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Abstract: The recycling and utilization opportunities for coal fly ash (CFA) have increased in the past
two decades. However, limited commercialization of the material is still reported, while disposal and
management remain major concerns. CFA utilization is currently commercially feasible in the building
and construction industry. Other alternative uses that are being explored involve the extraction of
valuable metals and the purification of wastewater. The CFA-produced adsorbent material utilized
in wastewater purification processes should be able to generate water that meets the legal quality
requirements for reutilization in alternative applications. On the other hand, in the recovery of
metallic components such as smelter-grade alumina, high recovery and high purity products are
only achievable through the processing of CFA using expensive and energy—intensive processes.
Furthermore, most of the current CFA recycling processes tend to generate secondary solid residues
(SSR), which can cause environmental pollution, thus requiring further downstream processing. In
this context, this paper reviews and discusses current research on CFA recycling methods, challenges
and opportunities associated with resource recovery from CFA, and the acceptability of the value-
added products, and it therefore proposes sustainable processes for CFA utilization. This review
further suggests that to successfully compete with bauxite for production of smelter-grade alumina,
other saleable value-added products such as Ti, Fe and the REEs should be recovered by engineering
an integrated process design. The generated SSR in each process must also be characterized, recycled
and re-used to reduce waste production and advance the circular economy concept. The review
concludes that for CFA to become considered as a more attractive commercial resource, there is need
for its complete and holistic utilization in high volumes and in different applications to offset its
low value.

Keywords: coal fly ash; environmental effects; sustainability; resource recovery; low-cost adsorbents;
activation performance; process integration

1. Introduction

While coal is the primary energy resource in the world, coal-powered plants have
been identified as the major source of CO2 emission due to the coal combustion process [1].
The consumption of energy from coal-based resources has also been revised to mitigate
the effects of greenhouse gas emissions on climate change [1]. The development of “clean”
coal combustion technologies has been realized through high-efficiency, low-emission
(HELE) coal power generation. HELE technology aims to reduce coal consumption and
CO2 emission as well as capture and store carbon emission. The technology is based on
the concept that an increase in the maximum temperature of steam to supercritical levels
increases electrical efficiency, which in turn lowers both coal consumption and flue gas
emission [2]. Currently, Japan, Korea and China have implemented ultra-supercritical
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(USC) and advanced ultra-supercritical (AUSC) coal-powered plants [3,4]. In South Africa,
the newly developed Medupe and Kusile power plants, with power generation capacities
of 4764 MW and 4800 MW, are built on supercritical (SC) pulverized systems [5]. The
transformation to HELE requires reconstruction and upgrading of old power plants; thus,
the advancement of this technology largely depends on strong financial support, subsidies
and a sound policy framework [4].

To meet the standards for “clean air”, a number of international agreements and
regulations are being enforced in order to move towards renewable energies such as wind-
power, solar energy and bioenergy. When renewable energy displaces coal, it essentially
eliminates the emissions of both air pollutants and greenhouse gases, thus providing
benefits to air quality, public health and climate change. In countries such as South Africa,
which is heavily dependent on coal, it will take a significant amount of time before an
efficient and affordable transformation is implemented [6]. More than 80% of the South
African energy mix includes sources from coal [7]. With an ever-increasing demand for
energy, elimination of the coal component in the energy mix in order to move towards
renewable energy still remains a huge challenge.

Coal fly ash (CFA) is a major component of coal combustion waste (CCW) produced
in large quantities. Statistics on CCW commercialization differ from country to country. In
South Africa, >50 million tons of CCW is produced annually, while close to 10% is re-used,
primarily in the building and construction industry [7,8]. By contrast, other industrialized
countries such as the USA and countries in Europe have much higher utilization rates.
According to European Coal Combustion Products Association, Europe produced close to
40 million tonnes of CCW in 2016 and re-used more than 90% in the construction industry
and for reclamation [9]. In the same year, the USA produced approximately 107 million
tonnes of CCW and re-used close to 60% [10]. In 2020, their total CCW was reduced to
40 million tonnes, while close to 58% was re-used [11]. The building and construction
industry contributes significantly to the recycling of CFA, since it is utilized directly as
raw resource or additive material. However, the quantities disposed remain a major
management concern.

CFA is also a potential low-cost adsorbent material, either through direct utilization or
functionalized synthesis [12,13]. It is also identified as an alternative source for metallurgical
recovery of high-purity products such as alumina [14,15]. However, CFA is a complex
material to beneficiate; therefore, the economic and environmental impact on process
design should be ascertained. This paper seeks to review and discuss current research
on CFA recycling methods, the acceptability of the value-added products, challenges and
opportunities, and it therefore proposes sustainable processes for CFA utilization.

2. CFA Waste Management Techniques

The global classification of CCW as hazardous waste has intensified CCW disposal
constraints, as coal power-houses are required to comply with the legislation and regu-
lations on waste maintenance. The disposal of coal combustion by-products in landfills
and ash ponds is the primary management technique. However, the disposal facilities are
running out of storage space due to the large quantities of CCW produced compared to
the utilization rate [1,8,16]. In the wet disposal technique, CCW is mixed with water and
transported as slurry to the dumping site (through pipes) where over time the water is
allowed to drain as the ash settles. This process results in groundwater contamination due
to leaching of toxic heavy metals. Thus, the installation of liner systems is mandatory for
water quality monitoring. Additionally, the vast amount of water needed for the ash slurry
is a concern due to high levels of water stress in the world [8]. The dry disposal technique
results in air pollution from the fine ash particles during transportation as well as at the
dumping site. These disposal techniques are not eco-friendly, and they tend to be expensive
to maintain [6,8]. It is therefore imperative that other sustainable techniques of managing
CFA be developed.
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3. CFA Formation, Physical and Chemical Characteristics, and Mineralogy
3.1. CFA Formation

In the coal combustion process, the pulverized coal is burned to generate electricity
at >1400 ◦C furnace temperatures. The organic matter is combusted, captured by the flue
gas desulfurization scrubber, adsorbed and recovered as gypsum (FGD gypsum), while
the exhaust gas, mainly CO2, is released to the atmosphere. The minerals are oxidized,
decomposed and fused, generating large quantities of by-product material known as
CCW [17]. The hollow cenospheric ash particles are formed once the exhaust gases evolve.
This ash particles are generally spherical in shape [17,18]. However, irregular and oval ash
particles are also observed [19]. In the post-combustion zone, the ash particles sustain their
equilibrium shape, and the rapid cooling of these molten particles will form coal fly ash
(CFA) [17,18]. The morphology of CFA cenospheric ash particles is shown in Figure 1.
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Figure 1. The structure of Eskom CFA showing the surface morphology of CFA cenospheric ash
particles (×4757) [20].

The first CCW content collected at the bottom of the boiler has coarse particles and
is thus called coal bottom ash (CBA). The remaining ash content is CFA, which is much
lighter in weight and is carried into the electrostatic precipitator [17]. Depending on the
design of the combustion system, other CCW materials such as fluidized bed combustion
(FBC) ash and boiler slag are also collected separately. In South Africa, CFA accounts for
more than 80% of the CCW content generated during the coal combustion process.

3.2. CFA Physical and Chemical Characteristics

The properties of CFA are largely influenced by the parent coal source, coal combustion
conditions, post-combustion conditions and the emission control technology [21]. CFA is
an alkaline material with a pH in the range of 8.5–11.5. It consists of very fine spherical
particles that can range from 1–100 µm in size, and it has low to medium bulk density and
fine texture [22]. The evaluation of CFA quality is based on its LOI (loss on ignition) value,
moisture content and sulphur trioxide. The LOI test is a method for estimating the unburned
carbon content of CFA, and it varies depending on combustion conditions. This property is
generally used by coal-power plants to assess the success of the coal combustion process.

The major chemical components in CFA are SiO2 and Al2O3, with minor quantities
of Fe2O3, CaO and TiO2 (Table 1). The American Society of Testing Materials (ASTM
C618) has classified CFA according to its chemical composition as Class C and Class F. The
Class C CFA is classified as the high-lime-content CFA and is regarded as cementitious.
Class F has low lime content and is regarded as pozzolanic [23,24]. This classification
is extensively used in the building and construction industry. According to the South
African Coal Fly Ash Association (SACAA), South Africa only produces class F CFA [25].
In contrast, India generates power from bituminous coal, thus producing Class C CFA [26].
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However, coal may also be blended to maximize the generation efficiency or to improve
the power plant environmental performance; therefore, most CFA do not fully fit into this
classification.

Table 1. Major chemical composition of CFA.

Component China a India b USA c South Africa d

SiO2 31.4–60.0 50.2–59.7 37.8–58.5 49.92–56.29
Al2O3 11.2–55.0 14.0–32.4 19.1–28.6 27.21–31.52
Fe2O3 1.5–19.3 2.7–14.4 6.8–25.5 2.58–5.91
CaO 0.8–31.0 0.6–2.6 1.4–22.4 4.80–9.47
TiO2 0.2–1.5 0.2–0.7 1.1–1.6 1.39–2.25
Na2O 0.2–2.4 0.5–1.2 0.3–1.8 0.03–0.81
SO3 0.1–3.5 - 0.1–2.1 0.05–4.78

MgO 0.4–4.8 0.1–2.1 0.7–4.8 1.47–2.69
P2O5 0.3–1.5 0.1–0.6 0.1–0.3 0.45–0.90
MnO 0.05–0.06 0.5–1.4 - -
LOI 2.4–18.3 0.5–5.0 0.2–11.0 1.54–7.81

a [23], b [24], c [25], d [26], - Not available.

