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Abstract

Nano-sized particles (1–100 nm) comprise a considerable fraction of coal fly ash (CFA). 
They are unique due to their large surface area and higher reactivity compared to larger 
CFA particles. As they are formed by nucleation of volatilised elements or through 
chemical reactions, nano-scale CFA particles have been shown to take up greater quanti-
ties of elemental ions and bind them more strongly than larger particles, diminishing 
the fraction of desorbed ions. Despite this and the large volume of literature on acid 
mine drainage (AMD) treatment using CFA, little is described about the specific role of 
nanoparticles in this process. This chapter therefore sets out to highlight this, beginning 
by delineating nanoparticle characteristics that make them good adsorbents followed by 
details of their formation and action in metal adsorption.
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1. Introduction

Coal accounts for up to 29% of energy production worldwide, generating millions of tons 
of incombustible residue known as coal fly ash (CFA) in the process [1]. The colour of CFA 
varies from tan to grey to black depending on the amount of unburnt carbon. It consists of 
fine spherical particles that may be either hollow or solid and have surface areas as high as 
1000 m2 kg−1 [2].

The chemical properties of CFA are primarily influenced by the type of coal burnt, that is, 
bituminous, sub-bituminous, anthracite or lignite. Anthracite has the highest carbon content, 
hence also has the highest calorific value of all four types. It however, costs two to three times 
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more than regular coal and is therefore not typically used in commercial boilers. Bituminous 
coal contains mostly silica, alumina, iron oxide and calcium while lignite and sub-bituminous 
coal contain less silica and iron oxides but higher calcium and magnesium oxide concentra-

tions (Table 1). CFA is also designated based on the concentrations of these four major miner-

als. Ash with more than 70 wt% silica, alumina and iron oxides and low in lime (1–12%) is 
designated class F while ash with 50–70 wt% silica, alumina and iron oxides and high lime 
content (30–40%) is class C [2]. The former is usually produced from combustion of bitumi-
nous and anthracite coal, and the latter from lignite and sub-bituminous coals.

Although the greater share of CFA generated after coal combustion is deposited in waste 
heaps, it is also widely used in road construction, as a raw material in cement manufacture, 
for the sequestration of toxic gases including SO2, NO2 and Hg and, more recently, as a source 
of catalysts and metals [3, 4].

The formation of mine drainage laden with toxic concentrations of metals and other ions is a 
common legacy of base metal and coal mining [5, 6]. Acid mine drainage (AMD) is formed via 
a cascade of reactions when ferrous sulphide phases, for example, pyrite are exposed to oxy-

genated water, leading to the formation of ferric ion. Ferric ion then subsequently acts as an 
additional oxidising agent for pyrite, making the reaction self-perpetuating as long as the pH 
remains below 3.5 although other factors, including temperature and microorganisms, also 
play an important role [7]. AMD poses significant environmental and ecological challenges to 
receiving water bodies as well as to human populations that depend on these water resources 
for consumption [8]. There have therefore been numerous attempts at investigating the use 
of various materials including CFA which is otherwise a waste product, for the treatment of 
AMD. Two main characteristics stand out in favour of CFA: (i) its alkaline nature that counters 
AMD acidity and (ii) its capacity for adsorption/co-precipitation of elemental ions [9, 10]. The 
synthesis of other adsorbents from CFA, for example, zeolites [11–16], modified mesoporous 
silica [17] and a number of other composite materials [18–20] have also been widely studied.

