (pH<4) and the lowest is presented at moderate alkaline

conditions (pH from 7-11).

Contrary to the Pb leaching behavior, the sulfate releasing is close to a steady dissolution state for both
scenarios, varying from 600 to 970 mg/L in the studied pH range (Fig.6¢c and d). However, the simulation
of sulfate leaching of OPP samples at basic and neutral conditions is less satisfactory than the estimation at
acid conditions. With the increase of pH values, the sulfates concentration from the modeling gradually

increased (pH approximately at 7 to 10) and then remained stable under alkaline conditions, but an order
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of magnitude higher than the experimental results (e.g., 7.3x10° and 8.4x 10* mg/L at pH of 12.9, Fig.6c¢).
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Figure.6. The pH-dependent leaching tests of Pb and sulfates. (a) The leaching behavior of Pb in

OPP samples, (b) The leaching behavior of Pb in CAP samples, (¢) The leaching behavior of sulfates

in OPP samples, and (d) The leaching behavior of sulfates in CAP samples. EXP and SIM indicate

the leaching results from experiments and simulation, respectively. 10.9 and 9.8 represent the

detected pH value of the OPP and CAP pellets, using deionized water as the leachate. The limit of

Pb concentration is from, whereas the sulfate limit is from. HNO3; and NaOH mean the buffering

agent used to reach the target pH values.

3.4. Quantification of Pb and sulfates existence on OPP and CAP pellets.

Fig.7 gives the quantitative results of the Pb and sulfates-bearing species of OPP and CAP under the studied

pH ranges. At alkaline pH conditions (pH > 8), the immobilization of Pb in the OPP samples mainly relies

on the adsorption and ion exchange of C-S-H and ettringite (Fig.7a). With the decrease in pH values, the

neutral pH conditions are no more suitable for the equilibrium of C-S-H and ettringite. Therefore, the

adsorbed Pb is gradually released as a consequence of the dissolution of hydration products. Then the
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soluble Pb precipitates as cerussite or is partially immobilized by the ferrihydrite and hematite. At acid
conditions (pH <5), the Pb immobilization is attributed to the anglesite precipitation and hematite
adsorption. However, non-negligible amounts of Pb remain soluble in pore solutions, as the leaching tests
(Fig.6a) ascertained that the Pb leachability at the pH of 3.3 is a thousand times higher than the specified
limit. In Fig.7b, the Pb retention of CAP samples at alkaline conditions is primarily assigned to the
adsorption and ion exchange with ettringite and hematite or precipitation as Pb(OH),. At neutral pH
conditions (pH 7 to 8), Pb leachability is dominated by hematite and ferrihydrite adsorption. Then Pb
partially redissolves and reprecipitates as cerussite and anglesite, as well as a portion of soluble Pb remains
in the pore solution in the forms of Pb?*, PbNOj5, and PbSO4(q When the pH shifts to acid conditions. From
Fig.7c and d, the sulfates variation of OPP and CAP samples demonstrate a similar trend in acidic conditions
(pH approximately from 3 to 7). In these conditions, sulfate mainly precipitates as jarosite, anglesite, and
gypsum. Whereas gypsum is the principal sulfate-bearing phase at pH values ranging from 7 to 9. The

ettringite fraction increases at the basic conditions, which is suitable for the hydration products' stability.

(a) 100 (b) 100 . PE—
Pb-bearing phases distribution

F 8 Z 80 I Leached Pb

E E Il Frecipitates bearing Pb: Anglesite

§ 60 E 60 Il Precipitates bearing Pb: Cerussite

g g I Precipitates bearing Pb: Pb(OH)2

E 40 § 40 Bl Adsorption and lon Exchange: Fe(OH)3

= 2 - Adsorption and lon Exchange: Hematite

el fe}

a 20 o 20 B Adsorption and lon Exchange: Ettringite

Adsorption and lon Exchange: C-§-H
0 0
4 5 6 7 8 9 10 11 12 4 5 6 7 8 9 10 11
pH values pH values