The trace concentration of valuable constituents in CFA such as the rare earth elements
(REEs) has also been quantified (Table 2) and thus could add significant value in a full-scale
commercial utilization if economically extracted. The REEs are described as a group of
17 elements which include the lanthanide series (La-Lu), yttrium (Y) and scandium (Sc).
Compared to their primary ore deposits such as bastnaesite, monazite and xenothime,
CFA is concentrated with both light rare earth elements (LREEs) and heavy rare earth
elements (HREEs) [27,28]. The trace concentration of the radionuclides such as uranium,
thorium and radium and the heavy toxic elements boron, chromium, lead, mercury and
arsenic are also quantified [29]. Most of the trace elements remain within the residue in
the leaching process, as they do not occur in significant amounts to warrant economic
extraction. However, potential leaching and concentrations in soil and dams can still result
in significant environmental pollution [30].

Table 2. The average concentration of REEs in different CFA.

Element
(mg/kg)

Junga Power
Plant, China a

Tutuka Power
Station, RSA b

Polish Power
Plant, Poland c

Kentucky Power
Plant, USA d

Sc 23.0 26.50 30.00 42.39
Y 54.2 64.87 48.50 107.64
La 104.3 91.36 59.60 108.25
Ce 178.0 182.42 123.20 212.20
Pr 21.5 19.72 13.74 -
Nd 72.5 71.76 53.50 88.13
Sm 13.5 14.38 11.10 18.68
Eu 2.39 6.65 2.40 3.88
Gd 11.7 12.62 8.93 18.81
Tb 1.83 2.68 1.50 2.95
Dy 10.76 11.91 8.34 17.46
Ho 2.13 2.35 1.77 3.54
Er 6.17 6.65 4.53 9.88
Tm 0.56 0.95 0.75 1.40
Yb 3.93 6.5 4.55 8.82
Lu 0.55 0.93 0.68 1.31

a [26], b [31], c [32], d [33].

3.3. CFA Mineraslogy

The phases in CFA can be classified as crystalline and non-crystalline. The non-
crystalline phase (also known as amorphous phase), with no specific chemical formula,
constitutes more than 50% of the CFA composition, and it is often more complex than the
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crystalline phase. However, it is the most reactive phase in acidic and alkaline solutions [34].
The basic chemical composition of the non-crystalline phase consists mostly of oxides such
as SiO2, Al2O3, Fe2O3, TiO2, MgO and CaO [35].

The crystalline phase is well-defined and accounts for the balance of the CFA com-
position. The major minerals that make up the crystalline phase are refractory mullite
(3Al2O3·2SiO2) and α-quartz (SiO2). These phases are reactive only at high-temperature
and high-pressure conditions [34,36]. There are also a few Fe crystalline phases of magnetite
(Fe3O4), hematite (α-Fe2O3) and maghemite (γ-Fe2O3), and these are known to be quite
reactive in acidic solutions [20,37]. Calcium has also been quantified in several phases; pri-
marily, it is quantified as lime (CaO). However, due to several post-combustion conditions
such as weathering, CaO can undergo transformation into gypsum and ettringite [21,38].

While the distribution of the major compositions in CFA is clear, the distribution of
the REEs is complex. They are said to occur as dispersed metal oxide nano-sized particles
on the surface of CFA. Some authors suggest that REEs are enclosed or encapsulated in
aluminosilicate glass (amorphous phase), while others claim that they are associated with
Fe-oxide and calcium fractions [39–41].

4. Direct Utilization of CFA

The direct utilization of CFA occurs largely through the building and construction
industry in the production of cement and concrete, including bricks and blocks [13,42–44]. In
addition to this outstanding performance, CFA can also be activated through functionalised
synthesis of geopolymers and zeolites [45]. Considerable research is also available on
the utilization of CFA as a cheap alternative remediation for wastewater purification and
adsorption of gaseous pollutants. However, in most of these processes, CFA is used in low
quantities, which does not significantly impact the large amount produced annually. An
ideal sustainable process should not only utilize the high-volume of CFA, but should also
have a high-value return to ensure sustainability [30].

4.1. Building and Construction Material

The recycling of CFA in the construction industry is well-established and guided
by utilization rules and regulations [46]. The Eskom power utility in RSA has reported
that when 25 million tonnes of CFA is produced annually, only 1.2 million tonnes is sold
to the construction industry [7]. A number of organisations such as Ulula Ash and Ash
Resource Limited are part of the Cement and Concrete Product Manufacturing Industry,
and they supply CFA on a commercial scale. Ulula Ash is obtained directly from Kriel
power plant through a conveyer system, beneficiated and sold to the market as class S
(classified, >50 µm) fly ash and Class N (un-classified, >50 µm) fly ash. Ash Resources
Limited beneficiates CFA into Durapozz and Pozzfill material directly from Lethabo and
Kendal power stations [47]. These materials have been used in the construction of well-
known projects such as the Katse Dam in Lesotho, the Burj Khalifa in Dubai and the
Maputo–Katembe bridge in Mozambique [48].

4.1.1. Cement and Concrete

Concrete is made up of three essential components: water (used for curing), Port-
land cement, and aggregate (rock, sand or gravel). Cement acts as a binder material, and
thus, the quality of concrete mainly depends on the water and cement ratio (0.3–0.6) [49].
When CFA is added into the mix, it acts as a supplementary cementing material, thus
reducing the cost of production and carbon footprint. The formation of this supplementary
material using CFA involves the reaction of free calcium hydroxide (Ca(OH)2) with CFA,
forming additional hydrating calcium silicate (Equations (1) and (2)). This reaction im-
proves long-term strength, increases workability, and reduces heat of hydration and water
demand [13,49]. The commercial dosage of CFA in concrete is regulated by a number of
standards, which range from 5–35%. In South Africa, cement production accounts for
approximately 90% of recycled CFA and is certified by South Africa National Standards
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(SANS) 50197-1:2000. CEMII/A-V contains 6–20% CFA, and CEMII/B-V contains 21–35%
CFA [50]. Other standards include the American Standard ASTMC 595, China National
Standard GB1344-1999 and the Bureau of Indian Standards.

Cement reaction : C3S + H → CSH + CaOH2 (1)

Pozzolanic reaction : C3S + H → CSH + CaOH2 (2)

High-volume fly ash concrete (HVFC) is the highest achievement in cement replace-
ment with more than 50% CFA. The development of this dosage is still on the experimental
stage; thus, it is not commercially regulated [51,52]. Some of the challenges with HVFC
include the reduction in rate of strength development, the final strength and early age
strength. These shortcomings have hindered its application on a large scale [53].

4.1.2. Bricks and Blocks

Clay and shale are the primary materials used to manufacture bricks either by firing or
cementing process. The conventional kiln firing process involves mixing the clay with water
into desired shapes, followed by drying and firing in a high-temperature kiln (900–1000 ◦C).
This process is energy-intensive and emits greenhouse gases. The cementing process entails
mixing and drying at room temperature; thus, it is not energy intensive. However, ordinary
Portland cement (OPC) is added for high strength [30]. The shortage of natural resources
has placed major restrictions onto clay bricks production, thus causing a shift towards
eco-friendly building materials such as fly ash. Bricks made from fly ash are attractive due
to their light weight, uniform size and high comprehensive strength [54]. Furthermore,
replacing clay with CFA increases the yield of a cement kiln. Eskom, South Africa, CFA
has been a successful key component in brick and block manufacturing for companies
such as Inka Bricks, Big Sky Bricks and Rand Bricks [7]. Sasol (Pty) Limited South Africa
also supply fly ash for Mr. Brick manufacturing company for production of fly-ash-based
hollow, maxi and cement stock [55,56]. In China, permeable bricks and hollow blocks are
also manufactured [53].

4.1.3. Back Fillings

Backfill technology has become an integral part of efficient underground mining
operations. This has led to a reduction in disposal of secondary materials as well as
provision of economic engineering materials. This application can potentially mitigate
illegal underground mining and also improves safety after mine closure [57]. Backfilling
with CFA can act as a soil rehabilitator, ameliorator of wastewater (e.g., AMD), void filler
and engineering material. The pozzolanic binders, such as cement, are expensive compared
to CFA. However, small quantities of cement are required to improve cohesion and increase
the shear strength and permeability. The ground injection with CFA has been identified as
a potential AMD remediation technique, as it can neutralize AMD and also prevent contact
between water and pyrite [58,59]. The key issue, however, is the cost of CFA transportation
from power plants to the mining site. This option is only attractive for those operations
located near coal-powered plants.