Metal removal by CFA and its derivatives varied, following different mechanisms includ-

ing ion exchange, precipitation as well as chemical and physical adsorption as the following 

Components Bituminous (%) Sub-bituminous (%) Lignite (%)

Silica 20–60 40–60 15–45

Alumina 5–35 20–30 10–25

Ferric oxide 10–40 4–10 4–15

Calcium oxide 1–12 5–30 15–40

Magnesium oxide 0–5 1–6 3–10

Sulphite 0–4 0–2 0–10

Sodium oxide 0–4 0–2 0–6

Potassium oxide 0–3 0–4 0–4

Table 1. Chemical composition of fly ash from the combustion of bituminous, sub-bituminous and lignite coal [2].
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selected examples illustrate. Belviso et al. [12] investigated the removal of Mn2+ by raw CFA 
from Brindisi, Italy, and a zeolite synthesised from the same fly ash. They found that adsorp-

tion was rapid, attaining equilibrium in 5 minutes and that samples filtered with untreated 
CFA which contained higher Ca2+ and Mg2+ concentrations, for example, up to 340 mg L−1 

versus 22 mg L−1 of Ca in CFA and zeolite-treated samples, respectively. In addition, although 
CFA resulted in slightly greater removal in both batch and column tests, >97% of Mn2+ was 
removed from solution by the end of exposure times. With pHPZC of 12.2 and 12, adsorption of 
Mn2+ to either adsorbents was unlikely as all were positively charged. Since Mn2+ precipitates 

above pH 9 as Mn(OH)2, the high solution pH induced by adsorbents likely resulted in its 
precipitation. These high efficiencies were therefore the result of Mn2+ precipitation induced 
by the high pH of the adsorbents. Indeed, as noted by Cho et al. [9], fly ash is strongly alkaline 
with pH ranging from 10 to 13 when added to water. In contrast to the preceding study, these 
authors found that their CFA, sourced from Boryug, Korea, had a pHPZC of 2.8. It was therefore 
primed for adsorption of positively charged metal ions over a wide pH range and indeed, 
removed >95% of Zn2+, Pb2+, Cd3+ and Cu2+ by pH 8. Further, although removal of Zn was 
reduced in the presence of Cu2+ and Pb2+, that of Cd3+ was improved in the presence of Pb2+, 
and removal of Pb2+ itself was unaffected by any of the other metals. In general, adsorption by 
this CFA was in the order of Pb2+ > Cu2+ > Cd3+ > Zn2+. Adsorption equilibrium was attained in 2 
hours for Zn and in 3 hours for the rest of the metals, and isotherm data for all four were well 
fitted by the Freundlich isotherm.

Spherical porous pellets made from Class C CFA from power plant in Greece were used by 
Papandreou et al. [21] and applied in the removal of Pb2+, Zn2+ and Cr3+. The pellets had a 
Brunauer-Emmett-Teller surface area of 23.41 m2 g−1 and approximately 52% of pore volumes 
occupied by 3.5–4.5 nm pores. Adsorption was investigated at pH 1–10 and found to be opti-
mal at pH 7, for Pb2+ and Cr2+ and pH 8 for Zn2+. Electrostatic attraction between the ions and 
the charged adsorbent surface was determined to be the adsorption mechanism. Adsorption 
isotherms were best fitted by the Langmuir isotherm and maximum adsorption capacities of 
the pellets calculated to be 0.22, 0.27and 0.44 mmol g−1 for Pb2+, Zn2+ and Cr3+, respectively. 
Zinc adsorption was strongly inhibited in the presence of Pb, a finding similar to that of Cho 
et al. [9] above, and which implies that these ions sorb to similar sites on both types of CFA. 
In contrast, Cr3+ did not inhibit sorption of either Pb2+ or Zn2+.

The relationship between adsorption and temperature is often used as an indicator of whether 
the process involves chemical or physical bond formation. An inverse relationship, that is, 
where adsorption decreases with increasing temperature denotes physisorption while a direct 
relationship, that is, adsorption increasing with increasing temperature denotes chemisorp-

tion. Adsorption to the pellets in the study by Papandreou above was found to substantially 
increase with temperature from 25 to 60°C implying that sorption of Pb2+, Zn2+ and Cr3+ was 
via chemical bond formation.