100 100

Sulfates-bearing phases distribution
I Leached sulfates

- Sulfates Precipitates: Anglesite

- Sulfates Precipitates: Ettringite

- Sulfates Precipitates: Gypsum

80

60

40 Sulfates Precipitates: Jarosite

20

Sulfates-bearing phases/(%) E
Sulfates-bearing phases/(%) @

0
4 5 6 7 8 9 10 11 12 4 5 6 7 8 9 10 N

pH values pH values

Figure.7. The simulated PTEs-bearing phases variation as a function of pH values. (a) the variation
of the Pb-bearing species in OPP samples, (b) the variation of the Pb-bearing species in CAP
samples, (c) the variation of the sulfates-bearing species in OPP samples, and (d) the variation of

the sulfates-bearing species in CAP samples.

3.5. Validation of the modeling construction: mineralogical characterization of the residues.
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Fig.8 and S5 show the XRD quantification results from the collected OPP residues after the leaching tests
at pH values of 3.3, 5.3, and 12.9 and the solid phase quantification results from the simulation. The XRD
mineralogical analyses and geochemical modeling confirm the dissolution of ettringite and portlandite with
decreasing pH values, whereas gypsum and jarosite are prone to precipitate at acid conditions. However,
the estimation of carbonates (calcite and vaterite) equilibrium in the modeling is less satisfactory. From the
XRD quantification, carbonates are present in the OPP residues in the broad pH range studied, but the
geochemical modeling indicates that the precipitation of carbonates can only be observed at highly alkaline
conditions (pH 12.9, 1.2 wt%). In addition, the experimentally quantified amorphous fraction in the residues
varies from 15.4 to 30.4 wt%. This observation can be better explained by the modeling results, as the
amorphous fraction at basic conditions is mainly composed of C-S-H, as well as a minor content of
ferrihydrite. With the acid addition, these constituents decrease gradually afterward due to the continuous
dissolution, whereas the amorphous fraction is mainly assigned to amorphous silicates dissolved from the

C-S-H matrices (Gutberlet et al., 2015) and precipitated AI(OH)s.
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Figure.8. The quantified mineralogical assemblages of the collected OPP residues from the XRD
patterns and Phreeqc models and the correlated deviation. The leachate pH values at (a) 3.3, (b) 5.3,
and (c) 12.9. The abbreviation "EXP" indicates the quantified mineralogical compositions from
XRD. The abbreviation "SIM" means the quantified mineralogical compositions from modeling.
The "Pb-bearing phases" is the accumulation of weight percentages of anglesite, cerussite,
hydrocerussite, and Pb(OH),. The "amorphous" represents the experimentally quantified
amorphous fraction in XRD (EXP), whereas, in simulation (SIM), it is the sum of the estimated
amorphous silicates dissolved from the C-S-H matrices, amorphous C-S-H gel, amorphous

Fe(OH)s, and amorphous AI(OH);.

The mineralogical analyses of CAP residues performed by XRD and geochemical modeling are shown in

Fig.9 and S6. Similar to the OCP characterization, the primary crystalline hydration product ettringite in
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CAP residues favorably precipitates in alkaline conditions. Ettringite is identified at the basic pH range
(12.3 wt%, pH 11.9) while less preserved towards the neutral pH range (5.1 wt%, pH 6.0). Gypsum is found
in all the CAP residue samples even though the weight percentage decreases from basic to acid conditions
(from 11.3 to 7.0 wt%, pH from 3.8 to 11.9). In addition, the experimentally characterized aluminates
(amorphous AI(OH); and crystalline gibbsite) are in a relatively constant fraction range (22.6 to 24.7 wt%).
The simulation also reflects this trend, but the quantified aluminates weight percentages are only half of the
experiments, with a range of 11.1 to 12.1 wt%. Carbonates in CAP residues are only found at the pH value