Besides backfilling of underground mines, open cast mine filling using CFA can be
employed as a land reclamation method. CFA can resemble natural soil in its chemical and
physical properties. Therefore, the addition of CFA in soil improves soil texture, increases
the soil water-holding capacity, bulk density and electrical conductivity and adjusts the
soil pH [60–62].The agricultural lands located close to the coal-power stations could benefit
more, as they are mostly acidic due to large pollutions in mining sites [13,48]. In the
United States, Coal Creek Station in collaboration with Great River Energy successfully
completed a land reclamation project for on-site power station project [63]. It is also noted
that, although CFA is similar to soil, it contains toxic elements such as arsenic, chromium
and selenium, which have the ability to affect water quality and crop yield [19].
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4.1.4. Alkali Activation and Geopolymerization

The reaction between a strong alkaline solution and an amorphous aluminosilicate
source results in geopolymer material [64]. In the construction industry, the synthesis of
geopolymer material is aimed at 100% CFA utilization compared to blended cement or
high-volume fly ash concrete (HVFC) (Table 3). In this process, CFA is reacted with sand
aggregate material and an alkaline solution with no cement additive. The alkaline solution
is made of sodium salts (NaOH/ NaSiO2 and H2O) or potassium salts (KOH/ KSiO2 and
H2O) of different concentrations (8–14 M) [45,64,65]. In the conventional process using OPC
cement, an alkaline solution acts as an activator instead of water. Geopolymer concrete
is the ideal concrete material with physical properties superior to OPC concrete. The
environmental benefits of using geopolymers are reduction in CO2 emission, high-volume
utilization of CFA and reduced price, as CFA-based geopolymer concrete can be 10–30%
cheaper than OPC concrete [48,66,67]. Table 3 summarizes the different CFA replacement
materials used in the building and construction industry.

Table 3. The replacement of cement with CFA in different material.

Parameters OPC Blended Cement HVFC Geopolymer

CFA replacement 0% 20–35% 50% 100%
Binder Cement CFA + Cement CFA + Cement CFA
Mixer H2O H2O H2O Alkaline solution

Activation process
(curing) Hydration Hydration Hydration Hydration and

geopolymerization
Thermal activation

energy
Not required,

Water/stream curing
Not required,

Water/stream curing
Not required,

Water/stream curing
Thermal curing

(60–90 ◦C)

Although geopolymers provide alternative sustainability, only a few projects based on
geopolymer materials exist. It has been observed that geopolymer materials lack uniformity
during synthesis due to variation in CFA composition, and thus, test trials are necessary,
as the quality of CFA is not often uniform. The material also consumes large quantities of
alkaline solution, which may solidify to unwanted rock-like material [68,69]. Sasol (Pty)
Limited has patented a process that synthesizes polymer using secondary materials such
as CFA. In this process, CFA is mixed with cement and polymer to form light-weight and
dense material. The houses built in Cosmo City, South Africa, are made from this secondary
materials [70]. This project is in collaboration with the Murray and Robertson (M&R) and
AfriSam private companies [71].

4.2. Environmental Remediation

Although CFA has been largely categorized as waste material, it has been observed to
have environmental benefits in pollution control and environmental sustainability. Similar
to volcanic ash, CFA is also an aluminosilicate material and thus has three similar properties
to zeolite: adsorption, catalytic behaviour, and ion exchange capacity [72]. Zeolites are
micro-porous materials with SiO4 and AlO4 tetrahedral crystal arrangement and constitute
either group I or group II elements as counter ions. Although they occur naturally as
minerals (stilbite, analcime and clinoptilolite), they can also be synthesized to meet specific
industrial applications [73]. On a commercial scale, zeolites compete with bentonite,
gypsum and silica sand in various applications such as soil amendment, water treatment
and purification, oil and grease absorbent, gas absorbent, fungicide or pesticide carrier [74].
The replacement of natural zeolite with CFA could conserve primary resources and reduce
carbon footprint and the cost of mining processes.

4.2.1. Wastewater Purification

Water scarcity due to climate change and population growth has been a major concern
around the world, and thus water conservation methods are necessary [75]. Coal-powered
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plants are among major consumers and polluters of water. Acid mine drainage (AMD)
is the common wastewater which results from sulphur oxidation in sulphide minerals
(Equations (3)–(5)) when exposed to water and air, either during mining operations or
as a result of natural weathering after mining operations [76]. AMD is characterized by
low pH (2–4), high salt content (SO4

2−) and a high level of heavy metals such as iron,
aluminium, manganese and zinc. This impacted water does not meet the discharge limit to
the environment and thus pollutes rivers and underground water.

2FeS2(s) + 7O2(aq) + 2H2O(l) → 2Fe2+
(aq) + 4H+

(aq) + 4SO2−
4(aq) (3)

4Fe2+
(aq) + 4H+

(aq) + O2(g) → 4Fe3+
(aq) + 2H2O(l) (4)

FeS2(s) + 14Fe2+
(aq) + 8H2O(l) → 15Fe2+

(aq) + 2SO2−
4(aq) + 16H+

(aq) (5)

The common commercially available technologies for treatment of mine-impacted
water are chemical neutralization techniques such as high-density sludge (HDS) precipita-
tion and reverse osmosis (RO). Reverse osmosis produces potable water quality. However,
the process generates brine solution as a waste by-product. The HDS process is relatively
cheaper than RO. However, the process does not generate potable water and has a high
sulphate concentration that remains untreated. The voluminous sludge produced as a
by-product is difficult to dispose of due to scarcity of land as well as the possibility of re-
dissolution of metals. These current treatment options are expensive and energy-intensive;
therefore, they are regarded as short-term solutions and remain unsustainable [76,77].
CFA has been identified as one of the cheapest, most environmentally friendly and most
innovative alternatives in the treatment of industrial effluent and mine wastewater.

Neutralization and Precipitation of Metal Ions

Limestone is commercially used to neutralize and precipitate metal ions from wastewa-
ter [77]. CFA also contains the basic oxides such as Al2O3, Fe2O3 and CaO, which integrates
properties such as precipitation, acid neutralization and adsorption to recover sulphates
and metal ions when in contact with wastewater, as shown in Equations (6)–(8) [77,78].
For example, Gitari et al., (2006) [79] treated the AMD solutions with pH 2–3 and high
electrical conductivity (10–11 mS/cm) and observed that at CFA:AMD ratio of 1:3, the AMD
solutions are neutralized to pH 9–10 after 180 min with a decrease in electrical conductivity
between 2 and 4. The neutralization process was found to depend on three important
factors, CFA: AMD ratio, reaction contact time, and the chemistry of the AMD solution [79].

Ca2+ + SO2−
4 + 2H2O→ CaSO4·2H2O(s) (6)

Me3+ + 3H2O→ Me(OH)3(S) + 3H+ (7)

X+ + 3Me3+ + 2SO2−
4 + 6OH− → XMe3(SO4)2(OH)6(s) (8)

In the AMD treatment process, it has been found that Fe, Mn and Zn precipitate at
the pH of their minimum solubility [78,79]. Several mechanisms are also observed in the
reduction of SO4

2− from AMD (Equations (6)–(8)) [79–81]:

• The dissolution of CaO and BaO from CFA, which precipitates SO4
2− as CaSO4 or BaSO4;

• The precipitation of Fe hydroxide and oxyhydroxides, which results in adsorption of
SO4

2− due to the large surface area;
• Al(OH)3 formation, which results in the reduction of SO4

2−, and thus SO4
2− precipi-

tate, as ettringite (Ca6Al2(SO4)3(OH) at pH > 9.

The treatment of neutral mine water (NMW) with CFA has been found to result in low
SO4

2– reduction; thus, the treated water does not meet an irrigation standard of <500 ppm
sulphate. To improve SO4

2− reduction, seeding with Al(OH)3 and gypsum can increase
the sulphate recovery from 60–90% [81]. Alkaline and acidic pre-treatment has also been
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applied to modify CFA prior to water treatment [82,83]. The treatment of wastewater with
CFA is summarised in Table 4.

Table 4. The maximum adsorption capacities of various CFA materials.

Source Material Optimum Mixing
Ratio

Initial and Final pH,
Reaction Time

Adsorption
Capacity (mg/g) Adsorption Efficiency References

Coal fly ash - pH 2–3, 9–10, 140 min - >90% toxic metals,
78% sulphate [78,79]

Fly ash, seeding
gypsum, Al(OH)3

1:2, 6.6 ± 0.21, 0.21
12.25 - 213–1043 ppm Removal of

79.57% sulfate [81]

Modified fly ash 120 g/L, 1.6,
2.8–6.6 180 min -

89% Ni, 92% Zn, 94%
Pb, 96% Fe, 60% Mn

and 99 Al%
[82]

Modified fly ash -, 4 36–120 h - 82.4% Cd2+, 91.85%
Cu2+ and 57.2% Zn2 [83]

- Not available.

The treatment of wastewater with CFA also creates a secondary solid residue (SSR)
(Figure 2). Quantitative analysis of the SSR has showed that gypsum is often the new
mineral phase quantified after AMD treatment. These results have been confirmed by
PHREEQC thermodynamic geochemical model, a predictive tool for the typical compo-
sition of precipitates [81]. The SSR can be re-used to synthesize the commercially viable
geopolymers [80,84] and zeolites [85,86]. The SSR can also be used as backfilling to pre-
vent further generation of AMD. However, it has been observed that the addition of a
pozzolanic binder (cement) is required in order to improve the strength of the backfill
material [78,80]. Vadapalli et al., (2010) [87] synthesized Zeolite-P with 2 M NaOH solution
at 100 ◦C using the SSR as a starting material. The synthesized zeolite had a high CEC
value (178.7 meq/100 g) and a high surface area (69.1 m2/g); thus, it could be used as a
potential adsorbent for wastewater treatment [87].
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In 2017, a patented study on AMD treatment with CFA, lime and Al(OH)3 was sub-
mitted to the Water Research Commission in South Africa (WRC Report No. 2129/1/18).
A pilot plant of the process has also been designed and optimized with success in a jet
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loop reactor using neutral mine water with pH 8 [88] and AMD with pH 2.2 [69]. In the
process, the major (SO4

2−, Al, Fe, Ca, Mg) and minor components are significantly lowered
to 66.6% (equivalent to 728.56 kg) in just one step. The purified water meets the water
quality range for agriculture and irrigation in RSA. The characterization of the SSR has
shown its suitability for backfilling of mine voids and geopolymer synthesis. The treatment
of wastewater such as AMD with CFA could allow mining houses to comply with the
environmental legislations on-site [48]. This treatment option is convenient for mining sites
due to the low cost of transportation and can also achieve zero waste discharge.