of 11.9, with 1.4 and 0.9 wt% being quantified in EXP and SIM, respectively.
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Figure.9. The quantified mineralogical assemblages of the collected CAP residues from the XRD
patterns and Phreeqc models and the correlated deviation. The leachate pH values at (a) 3.8, (b) 6.0,
and (c) 11.9. The abbreviation "EXP" indicates the quantified mineralogical compositions from
XRD. The abbreviation "SIM" means the quantified mineralogical compositions from modeling.
The "Pb-bearing phases" is the accumulation of weight percentages of anglesite, cerussite,
hydrocerussite, and Pb(OH),. The "aluminates" in EXP represent the experimentally quantified
amorphous fraction and gibbsite in XRD, and in SIM, indicates the accumulation of amorphous

Al(OH); and crystalline gibbsite.

4. Discussion

Although the general PTEs retention mechanisms have been discussed and studied for many years (Chen
etal., 2009; Guo et al., 2017; Contessi et al., 2020; Hossain et al., 2020), it is always challenging to quantify
and clarify the exact roles of cementitious phases in PTEs immobilization. This is because the leaching of
PTEs in the stabilized products is dominated by multiple physico-chemical parameters, such as the physical
protection from the hardened cementitious matrices (Halim et al., 2005), the dynamic changes in solid and

liquid compositions (Dijkstra et al., 2006; Zavarin et al., 2022), and the inherent variability of PTEs-bearing
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phases due to the different binder scenarios (Contessi et al., 2020; Zhang et al., 2021). Traditionally, the
reliability of the thermodynamic database is the major limitation in the forward geochemical modeling
construction when building such a complex and dynamic process. Furthermore, without additional mineral
composition fitting (e.g., normalization coefficient and fraction adjustment), leachability estimation in
many case studies is deficient (Cornelis et al., 2012; Helser and Cappuyns, 2021; Pang et al., 2022; Liu et
al., 2022; Chen et al., 2022a). In the combined model presented here, adsorption and ion exchange of PTEs
in multiple species from original solid waste (hematite, jarosite, and ferrihydrite) and incorporated binder
phases (ettringite, C-S-H, and amorphous AI(OH)s;) are revealed, as well as the mechanisms of

precipitation/dissolution.

In the OPP samples simulation, the retention of Pb at basic pH values is mainly controlled by the ettringite
and C-S-H. Regarding the previous works without the adsorption estimation, the Pb stabilization at higher
pH values is predominantly assigned to sparingly-soluble compound precipitations (e.g., hydrocerussite
and Pb(OH),) (Solpuker et al., 2014; Bobirica et al., 2018; Tangviroon et al., 2020). However, the SEM
results (Fig.4c) validate the Pb incorporation into the C-S-H as the Pb is concentrated along the edge of
cement particles with a preference for Ca and Si-enriched area. Although the Pb incorporation in ettringite
is not directly observed in this work, the structural substitution of Pb in ettringite has been extensively
reported (Gougar et al., 1996; Contessi et al., 2021; Wang and Wang, 2022). This indicates that the fate of
Pb in the OPP matrices is to be directly sorbed by the C-S-H, forming Pb-enriched outer rings distributed
around the cement particles (Wang and Wang, 2022). The increase in pH values (from 10.9 to 12.9) is well-
known to affect the solubility of hydration products slightly. Therefore, the Pb incorporation should be
preserved in an alkaline environment, whereas such an assumption of hydroxide constitution is only under
plausible theoretical consideration. Further experimental verification is required to support this hypothesis.
With the pH values moving to neutral conditions, the prediction (Fig.7a) indicates that the valley of the
amphoteric Pb leaching curve (Fig.6a) is dominated by precipitation of anglesite and cerussite and
adsorption by hematite and ferrihydrite. However, other studies thought that the enhanced Pb
immobilization is mainly related to the physical protection from the hardened cementitious phases, which
efficiently prevents the Pb-bearing phases getting contact with the leachate (Halim et al., 2005; Martens et
al., 2010; Solpuker et al., 2014; Berthomier et al., 2021). Therefore, to give a better representation of Pb
leachability, Solpuker et al., (2014) estimated that only 10% of the phases would take part in the
dissolution/precipitation process when the pH values of the system are lower than 11, similar specific
leaching coefficients of 31% and 40% are also introduced in the work of Halim et al., (2005) and Berthomier
et al., (2021), respectively. The Pb speciation of OPP samples at acid conditions (pH<5, Fig.7a) is likewise
the previous investigations (Contessi et al., 2020; Chukwura and Hursthouse, 2020) as anglesite

precipitation is the primary Pb-bearing phase in equilibrium, and due to the high acidity of the system, a
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considerable amount of soluble Pb would release to the solution.

Regarding the Pb immobilization in CAP samples at basic conditions (Fig.7b), this is not surprising that
ettringite is the main contributor, with approximately 58% of Pb stabilized by ettringite approximately ten
times higher than the relative percentage in OPP samples (4%, pH 12.9). In addition, although the
adsorption of amorphous AI(OH); is defined in the CAP modeling system, 38% of Pb is stabilized as
Pb(OH), precipitation at the pH value of 11.9, unlike the OPP systems, most redissolved Pb is trapped by
C-S-H (Fig.7a). This conversion is possibly assigned to the relatively low Pb concentrations in both systems,
as the Pb fraction is lower than 1 wt%. When the concentrations exceed the maximum Pb host capacity,
referring to different Pb hosters, the sorption capacity of the overall system may reach a saturation point
and no more soluble Pb can be attached to the hosters' surface. Accordingly, the precipitation would control
the Pb immobilization, and Pb hydroxides are subsequently formulated. Therefore, in the OPP system, the
high specific surface area and the layered structure of C-S-H make the maximum sorption capacity
preference for the Pb incorporation. Wang and Wang (2022) report a similar finding, as the primary fate of
Pb is directly sorbed and/or encapsulated by C-S-H, but probably insignificant Pb hydroxides may
precipitate when the Pb concentration at the specific area exceeds the saturation point. By contrast, in the
CAP system, the specific surface area of amorphous Al(OH); defined in the modeling is much lower than
the C-S-H (Table.S2), giving the overall system a relatively low sorption capacity compared to OPP samples.
Herein the Pb favors the hoster of ettringite and hydroxide precipitation. Another interesting difference is
that when the pH values are slightly acidic (pH from 4 to 7), Pb in CAP dissolved from the ferrihydrite
surface and partially precipitated as cerussite and anglesite. However, the relative Pb content captured by
hematite is steadily at 45% (Fig.7d), which ascertains the assumption of overall system maximum
adsorption capacity. Because of the physical protection defined in this work, the total amount of Pb input
within CAP samples is estimated to be only a quarter of OPP samples (Table.S2). Therefore, after all the
active binding sites of hematite are occupied by Pb, the remaining soluble Pb reacts with the sulfates
dissolved from the ettringite and slightly dissolved CO; from the atmospheric air. But since the amount of
Pb defined in OPP samples is higher than CAP, more soluble Pb would be released to the pore solution and
generate more Pb-bearing phases precipitation. Consequently, different Pb retention mechanisms were

shown.

To further quantify the relative Pb host capacities (ion exchange and adsorption) of the phases defined in
modeling, excluding the effects of estimated physical protection, we calculated the relative capacities of
each phase in the studied pH range (Fig.10). The results reveal that the cementitious matrices (ettringite and
C-S-H) have greater Pb capacities compared to the phases from PA samples (hematite, jarosite, and

ferrihydrite). Obviously, the enhanced Pb capacity of cementitious matrices is more efficient at high pH
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conditions due to their inherent solubility and sensitivity to pH (Fig.10a and b). When the cementitious
matrices cannot effectively stabilize all the soluble Pb in the system, hematite and ferrihydrite take the
responsibility in turn (Fig.10c and d). Similar experimental findings were also reported in the literature (Vu
et al., 2013; Lu et al., 2020). In fact, without solidification/stabilization, the Pb incorporation into the iron
(oxyhydr)oxides takes place between near neutral and alkaline pH. Moreover, Pb can only be released from
the iron phases at highly acidic conditions (pH <2) or during reductive dissolution (e.g., if the colloids are