Adsorption of Organic Material

Treatment of organic pollutants using CFA has been reviewed by Ahmaruzzaman
(2010) [13] and Mushtaq et al., (2019) [89]. Photocatalysis and the Fenton reaction are attrac-
tive advanced oxidation processes (OAPs) in the scientific community that are considered
“economic and cost effective” [13,89,90]. The application of Fe-based Fenton-like catalysis
due to its wide pH application and the ability to be recycled and re-used is also attractive.
In the Fenton process, the general reaction between Fe2+ and H2O2 produces hydroxyl
radical (OH), which is a strong oxidant for organic pollutants, by reducing the chemical
oxygen demand (COD) value. CFA has been applied directly by Wang et al., (2018) [91]
to treat coking wastewater. Their process has the potential to treat tertiary coking water,
and the COD value was reduced to 89%. CFA can also be treated prior the adsorption
process. Wang et al., (2014) [92] treated CFA in H2SO4 prior to the adsorption process,
and more than 99% of phenol was recovered. In a different study, CFA was treated under
microwave irradiation, and the polymer-flooding wastewater was treated efficiently. The
main advantage of the process was the capacity to recycle the catalyst with more than 90%
catalytic performance [93].

4.2.2. Adsorption of Gaseous Pollutants

Alternatively to wastewater treatment, CFA has also been used for selective adsorp-
tion of major greenhouse gas emissions such as CO2, SO2 and NOx [94–96]. The most
common application is the flue-gas desulfurization (FGD) of SO2 using a mixture of CFA
and Ca(OH)2. Coal power plants emit large quantities of SOx. Thus, in an effort to reduce
emission, power plants are forced to install flue-gas desulfurization (FGD). The adsorption
capacity of SO2 is relatively enhanced with the addition of CFA compared to application
using only Ca(OH)2 [97,98]. However, due to a large consumption of H2O by this process, it
was revised to utilise dry-type FGD. This method requires a large amount of adsorbent due
to high calcium and sulphur molar ratio. The FGD material after adsorption has also been in-
vestigated as an effective building material by Telesca et al., (2013) [98] due to the formation
of ettringite. Similar to calcium silicate hydrate (CSH) in Equations (1) and (2), ettringite is
an important hydrating product of calcium aluminium sulphate (4CaOAl2O33SO3 32H2O)
cement, and it is known to form in a limited quantity during hydration of Portland cement
from the reaction of gypsum, calcium aluminate and water [13,98]. Potential utilization of
FGD products as building materials could be realised with the newly built Medupi and
Kusile in South Africa with the FGD installation system.

4.2.3. Synthesis of Zeolite

Synthesis of zeolite materials from CFA has been studied and reviewed for industrial
applications such as wastewater treatment and organic and inorganic pollutant treat-
ment [13,72,99]. The zeolite type X has the largest pore size (7.3 Å) and thus the highest
cation exchange capacity (CEC) (Table 5). The conventional synthesis of zeolites involves
alkaline activation by NaOH or KOH at high temperature (50–150 ◦C) for 2–14 days. In the
synthesis process, parameters which are essential include the Si:Al ratio, pH control of the
process and the synthesis time and temperature [13,72].
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Table 5. Common zeolites synthesized and their relative properties (after [72,100]).

Zeolite Class Zeolite Type Si/Al Ratio Pore Size (Å)

Low silica Zeolite A, X 1–1.5 7.3
Intermediate silica Zeolite Y, P 1.7–8 4.1

High silica ZSM-5, EU-1 >10 2.3
Silica molecular sieves Silicalite >100 <1

Hydrothermal Synthesis

Murayama et al., (2002) [101] proposed that the synthesis of zeolite from CFA using an
alkaline hydrothermal process occurs via dissolution of Al and Si, condensation/gelation,
nucleation and crystallization. The direct hydrothermal activation process is much simpler
and less costly than the two-step hydrothermal technique [102,103]. Due to the crystalline
mullite and quartz in CFA, it has been observed that the synthesized products have low
conversion to zeolite phases and lack reproducibility. Thus, different synthesis methods
have been altered and improved via hydrothermal activation [13,72]. Alternatively, se-
quential extraction of Al2O3 and SiO2 from CFA by acid and/or alkaline solution has also
been investigated to synthesize zeolites of higher CEC [104]. However, treatment with
concentrated acid destroys the zeolite structure and reduces the CEC value.

A pilot plant by Moreno et al., (2001) [12] was used to demonstrate treatment of AMD
using CFA from Narcea and Teruel power plants. The zeolite synthesized was Na-P1
(Na6Al6Si10O32·12H2O), with 2.7 CEC value for Narcea CFA and 2.0 mequiv/g for Teruel
CFA. Inada et al., (2005) [99] also synthesised Na-P1 (Na6Al6Si10O32·12H2O) and hydroxy-
sodalite (Na4Al3Si3O12(OH)) using NaOH solution at 100 ◦C. Zeolite Na-P1 achieved the
highest CEC value (300 meq/100 g). The hydroxy-sodalite had the lowest CEC value and
the smallest pore size of 2.3 Å.

Zeolite with the highest pore size (type X, Y, P) is often desired due to diverse industrial
applications. Querol et al., (2002) [72] found in a review that zeolite types 4A and X can be
synthesized by extracting SiO2 from CFA; however, the direct utilization of CFA results in
zeolite with low CEC value due to temperature constrains [105]. Synthetic Na-X zeolite,
using a patented process developed by Wdowin et al., (2014) [106], has been shown
to remove xylene, benzene and toluene [105,106]. The sorption capacities of the tested
materials followed the order xylenes > toluene > benzene, and Na-X exhibited sorption
performance in the range 383.67–582.91 µg/g [105].

Alternative Assisted Synthesis Methods

Hydrothermal activation is known to affect the quality of the zeolite product and thus
limits industrial applications. At high temperatures (125–200 ◦C), zeolite A and zeolite
X are difficult to form. A decrease in temperature requires long synthesis time, and thus
it is time consuming [13,72,99]. Alternative synthesis methods such as alkaline-assisted
fusion [107], have been investigated. Alkaline-assisted fusion is known for high yield of
zeolite and lower environmental impact, since wastewater, which often requires further
treatment, is not produced. However, the process is energy-intensive and expensive [13,72].

The conventional hydrothermal activation process uses a large amount of water.
Therefore, due to the scarcity of fresh water, alternative water sources such as brine solution
and mine waters have been investigated for zeolite synthesis [108,109]. Musyoka et al.,
(2011) [108] investigated the application of the industrial brine effluent located near the
ash dump in Mpumalanga, South Africa. The synthesized hydroxyl sodalite zeolite was
comparable to that obtained using freshwater under the same experimental conditions.
In a different study, AMD and NMW were investigated as potential solvents [109]. The
use of NMW formed Zeolite X and Na-P1. However, the application of AMD formed
hydroxyl-sodalite with low CEC value. Nonetheless, both AMD and NMW are waste
materials in mining sites. Therefore, their recycling produces benefits by adding value and
also reducing the treatment costs.
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5. Indirect Utilization of CFA

CFA contains a number of valuable elements that can be recovered using metallurgical
processes. According to Liu and Li (2015) [110], the extraction of these values from sec-
ondary material should be practical and economically feasible. Other than being practical
and economically feasible, the process should also be sustainable. A sustainable process
approach to earn revenue would require generation of more than one saleable product,
minimization of waste disposal and regeneration of reagents [14]. Some indirect methods
of utilizing CFA are discussed in the sections that follow.

5.1. Recovery of the Magnetic Fraction

In CFA, iron occurs as an oxide of magnetite (Fe3O4), hematite (α-Fe2O3) and maghemite
(γ-Fe2O3). Based on their magnetic properties, magnetic particles in CFA can be separated
from non-magnetic ones. The magnetic separation technique has been investigated as the
cheapest alternative for Fe recovery from CFA. In this process, an external magnetic field is
applied to separate or extract the highly magnetic fractions from the non-magnetic ones.
Dry and wet magnetic separation are the most common techniques applied in high- and
low-intensity magnetic separation conditions [111,112]. In CFA, the iron content varies
from 2–20% due to the coal origin and the prevailing coal combustion conditions. For
example, in South Africa, the iron content ranges from 2–6%, while in China the maximum
iron content can be up to 20% (Table 2).

Murtha and Burnet (1978) [111] first investigated the magnetic separation of CFA
containing 18.5% Fe2O3 using a low-gradient electromagnetic separator. For sufficient
separation, the process was repeated three times, and 85% Fe2O3 was extracted with less
than 10% of SiO2 and Al2O3 co-extraction. The magnetic fraction was reported to be a
dense material with very small particle sizes [111]. Shoumkova (2011) [113] conducted both
wet and dry magnetic separation and reported that the separation efficiency is affected by
the spinel magnetite where Fe is substituted with Mg, Ca, Mn or Si. Thus, the magnetic
fraction always contains low levels of impurities and has lower magnetic susceptibility
compared to pure magnetite (Fe3O4).