buried within anaerobic sediments) (Vu et al., 2013; Lu et al., 2020).
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Figure.10. The relative Pb host capacities of multiple phases in OPP and CAP (mol/mol). (a)
ettringite, (b) C-S-H, only present in OPP samples, (c) hematite, (d) Fe(OH)s, (e) jarosite, and (f)
Pb-precipitations. Note that the Pb host capacities with adsorption and ion exchange are calculated
by dividing the mole content of adsorped Pb by the mole content of attributed phases. (e.g., 1 mol of
Pb is adsorped by 10 mol C-S-H, then the Pb host capacity is 0.1 mol/mol). The Pb host capacity in
image f indicates the mole percentage of anglesite, cerussite, and Pb(OH), with respect to the

immobilized Pb.

Noteworthy, despite the current simulation conforms to the experimental Pb leaching profile (Fig.6a and b)
and the variation of mineralogical composition (Fig.8 and 9), there are some limitations to our interpretation,
such as the estimation of carbonates and sulfates dissolution/precipitation in this pH range which still needs
to be further investigated and optimized. The overestimation of carbonates could be partially attributed to

the kinetic of calcite dissolution. Although the pH decrease is one of the critical factors controlling the
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dissolution of the carbonates, both the porosity and the concentration gradient in the local aqueous phase
conditions can also be essential mechanisms when applied in natural systems, as the previous investigation
indicates that the calcite fluctuates between the period of precipitation and dissolution (Matteo et al., 2018).
Concerning the sulfate leaching, the estimation in both CAP and OPP profiles in acid conditions is fairly
acceptable. However, the release in OPP samples at basic conditions is not disaggregated in this research
(Fig.6¢). This behavior can be explained by the sulfate equilibrium dominated by the ettringite and gypsum.
At highly alkaline conditions, the overall modeling system favors the ettringite precipitation. Therefore, the
sulfate vacuity in the system facilitates the gypsum dissolution to provide the additional sulfate for ettringite
forming. However, in real cases, ettringite formation and dissolution is also kinetic controlling process
(Winnefeld and Lothenbach, 2010). Consequently, the overrated ettringite fraction and underestimated

gypsum fraction were observed in both scenarios (Fig.8c and 9c).

Altogether, our developed method enables a better understanding of the PTEs immobilization roles of the
main hydration products and inherent phases in solid waste, which is hardly revealed by the experimental
techniques. In turn, understanding the extent of this role variation will allow for more accurate and reliable
design for the in-situ remediation industry in a relatively cost-downdrawn pathway. The implication of these
results underscores the importance of not only predicting and clarifying the PTEs immobilization amounts
as a function of pH values but also highlighting the essential question of how the stabilized products would
help the PTEs retention when the field conditions are under harsh or unsuitable conditions. For example,
when the pH of the rainfall and groundwater changes with the season or anthropogenic activities, the

predicted concentrations of dissolved PTEs could be used to forecast whether secondary pollution will occur.
5. Conclusion

This study explores the exact role of the PTEs immobilization capacity of cementitious phases and solid
wastes phases in a broad pH range. The Pb-rich PA waste was stabilized in traditional (OPC) and alternative
(CAC) binders to optimize the Pb leachability due to the sensitive durability of OPC and mitigate the CO;
emission attributed to OPC production. The experimental and modeling investigations accordingly reveal
the solidification/stabilization mechanisms of each scenario. The following conclusions can be drawn based

on the results obtained from the experiment and modeling.