In 1980, Brown [114] patented a process that utilizes both wet and dry magnetic
separation for the extraction of high-purity magnetic fractions. In this patent, CFA and
water are introduced as slurry into a settling tank and then passed through two magnetic
separators. The extracted magnetic fraction is further pulverized to −342 µm and then
passed through the third magnetic separator to remove the remaining impurities. In 1984,
a similar process was also patented by Aldrich (1984) [112]. In this process, the first step
is dry magnetic separation. The extracted magnetic fraction is then ground to −325 µm,
followed by wet magnetic separation to improve the quality of the extracted fraction. This
process recovered up to 98% magnetite with a specific gravity of 4.5 [112].

Dense medium separators are the most widely applied gravity concentration units in
coal cleaning. Magnetite is the common material used to form the suspension. The magnetic
fraction in CFA has been identified as an alternative source for magnetite [106,110–112].
Therefore, the substitution of fresh magnetite with CFA magnetic fraction is a potential
market for using CFA to clean the on-site coal, thereby reducing the operating costs associ-
ated with buying fresh magnetite [107,113]. The CFA magnetic fraction also seems to be
a potential source of iron ore. However, Murtha and Burnet (1978) reported that further
processing should be conducted to reduce the amount of SiO2 and Al2O3. Acceptable
material for blast furnace feed should have combined silica and the alumina content of
less than 5% [106]. Shoumkova (2011) [113] and Strzałkowska (2021) [115] also observed that
the magnetic fraction (magnetite and hematite) is co-extracted with quartz (SiO2), mullite
(3Al2O3·2SiO2) and the amorphous phase due to the co-existence of these phases with the
Fe-containing mineral [115]. Nonetheless, magnetic separation can be carried out using differ-
ent methods depending on the required final product quality and its intended use [113]. The
ferrospheric magnetic particles are characterised as dendritic-skeletal, granular and hollow
in structure, and their particle size can range from 1 to 200 µm [113,115]. Strzałkowska
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(2021) [115] proposed that the magnetic fraction can further be investigated as a potential
catalyst in wastewater treatment. In the extraction of rare earth elements, magnetic sep-
aration is also used to concentrate the REEs [116]. The non-magnetic fraction, which is
enriched with aluminium and silica, can further be utilized in the building and construction
industry [117], used for zeolite synthesis [116], or processed for the metallurgical recovery
of alumina and REEs [116,118,119].

5.2. Recovery of Alumina, Titanium and Iron

Aluminium has wide industrial application in the construction, electrical, mechanical
and transportation industry. It has been found to be attractive due to its remarkable
properties such as “high thermal and electrical conductivity, corrosion resistance and high
strength-to-weight ratio” [30]. CFA contains 20–30% Al2O3, which is among the highest
known alumina contents, second only to bauxite, whose alumina content is in the range
30–60% (Table 6). Bauxite is the primary source of alumina in the world and is commercially
processed using the conventional and economically proven Bayer process. In the Bayer
process, the bauxite ore is leached in a hot caustic soda solution at high pressure and
temperature to form sodium aluminate solution. The hydroxide solution (Equation (9))
is then cooled to precipitate (seed precipitation) the aluminium hydroxide. The alumina
crystals are then calcined at >1000 ◦C to form the final alumina product (Equation (10)),
which is further refined to produce the aluminium metal using the Hall–Heroult electrolytic
process [30,120].

Al2O3 + 2OH− + 3H2O→ 2Al(OH)3 (9)

2Al(OH)3 → Al2O3 + 3H2O (10)

The Bayer process is selective in Fe and Ti separation due to their low solubility in
alkaline solution [121]. However, the process is only feasible for bauxite containing a high
mass ratio of alumina to silica (A:S) above 9 [30,122]. In CFA, the silica concentration
is greater than 40% with A:S ratio of 1–2. Both silica and alumina react to form the
insoluble and difficult-to-treat sodium aluminium hydro-silicate [110,123]. Therefore, for
the extraction of alumina from CFA, several methods have been investigated. Although no
commercial process is available, advances have been made in direct acid leaching, sinter
processes and the chlorination process.

Table 6. Typical chemical composition of CFA, bauxite and smelter-grade alumina (after [14,124]).

Component Coal Fly Ash (CFA) Bauxite Smelter-Grade

SiO2 40–60 <10 0.005–0.025
Al2O3 20–31 30–60 >99.3
CaO 3–11 0.1–2.0 0.005–0.020

Fe2O3 2–6 1–30 0.001–0.008
TiO2 1.3–1.7 <10 <0.020
P2O5 <1.0 <1.1 <0.0015

5.2.1. Direct Acid Leaching

The direct acid leaching of CFA has resulted in low alumina extraction at low acid
concentration and ambient temperature due to the dissimilar alumina phases. Shemi et al.,
(2015) [20] observed that alumina in the amorphous phase is recoverable up to 89.3% in 6 M
H2SO4, while the alumina associated with the mullite (3Al2O3·2SiO2) remained unreactive.
However, several workers have reported that at high pressure, high temperature and high
acid concentrations, higher alumina extraction efficiency is possible [125–127].

In a study by Nayak and Panda (2010) [125], CFA was leached in 18 M H2SO4 at 200 ◦C,
and more than 82% Al2O3 was recovered. However, under these conditions, they observed
a formation of acid fumes due to acid boiling. A recent study by Wei et al., (2018) [127]
also reported that alumina can be recovered significantly at high temperatures and high
acid concentrations. In this study [127], CFA was mixed with concentrated sulphuric acid
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(H2SO4: CFA, 1.2) at 220–320 ◦C to form milosevichite clinker in Equation (11), which is
soluble in boiling water. The alumina recovery reached up to 86% after 120 min of leaching.
The leached solution was then evaporated at 115–117 ◦C, and Al2(SO4)3·18H2O was directly
crystallized. The crystalloids were dehydrated at 370 ◦C and further calcined at 870 ◦C to
form the final alumina product (γ-Al2O3). Reclamation and recycling of SO3 in this process
was achieved by using a reflux condenser device, which was installed on the flask [127]. In
this process, direct alumina crystallization was reported possible, thus reducing the cost of
downstream purification techniques required to generate smelter-grade alumina.

3Al2O3·2SiO2(S) + H2SO4(l) → Al2(SO4)3(s) + 2SiO2(s) (11)

Orbite Alumnae in Canada has patented a chloride process for the extraction of
alumina from bauxite residue and CFA secondary resources (Figure 3). The process uses
HCl to leach CFA at high-temperature and -pressure conditions. In this process, high co-
extraction of Al and Fe occurs, while Ti remains in the residue. Alumina chloride is directly
crystallized from the resulting leach solution to produce smelter-grade alumina. However,
to aid crystallization, highly toxic chlorine gas is required. The remaining raffinate is
hydrolyzed and calcined to produce Fe2O3. The recovery of Ti in the residue is patented
for production of high purity TiO2 [128,129]. The main advantage of the process is the
extraction of more than one saleable product. However, the boiling point (b.p) of HCl
decreases with an increase in molarity (at 2.9 M, the b.p of HCl is 103 ◦C, whilst at 12.4 M it
is 48 ◦C); therefore, it forms a corrosive mist, which leads to high equipment costs [30,130].
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5.2.2. Sinter Process

Due to the two dissimilar alumina phases in CFA, thermal pre-treatment methods that
involve sintering were introduced by several workers to transform the mullite into a soluble
phase [131–134]. The pre-treatment involves high-temperature chemical transformation
(usually in excess of 1000 ◦C) of the refractory mullite into a more soluble compound
of anorthite or gehlenite (Equations (12) and (13)). After sintering, the sintered CFA is
dissolvable in alkaline or acidic solutions, hence the classification of sinter-based processes
as indirect acid leaching and indirect alkaline leaching [14,121].

3Al2O3·2SiO2 + 3CaO + 4SiO2 → 3(CaO·Al2O2·2SiO2) (12)

3Al2O3·2SiO2 + 5CaO + 4SiO2 → 3(2CaO·Al2O2·2SiO2) (13)
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Indirect Acid Leaching

In this process, the sintered CFA material is leached in an acidic solution to recover
alumina. Several workers have investigated the sinter-acid leaching method and success-
fully obtained high alumina recovery for commercial exploitation [132–135]. However, the
cost implications involved in hydrothermal pre-treatment are a major concern. Addition-
ally, further purification is required to produce smelter-grade alumina, which adds to the
processing costs.