(1) Both scenarios demonstrate high retention of Pb at neutral and alkaline pH conditions, approximately
from 7 to 11. The use of CAC binder effectively enhanced the Pb retention capacity of the stabilized
products, especially in harsh acid conditions, with only a quarter of Pb concentration detected in CAP
samples (11000 pg/L) compared to OPP samples (43000 ug/L). Experiments reveal that Pb incorporation
in OPP samples is mainly related to the C-S-H with a preference in Ca and Si-rich areas along the cement

particles, whereas the Pb is homogeneously distributed in the CAP samples.
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(2) Geochemical modeling reveals that C-S-H adsorption is the primary Pb immobilization role of OPP
samples at basic conditions, with a 0.1 mol/mol Pb retention capacity that can be reached. When the pH is
unsuitable for C-S-H precipitation, cerussite and anglesite precipitation is the main control of the Pb

leachability, as well as a minor content of soluble Pb is adsorbed by hematite and ferrihydrite.

(3) Regarding the CAP samples, Pb(OH), precipitation and ettringite coexisting are the dominant control
for Pb in alkaline environments. An approximately 0.1 mol/mol Pb host capacity was estimated for ettringite
which is equivalent to C-S-H. However, the roles of hematite and ferrihydrite adsorption on Pb are observed
in a broader pH range compared to OPP samples. Likewise, the cerussite and anglesite precipitation shows

stronger affinities for Pb immobilization in acid conditions.

(4) The sulfate release in both cases is at a steady state, varying from 600 to 900 mg/L in all experiments
conducted. The modeling shows that sulfate retention is controlled by the dissolution and precipitation of
anglesite, gypsum, ettringite, and jarosite. But the estimation of sulfate leachability is fairly limited,
especially at OPP samples, which might be influenced by the kinetic of ettringite equilibrium. Further work

is in progress to coincide with the impacts of the kinetics of the discussed phases for PTEs immobilization.
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Table.S1. XRD instrument settings.

Parameters Settings
Radiation source Cobalt
Detector X'Celerator detector
Geometry Bragg-Brentano geometry
Optics Soller slits 0.04 rad.; Bragg-Brentano''®
20 range 3-84°
Step size 0.017°
Time per step 100 s
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Table.S2. PHREEQC modeling input.

Chapter 5

Initial input

Initial input

Phases Minerals Equilibrium equitions Log k OPP (mol/100g)* CAP (mol/100g)
Ca Gypsum CaS04-2H,0 = Ca?" + SO4* + 2H,0 -4.6 0.0534 0.0394
Bassanite CaS04-0.5H,0 = Ca?" + SO + 0.5H,O -3.9 0.0000 0.0000
Anhydrite CaSO4 = Ca?" + SO4* -4.4 0.0000 0.0000
Portlandite Ca(OH), + 2H" = Ca*" + 2H,0 22.8 0.0129 0.0089
Calcite CaCO; = COz> + Ca?* -8.5 0.0000 0.0000
Aragonite CaCO; = COs* + Ca?* -8.4 0.0000 0.0000
Vaterite CaCO; = COs* + Ca?* -7.9 0.0000 0.0000
C-S-H Ca3S1206.6436H1.2872:1.7542H,0 + 4.0H* = 2.0Ca*" + 4.3978H,0 + 2Si0, 17.3 0.0703 0.0000
Gahlenite Ca,ALSiO7 + 10 HY = 2A13" + SiO, + 2Ca*"+ 5H,0 56.8 0.0000 0.0000
Ettringite CasAl(SO4)3(OH)12:26H,0 + 12H" = 2A13" + 3S04> + 6Ca’ + 38H,O0  56.7 0.0036 0.0151
Pb Pb(OH), Pb(OH), + 2H* = Pb%*+ 2H;0 8.2 0.0042 0.0013
PbSO4 PbSO4 = Pb?'+ SO,> -7.8 0.0000 0.0000
Jarosite(Pb)  PbosFes(SO4)2(OH)s + 6H' = 3Fe3* + 0.5Pb2* + 28042 + 6H,0 8.1 0.0000 0.0000
Litharge PbO + 2H" = Pb*"+ H,O 12.6 0.0000 0.0000
Cerrusite PbCO; + H' = HCO;3 + Pb*" -3.2 0.0000 0.0000
Hydrocerrusite  Pbs(CO3),(OH), + 4 H* = 2H,0 + 2HCO5 + 3Pb%* 1.9 0.0000 0.0000
Others Thenardite Na;SOs =S04> +2 Na* -0.3 0.0000 0.0000
Quartz Si0; = Si0, -3.7 0.0000 0.0481
Periclase MgO + 2H" = Mg?" + H,O 21.5 0.0074 0.0000
Jarosite KFe3(SO4)2(OH) + 6 H+ = 3Fe*" + K" + 2S04> + 6 H20 -14.8 0.0066 0.0049
Gibbsite Al(OH); + 3H' = AI** + 3H,0 8.1 0.0000 0.0285
Hematite Fe O3 + 6H" =2 Fe** + 3H,0 -4.0 0.2849 0.4217
Fe(OH);w®  Fe(OH); + 3H' = Fe3* + 3H,0 49 0.0000 0.0000
AI(OH)s0 AI(OH); + 3H" = A" + 3H,0 10.80 0.0000 0.1040
Surface Ettringite Pb?" + 2SITE" = PbSITE, Estimate - -
C-S-H Hco wOH + Pb*" = Hco wOPb* + H* Estimate
Hco sOH + Pb?" = Hco sOPb" + H* Estimate i i
Jarosite Hjo_sOH + Pb*" = Hjo_sO Pb* + H" Estimate - -
Hematite Hho sOH + Pb*" = Hho sOPb* + H" Estimate - -
Fe(OH)3) Hfo_sOH + Pb* = Hfo_sOPb* + H+ 4.7
Hfo_wOH + Pb* = Hfo_wOPb* + H+ 0.3 - -
Al(OH)3(a) Hao wOH + Pb?*" = Hao wOPb" + H* Estimate
Hao sOH + Pb*" = Hao sOPb" + H" Estimate ) )