Matjie et al., (2005) [134] first investigated the possible saleable products that can
be co-recovered with alumina. In the lime-sinter process by Matjie et al., (2005) [134]
as shown in Figure 4, CFA was pelletized in a mixture containing a CFA: Coal: CaO
ratio of 5:4:1, followed by sintering at 1000–1100 ◦C for a maximum of 180 min. The
sintered pellets were then leached for 4 h with 6.12 M H2SO4 at 80 ◦C. The pH of the
leach solution was adjusted using NaOH and both Ti4+ and Fe2+ were selectively extracted
into the organic solution using Primine JMT. Selective hydroxide precipitation was then
conducted to recover Ti(OH)2 and Fe(OH)3 from the strip liquor. The remaining raffinate
was then crystallized and calcined to produce high purity alumina. This process has the
potential to be commercialized, as alumina, titanium and iron are extracted with high
purity. However, the cost implication of commercializing such a process is the main
drawback. The process reagents such as amines and sodium hydroxides are also expensive
and thus should be recycled during processing or substituted with the lower cost reagents.
Matjie et al., (2005) [134] also suggested that the remaining silica residue has the potential
of being used as a lightweight aggregate in the construction industry.
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Indirect Alkaline Leaching

The sintered CFA material can also be leached in an alkaline solution, which is also
known as the indirect alkaline leaching (CaO, Na2CO3, NaOH or H2O) [15,131,136–138]. In
the lime-sinter process, CFA reacts with lime at >1100 ◦C to form soluble calcium aluminate
and the insoluble di-calcium silicate. The sintered CFA disintegrates at <500 ◦C into a fine
powder and therefore can be leached in Na2CO3. In this process (Figure 5), the remaining
residue can be utilized as feed for cement production [15].
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The disadvantages of the lime-sinter alkaline process are its large consumption of the
alkaline solution and high sintering temperature, which makes the process very energy-
intensive [14,15]. Based on the lime-sinter process, the Melic Sea Group completed an
alumina project worth 200,000 tonnes per year in China. The project was unsuccess-
ful and ceased production [53,137]. Pre-desilication was introduced to reduce the high
lime consumption, and the combined process of pre-desilication and lime-sintering was
adopted [15,53]. In this process, CFA is first “desilicated” [15] to remove >40 wt% SiO2 by al-
kaline leaching, thus increasing the Al2O3/SiO2 mass ratio (0.8–1.0). The desilicated CFA is
then sintered and leached in an alkaline solution to recover more than 90% Al2O3 [139,140].

Although a lot of effort has been made to commercialize CFA in China, the production
ceased due to the high-energy consumption of hydrothermal pre-treatment and the excess
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silica-rich residue (dicalcium silicate), which has limited utilization, as well as the complex
operation of the plants, which resulted in no profit [15,53]. A high-alumina coal fly ash
(HAFA) with 40–50% Al2O3 in northwestern China attracted attention to commercialize
CFA processing, but it was realized that for more economic benefits, it would be prudent to
extract more valuable materials such as gallium and germanium in addition to alumina.
However, such a multi-product process has not yet been commercialized, and the extraction
of alumina from CFA has had to be revised [15,53,137].

Acid Leach–Sinter–Acid Leach

The distributions of alumina in two dissimilar phases has also lead to the development
of a novel two-step leaching process (Figure 6) [20]. Shemi et al., (2015) [20] found that
when the alumina-bearing amorphous and mullite phases are leached separately, they
yield high extraction efficiency. In the first pre-sinter stage, alumina in the amorphous
phase is leached with 6 M H2SO4 solution for 10 h at 82 ◦C to extract 24.8% Al2O3, which
corresponds to 89.3% aluminium recovery from the amorphous phase. The remaining
residue is mixed with coal and lime, pelletized, sintered at ~1100 ◦C and then leached
with 2 M H2SO4 at 82 ◦C. This post-sinter stage extracts 84.3% aluminium from the mullite
phase. The overall process extracted a maximum of 88.2% Al2O3 from the amorphous and
mullite phase.
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The two-step leaching process also resulted in high titanium and iron co-extraction.
Rampou and collaborators (2017) [141] developed an integrated precipitation and solvent
extraction method to purify the subsequent leach liquor generated by the leach-sinter-
leach process. Iron fillings were added to the solution to reduce Fe3+ to Fe2+. Solvent
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extraction was then performed to selectively extract Ti4+ with primine JMT (10%)/kerosene
(A/O: 1:1, 15 min), followed by stripping with NH4OH. The Ti(OH)4 was then calcined
to produce 93.3% TiO2. The titanium oxide product was predominantly rutile, which
is a precursor for paint pigmentation, based on the American Society for Testing and
Materials (ASTM) standard. The calcined TiO2 resembled type II titanium pigment in
composition. Aluminium was then crystallised as AlNH4(SO)3 from the raffinate solution
and subsequently calcined to produce smelter-grade alumina containing 96% Al2O3. The
remaining solution was further processed to precipitate out iron as Fe(OH)2. The calcined
iron oxide predominantly contained hematite (Fe2O3, 79.29%) with an equivalent Fe content
of 55.5% [141].

Hematite is the common iron content in most mining site [142]. The average grade in
iron processing can be >60 wt% Fe. Therefore, for mining operation to be commercially
feasible, iron deposits with 56–59 wt% Fe grade are accepted [143]. The iron precipitate
was therefore recommended as acceptable raw material for commercial steel making opera-
tions [141]. In agreement with Matjie et al., (2005) [134], Shemi et al., (2015) [20] also recom-
mended that the remaining silica residue can be used as lightweight aggregate material.

5.2.3. HiChlor Process

The HiChlor process is a high-temperature chlorination process that was initially
developed to compete with the Hall–Heroult electrolysis process for the production of
aluminium. In the Hall–Heroult process, alumina from the Bayer process is dissolved in
molten cryolite (Na3AlF6) and electrolyzed using carbon electrodes to produce pure Al
metal (Equation (14)). In the HiChlor process, the purified Al2O3 is chlorinated to AlCl3,
dissolved in a molten salt and thus electrolyzed using graphite electrodes (Equation (15)).
The HiChlor process showed potential in the production of alumina directly from bauxite,
and the possibility of using the process on CFA was also postulated by Øye (2018) [144]. For
CFA, the major challenge of the HiChlor process was the formation of difficult-to-separate
FeAlCl6(g) between 200–700 ◦C. Despite introducing magnetic separation as a pre-treatment
method to remove iron, only one-third of the Fe was recovered.

2Al2O3 + 3C→ 4Al + 3CO2 (14)

3Al2O3 + 3C + 6Cl2 → 4AlCl3 + 3CO2 (15)

Another setback for the HiChlor process was that it is not environmentally friendly,
and therefore it was never commercialised [145,146]. To date, the largest research effort has
been made by Alcoa with a demonstrative plant in 1976 that produced more than 13 tonnes
of aluminium per day. However, the company ceased production in 1985. Alcoa and
Rio Tinto joined venture as ELYSIS to commercialise the inert O2 anode process. SINTEF,
Norway, is also reviewing the HiChlor process, with active research underway. The high
interest in the chlorination process is mainly due to its low energy consumption and its
high carbon reduction footprint [147,148].

5.3. Recovery of Rare Earth Elements

The REEs are defined as “strategic and critical elements” [147]. Their global demand
is increasing with increasing demand for their application in green energy technologies
such as solar panels, wind-powered turbines and low-energy light bulbs. Their distinct
properties such as high magnetism (but light weight) and good electrical conductivity have
played a major role in the development of technological devices. It has thus been noted that
the future of renewables heavily depends on REEs [28,147]. Minable concentrates of the
REEs exist in South Africa, Australia, the United States, China and India. However, only a
few countries have the potential to beneficiate the REEs to the refining stage. For example,
outside China, only Lynas Mount Weld (Australia) (LREEs) and Molycorp Mountain Pass
(USA) have the capacity to separate and refine the REEs [28,149]. According to the 2020 US
Geological Survey [73,74], China produces almost 95% and consumes 75% of the global
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production of rare earth metals. Therefore, alternative sustainable deposits outside China
are being heavily investigated for a sustainable future supply.

The extraction of REEs from secondary material has been considered as an additional
source to meet the increasing demand. Waste materials such as bauxite residue and CFA have
received attention, as they contain considerable quantities of REEs (100–1000 ppm) [27,28,149].
The exploitation of these secondary materials has an inherent advantage of reducing
environmental impacts. The extraction of REEs from CFA is currently under on-going
research. The United States Department of Energy has considerable research focused on
the extraction of REEs from coal and coal by-products [150].

5.3.1. Alkali-Acid Leaching of the REEs

The extraction of REEs from CFA has been studied using commercially available
lixiviants such as HCl, HNO3 and H2SO4. Direct acid leaching has resulted in high REEs
recoveries, but in other studies, low or no REEs recoveries have been reported [37,151,152].
King et al., (2018) [153] studied the recovery of REEs from different CFA materials in
the USA. The CFA material from Powder River Basin (PRB) showed nearly 100% REEs
recovery with 6M HCl at 85 ◦C for 4 h. However, under the same experimental conditions,
the Appalachian-based coal ashes (APCA) showed 57% recovery, and for the Illinois Basin,
43% REEs recovery was attained. From these results, it was concluded that the extraction
efficiency varied due to the different compositions and distributions of the REEs in the
CFA [153]. In a different study, Sedres (2016) [37] observed no REE extraction from the CFA
obtained from Matla power plant, South Africa, despite using both HCl (0–10 M, 100 ◦C)
and H2SO4 (5–18.2 M, 85–100 ◦C). Although the direct acid leaching was not effective on
some CFA material, it has been observed that the leaching efficiency follows the order
HCl > HNO3 > H2SO4. Thus, HCl is often the best lixiviant for extracting REEs [151,153,154].

Cao et al., (2018) [152] studied the factors which affect REEs recovery in CFA using
HCl. In this study, CFA was leached for 120 min at 200 rpm, 60 ◦C, 3 M HCl using a liquid–
solid ratio of 10 (v/m). A maximum of 71.9% La, 66.0% Ce and 61.9% Nd were recovered.
Incidentally, the high-pressure chloride process by the Orbite Alumnae in Canada has also
been reported to fully recover REEs [128,129].