Notes: * The mole concentration of the minerals for 100 grams of the soil and " The maximum mole content of the phase that can dissolve in the solution.
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(a) (b)

(© (d)

Figure.S1. OPP and CAP pellets. (a) opticale microscope image of OPP sample, (b) SEM image of
OPP samples, (c) opticale microscope image of CAP sample, and (d) SEM image of CAP samples

Initial input : XRD quantification results of OPP and CAP
¥ 3

F 3

Physical protection: the maximum Pb leachability/overall Pb fraction in OPP and CAP

ARy
"samsnnna’

: Precipitation/dissolution of multiple minerals '
Simulation : Adsorption of amorphous Fe(OH)3
* The thermodynamic data used in the model is from two databases :
£, PHREEQC,DAT and CEMDATAIBDAT | .. .cvceerreessanesssnsssensnesd

; Adsorptlon and ion exchange of amorphous AI(OH)3, amorphous

C-S H, jarosite, hematite, and ettringite. :

: The estlmatlon is conducted by the PEST++
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Figure.S2. Model establishment scheme.
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(b) Element (wt%) Spot1 Spot2 Spot3
OK 9.7 7.0 9.0
NaK 0.9 0.6 04
AIK 0.5 6.3 0.8
SiK 0.2 12 1.1
SK 19.9 18.2 19.9
KK 0.7 0.7 0.8
CaK 0.9 14 0.7
FeK 422 40.9 425
PbL 251 238 25.0

Figure.S4. SEM/EDS analysis of CAP samples revealing the presence of Pb-Fe sulfates. (a) BSE

image and (b) EDS qualitative quantification results of the marked spots.
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Figure.S5. XRD spectra of the analyzed OPP residues. E: ettringite, G: gypsum, J: jarosite, K:

kintoreite, H: hematite, Q: quartz, Z: zincite, C, Calcite, C23, alite and belite, and L: periclase.
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Figure.S6. XRD spectra of the analyzed CAP residues. E: ettringite, G: gypsum, J: jarosite, K:
kintoreite, H: hematite, Q: quartz, Z: zincite, L: gehlenite, and I: gibbsite.
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