The pre-treatment of CFA prior to acid leaching has been effective for high recovery of
REEs. In this process, CFA is roasted or calcined at temperatures below the melting point
of the salt used, thus liberating the REEs enclosed in the aluminosilicate [153,155–157]. In
a study by Tang et al., (2019) [156], CFA was roasted at 860 ◦C (CFA: Na2CO3, 1:1) and
leached with 3M HCl for 2 h. The maximum REEs leaching efficiency was reported as 72.78%.

5.3.2. Bioleaching of REEs

Bioleaching is a commercially viable process for the recovery of gold, nickel, and
uranium from low-grade ores and mineral concentrates [158]. In CFA, it was first in-
vestigated for alumina recovery as a cost-effective alternative to the inorganic chemical
extraction process. In this process, the bacterial microbe is used as a catalyst that facilitates
the leaching process, either directly or indirectly. The process is often ideal for low-grade
sulphides, as the microorganisms uses the metal sulphates, which have low solubility,
as the source of energy to form H2SO4, which is the main cell metabolite in the leaching
process [158,159]. In the extraction of REEs, the acid and ferric ions are useful in the
leaching process (Equations (17)–(19)) [160,161]. It is also noted from literature [162,163]
that most bacterial microbes often thrive at low pH; thus, alkaline materials such as CFA
show slow bacteria growth, resulting in low leaching efficiency. However, the addition of
elemental sulphur can improve the leaching efficiency by supplying an additional energy
source [162,163].

FeS2 + 2Fe3+ → 3Fe2+ + 2So (16)

2So + 3O2 + 2H2O→ 2SO2−
4 + 4H+ (17)

4Fe2+ + O2 + 4H+ → 4Fe3+ + 2H2O (18)
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(REE)FeS2(s) + 3Fe3+ → 4Fe2+ + REE+
(aq) + 2So (19)

A batch experiment was first performed for the extraction of alumina and iron by
suspending up to 10% (w/v) CFA in Thiobacillu thiooxidans inoculum, containing a growth
medium for 21 days [163]. Up to 25% Al2O3 and 22% Fe2O3 were recovered. The precip-
itation of calcium sulphate interfered with cell attachment to sulphur particles, and this
delayed the cell growth rates. The pre-treatment of CFA with HCl to remove CaO had
no significant impact, and thus, the overall process was found to be ineffective, with low
alumina selectivity and slow leaching kinetics [163]. In a recent study, Fan et al., (2019) [164]
activated CFA by roasting with Na2CO3 at 850 ◦C for 2 h prior to leaching. The CFA and
pyrite (source of sulphur) were mixed, and the pH was adjusted to 1.5–2.5 using H2SO4.
The meso-acidophilic Acidithiobacillus ferrooxidans were used as a source of pyrite oxidation
and to therefore produce H2SO4 and Fe3+ (Equations (16)–(18)). After 12 days and 8 days
of incubation, 91.2% Al and 63.4% Ce were recovered.

5.3.3. Purification and Concentration of REEs

To upgrade and concentrate REEs, it is important to use an appropriate selective
purification technique. Most leaching processes (i.e., acid leaching, bioleaching) are not
selective and thus result in the co-extraction of Al, Ti, Fe and Ca with REEs. As such, there
is need for inexpensive and environmentally friendly purification steps which have a high
selectivity for REEs. Common purification techniques that have been investigated are
discussed:

• Adsorption of REEs

A number of adsorbents, such as zeolite and silica, have been studied and reviewed
for their adsorption capacity for REEs [165]. However, research on the adsorption of REEs
from a complex matrix such as CFA is limited. In biosorption, a microbial cell surface
is used to adsorb metals from dilute solutions. The microorganism acts as biosorbant
or bio-accumulator for metals. The adsorption process is contributed by the cell surface
functional groups such as carboxyl (COO−), Hydroxyl (OH−) and sulphhydryl (HS−),
which enables the adsorption of metals to the microbial surface. The adsorbed REEs can
easily be recovered by desorption with water-soluble organic acids, and the biomass can be
recycled [166,167]. A study by Ponou et al., (2016) [166] has so far revealed that REEs can be
selectively adsorbed on a carbonized ginkgo leaf after leaching with HCl. The biosorption
processes is carried out at pH 3 for Er and pH 5 for La and Ce.

• Application of Ionic Liquids in REEs Extraction

Ionic liquids (ILs) are known as potential green solvents with high selectivity. Similar
to the biosorption process, limited research is available on these lixiviants. However, coal
ash from Jiangxi, Guizhou, power plant in China was investigated for selective separation
of REEs using ILs. To the chloride-leached solution containing REEs, methyltrioctylam-
monium chloride ((N1888) Cl) was first used to selectively separate Fe3+. The remaining
raffinate was further processed to purify the REEs by selectively extracting them using
Methyltrioctylammonium-sec-octylphenoxyacetate(N1888-SOPAA). The co-extraction of
calcium was observed, and it was selectively removed with NH4HCO3 [168].

• Solvent Extraction and Ion Exchange for REEs Purification

Solvent extraction (SE) and ion exchange (IX) are the conventional purification tech-
niques in REEs processing. However, research on a complex matrix such as CFA is lim-
ited [149,152]. A study by Wang et al., (2019) [152] investigated a sequential leaching
process (Figure 7) to recover REEs from CFA using NaOH/HCl. CFA was desilicated
using NaOH to remove almost 40% of silica. The desilicated CFA was then leached in 8 M
HCl, and 88.15% REEs were recovered. To selectively recover the REEs, IX and selective
precipitation with oxalic acid are recommended as suitable techniques for high-purity REEs,
but there are no details on which selective parameters to use.
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Figure 7. The extraction of the REE from CFA [157].

In a separate study, a diglycolamide-based tetra (2-ethylhexyl) diglycolamide (TEHDGA)
complex was synthesised and impregnated onto Amberlite XAD-7 resin. REEs showed
good adsorption on the TEHDGA-XAD-7 resin with no interference from Si, Al, Fe, Mg
and Ca. The loaded REEs on the resin were eluted with 0.01 M HNO3, and all the rare
earth metals showed similar elution behaviour [169]. However, the authors did not report
the recoveries.

Table 7 summarizes different techniques used in metallurgical recovery of valuable
resources from CFA, including the disadvantages and advantages of the processes.
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Table 7. Summary of the metallurgical recovery of valuable metals from CFA.

Metallurgical Process and Conditions Valuables
Recovered (wt%) Note/Remark References

Magnetic
separation

Dry and wet magnetic
separation Magnetite

Cost-effective method
High impurities in magnetic fraction

Magnetic fraction is a potential resource as
iron ore and for wastewater treatment.

Non-magnetic fraction applicable in metal
recovery and construction industry

[113,115,118,119]

Direct acid
leaching

HCl leach (150–170 ◦C),
at high temperature

and pressure
Al, Ti, Fe, REEs, Selective process, high extraction efficiency

Recovery dependent on composition of CFA
High pressure and temperature, toxic Cl2 gas

[128,129,153]
12 M HCl at 85 ◦C

for 4 h
>90% REEs, Al, Ti,

Fe co-extracted

18 M H2SO4 at 200 ◦C 84.2% Al
High alumina extraction

High acid consumption and leaching
temperature

[125]

Indirect
alkaline leach

Pre-desilication, sinter,
alkaline leach

40% Ca2SiO4,
91% Al

Selective and reduces Si/Al ratio
Energy consumption [15,53]

Indirect
acid leach

Sinter at 110 ◦C
(3 h, CFA:C:CaO, 5:4:1),
leach with 6.12MH2SO4

(4 h at 80 ◦C)

85% Al, Ti, Fe
co-extracted

High extraction, low selectivity
Energy-intensive

Residue possible lightweight aggregate
[134]

Roast at NaOH at
450 °C, leached in

3 M HCl

>80% REEs, Al, Ti,
Fe co-extracted

High extraction, low selectivity
Energy-intensive [155]

Acid leach–
sinter–acid

leach

Direct leaching with 6 M
H2SO4 (10 h, 82 ◦C),
sintering for 1050 ◦C

(3 h, CFA:C:CaO, 5:4:1),
leaching with 6 M

H2SO4 (82 ◦C)

88.2% Al, Ti, Fe
co-extracted

High extraction, low selectivity
Energy-intensive

Residue possible lightweight aggregate
[20,141]

Bioleaching

Pre-treatment in HCl,
leaching with

Thiobacillus thiooxidans
for 21 days

25% Al, 22% Fe Low extraction, low selectivity
Requires pre-treatment for mullite phase [163]

Roasting with Na2CO3
at 850 ◦C for 2 h
Acidithiobacillus

ferrooxidans

91.2% Al,
63.4% Ce

High recovery, requires purification
Energy-intensive [164]

6. Challenges and Opportunities Related to CFA Sustainability

CFA management can be classified into two categories: disposal, and beneficiation.
The disposal techniques, discussed in Section 2, are no longer viable options due to en-
acted rules and regulations on waste management. According to Reynolds-Clausen and
Singh (2017) [8], Eskom Holdings in South Africa has revised its strategy to exempt the
classification of CCW as hazardous waste. Thus, different CCW materials will be analysed
according to SANS 10234 (South African Bureau of Standards, 2008) to determine their toxic
component (i.e., heavy metals). Thus far, the building and construction industry discussed
in Section 4.1 does not accommodate the large quantity of CFA produced annually on
its own [19]; therefore, this results in low-volume utilization. Beneficiation through high-
volume and high-value-added utilization is an alternative. This review has shown that CFA
activation is the alternative option in order to unlock its full potential either as an adsorbent
in waste purification or in the metallurgical recovery of alumina. However, pre-treatment
to activate CFA is energy-intensive and thus hinders commercial application. Additionally,
pre-treatment may also results in emission of greenhouse gases. The review has also shown
that utilization of CFA could result in secondary solid reside (SSR) and liquid waste, which
could potentially lead to environmental pollution. The potential environmental impact of
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CFA utilization and alternative techniques, which could mitigate these effects, are discussed
in details.

6.1. The Environmental and Economic Challenges to CFA Processing

In metallurgical recovery of alumina, processing methods that involve acidic leaching
do not meet smelter-grade purity due to high co-extraction of titanium and iron into solution.
Such processes require further purification such as solvent extraction, precipitation and ion
exchange. This results in additional processing costs, and thus it is difficult to compete with
the conventional Bayer process. With this route, poor selectivity has also been observed
in REEs recovery. The SSR generated after alumina recovery has also not been studied
extensively enough to be used as a basis for advocating for or against the process.

The application of CFA as a low-cost adsorbent also creates SSR. In wastewater treat-
ment, the heavy toxic elements (Cr, As and Ni) accumulate in SSR, and thus the disposal of
these material can result in environmental pollution. While several studies have proposed
the utilization of alternatives of SSR to minimize CFA disposal, only a few have evalu-
ated the potential environmental impact of the SSR. Similarly, the liquid waste discharge
generated after water treatment should align with the Waste Management Act regulation
(Act. No. 59 of 2008). Therefore, the treated water should be re-used to add value, i.e., it
should meet irrigation or domestic water quality standards as presented in Table 8. Thus
far, the treated AMD solutions meet irrigation standards as reviewed in Section 4.2.1. The
current legislation and regulations on waste management, which aim to prevent, conserve
or control environmental effects, are summarised in Table 9. Therefore, process design is
expected to comply with these policies and regulations.

Table 8. The accepted water quality range in South Africa (after [69,170]).

Parameters Irrigation Water Quality Domestic Water Quality

pH 6–8 6–9
Sulphates - <500 ppm

Elements (mg/L)
(maximum/minimum)

Al <10 <0.15
Fe <5 <0.1
Mn <0.02 <0.05
Si - -
Ca - <30
Na <100 <100
As <0.1 <0.01
Se <0.02 <0.02
Cr <0.01 <0.05
Cu <0.2 <1

(-)—Not Available.

Table 9. Relevant waste management policies and regulations in RSA and USA.

Countries Regulations Content/Note Reference

RSA

Air Quality Act
(Act No. 39 of 2004)

The act aims to maintain quality air and thus to prevent air pollution. Emission
of greenhouse gases is regulated here. Classification of CFA as hazardous waste

is regulated for transportation in mining site and for utilization.
[30,171]Waste Act

(Act No. 59 of 2008)
The act regulates liquid and solid waste discharge limits to

disposal side.
National Water Act
(Act No. 36 of 1998) Regulates water quality, water treatment and discharge to the environment

USA *

Clean Air Act (1970) Regulates toxic and heavy metals, which often affect human health.

[16,171]

Resource Conservation and
Recovery Act
(act of 1976)

Primary resources are depleting. Therefore, it is important to recycle secondary
resources and simultaneously reduce waste

Solid waste regulation Regulates hazardous and non-hazardous waste storage, disposal and utilization

USA * Environmental protection agency, 2015.
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6.2. Mitigating the Challenges in CFA Utilization

To prevent long-term environmental challenges, process design should operate at zero-
or minimal waste generation as mentioned previously. Therefore, process design should
also have high capacity to recover more than one saleable product. For instance, scandium,
one of the REEs, is amphoteric in nature and occurs in trace concentration compared to Al,
Ti, Fe and Si. Therefore, during desilication and alkaline leaching, it could be lost in silica.
A potential process integration is an acid leach process (direct acid leach and sinter acid
leach) where alumina, Ti, Fe and REEs can be recovered. However, there is limited research
available on the production of saleable materials other than alumina. The SSR generated
could also be re-used, regenerated and recycled to minimize waste disposal.

In this study, it is observed that due to the insoluble mullite phase, the sinter–leach
process is the most efficient alumina extraction process. However, the process is energy
intensive, with a potential to release greenhouse gases. Alternative alumina processing
technologies are necessary. Ultrasound- and microwave-assisted leaching processes are
regarded as the “cleaner alternatives”. In zeolite synthesis [103,172,173], the application
of these technologies has been researched; however, such efforts are limited in alumina
production. A research study by Ma et al., (2021) [174] has shown that the microwave-
assisted leaching process is efficient and can extract more than one product. In their study,
CFA is baked at 280 ◦C to form a water-soluble godovikovite. The process can extract >80%
alumina and >55% titanium.

6.2.1. Value-Added Ti and Fe Recovery

The metal oxides of Ti and Fe are attractive as catalysts for wastewater treatment [175,176].
The CFA leach liquor also contains metal oxide, which can further be investigated. Similarly,
iron metal oxide (i.e., magnetite) is an attractive catalyst in Fenton reactions [90,176]. The
extracted magnetic fraction could be recycled into Fenton-like catalyst.

Iron can also be recovered as coagulant. Several Fe and Al coagulants have been
investigated on a laboratory scale using HCl and H2SO4 as lixiviants [177–181]. However,
due to the crystalline mullite phase, it was observed that hydrothermal activation is required
for high alumina [177,178,180]. The CFA leach liquor and the extracted iron magnetic
fractions could instead be used to produce Fe-based coagulants such as Fe2(SO4)3·5H2O
and FeCl3.

6.2.2. Value Added REEs Recovery

The production of downstream value-added REEs is important. In 2015, the South
African National Mineral Research Organisation (MINTEK) launched a pilot plant for
REEs aimed at separating REEs into individual elements as well as the production of other
solvent-extraction-based recovery and purification applications [182]. The aim of the South
African Centralized Refinery (SACREF) is to develop the full mining and manufacturing
chain for REEs in South Africa. Potential deposits for such a process have been identified,
such as carbonatite in Zandkopdrift and phosphogypsum waste dump and monazite
from Namaqua Sand and Richards Bay [183]. The extraction of REEs from CFA could
become feed concentrate material to the SACREF process. This would cut out downstream
processes required for REEs purification, thereby streamlining and reducing operating
steps for the REEs recycling operation, thus attaining lower OPEX and CAPEX whilst
increasing capacity utilisation for existing refineries.

6.2.3. Recycling and Regeneration of CFA Secondary Solid Residue

For wastewater purification, this review in Section 4.2.1 shows that the SSR can be
re-used as an alternative starting material for mine backfill, synthesis of geopolymer and
zeolite. Such efforts can be extended to the alumina recovery residue recommended for
utilization as a lightweight aggregate. Alternatively, mixing of different waste materials
such as mine tailings and steel slags with CFA to adjust the Si/Al ratio for synthesis of
functionalized adsorbents could be applied [95,184]. Research by Sithole et al., (2020) [184]
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utilized CFA as a source of silica additive to supplement basic oxygen furnace slag (BOFS)
in the synthesis of geopolymer to treat the South African AMD. The authors of this study
reported that 99% of sulphates were efficiently recovered within 60 days.

While it is clear that CFA is a good adsorbent, limited research is available on the
regeneration and recycling of the adsorbent material (CFA, zeolites and geopolymers).
The adsorption and desorption of CFA was studied by Batabyal et al., (1995) [185] for
organic phenol compounds in aqueous solution. The desorption process was achieved with
2% H2O2 [185,186]. Such research effort is not available in heavy metal recovery from the
adsorbed CFA materials. The desorption process could potentially result in recovery of
these heavy metals as saleable products. Potential desorption processes could be realised
through chemical and thermal regeneration processes [45,187].

7. Conclusions

This paper has reviewed and discussed current research on CFA recycling methods,
the acceptability of the value-added products, challenges and opportunities in order to
propose sustainable processes for CFA utilization. In this review, the following conclusions
have been drawn:

Currently, there is ongoing active research to find innovative and sustainable methods
of recycling CFA.

• Research on direct CFA utilization includes but is not limited to building and construc-
tion, adsorption of gaseous pollutants, wastewater treatment and zeolite synthesis.

• Research on indirect utilization of CFA includes recovery of the magnetic fraction,
alumina, Ti, Fe and REEs.

Reports show that some value-added products produced from CFA material have
found acceptance. This is a good indicator of sustainable methods of recycling CFA.

• Houses built in Cosmo City, South Africa, are made from geopolymers derived from CFA.
• A pilot plant designed and optimized with success for wastewater purification uses

CFA derivatives.

The key challenges to the recycling of CFA are mainly environmental and economic.

• The generation of secondary solid residue and liquid waste is a threat to the environ-
ment and ecosystems.

• Current proposed processes are either energy-intensive or consume high amounts
of reagents.

The principal opportunity with CFA is that it is an asset containing critical materials.

• Aluminum, titanium, iron and rare earth elements are reported to be present in CFA.
If economically extracted, these constituents could be sealable value-added products,
which would make CFA an attractive asset.

The proposed processes with a potential for sustainability are:

• Direct utilization in the building and construction industry.
• Recovery of Al, Ti, Fe and REEs as saleable products using an integrated process.
• Utilization of CFA (including secondary solid residue) as a low-cost adsorbent material.
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