The use of CFA for the adsorption of metal ions from acid mine drainage was investigated by 
Rios et al. [22]. A class F CFA from the Rugeley power station in the West Midlands of England 
was applied to the strongly acidic (pH < 2) AMD from the Parys mountain in Anglesley, North 
Wales. Batch experiments were conducted to determine adsorption of Pb, Cu, Zn, Ni, Cr, Fe, 
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As and NH
4

+ onto the raw CFA, a natural clinker from the Cerrejón coal deposit in Colombia 
and synthetic zeolites. Using sorbent/AMD ratios of 0.25 g/20 mL and 1 g/20 mL over a period 
of 24 hours, pH rose only slightly from 1.96 to 2.66 after 1 hour but no breakthrough to alka-

line pH was observed using this adsorbent dosage. Adsorption by CFA seemed to partition 
into two scenarios. In the first, concentrations of the target ion in the final solution were higher 
than in the original untreated AMD. These ions included NH

4

+, Cr3+, Cu2+ and Zn2+. In the 
second group, CFA adsorbed more ions than it released into solution and final concentrations 
were lower; As, Zn, Fe and Pb belonged to this group. This study highlights the challenge of 
using raw CFA in AMD treatment, that is, that although some elemental ions may be attenu-

ated, the concentrations of others may increase.

Column studies provide the opportunity to assess the long-term applicability of CFA treat-
ment of AMD. Pérez-López et al. [23] used column experiments to determine the efficacy 
of fly ash in attenuating AMD formation from pyritic sludge. They found that while col-
umns filled with pyrite-rich sludge leached drainage that was acidic (pH ~ 2) and rich in 
sulphate, iron and other metals, those containing sludge and fly ash produced alkaline 
leachate low in sulphate and lacking iron or other metals. The alkaline fly ash neutralised 
AMD acidity, thus decreasing metal solubility and increasing their precipitation within the 
column. In addition, these precipitates formed coatings on pyrite grains, preventing their 
exposure to oxidising agents thus retarding AMD generation in a process known as micro-
encapsulation [24].

Gitari et al. [10] used column studies to investigate the suitability of CFA and its derivatives as 
back-fill materials. They therefore designed experiments to measure the AMD treatment effi-

cacy of (i) fresh CFA, (ii) solid residues prepared from exposing CFA to AMD, (iii) blends of the 
solid residues with varying amounts of fresh CFA (5, 25 and 40%) and (iv) a blend of solid resi-
dues with ordinary portland cement (OPC). They found that dissolution of CaO in fly ash and 
the solid residues, and hydration reactions in OPC were responsible for the initial high pH of 
the leachates in the different columns. This alkalinity subsequently controlled metal leaching 
through the formation of aluminium and iron precipitates and the co-precipitation of other ele-

ments with these phases. However, the leached fractions of most ions increased with increas-

ing CFA concentrations in the blends, for example, Cr(III) concentrations went from 4.97 to 
10.27 μmol L−1 and 11.19 μmol L−1 as CFA concentrations in solid residue blends increased from 
5 to 25% and then to 40%. Sulphates were removed as gypsum (CaSO

4
) and as such, their atten-

uation was highly dependent on Ca2+ from dissolution of CaO in CFA and OPC. Attenuation of 
Fe and Al, on the other hand, was pH dependent since the formation of hydroxide precipitates 
was greater at neutral and basic pH. Subsequent modelling studies using PHREEQ software 
showed that Fe concentrations were controlled by goethite and amorphous Fe(OH)

3
 phases 

while those of Al were controlled by boehmite, basaluminite and gibbsite [25].

In some cases, for example, where AMD passes through dolomitic rocks, the acidity as well 
as metal and sulphate concentrations may be attenuated, resulting in neutral mine waters. 
Despite this, sulphate concentrations often remain considerable due to high initial concentra-

tions [26]. Madzivire et al. [27, 28] investigating the use of CFA for sulphate removal found 
that attenuation was not significant below pH 10. Nevertheless, 60% of sulphate was removed 
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from the solution at pH above 11 with the addition of gypsum and alumina, and sulphate was 
removed as ettringite (Ca

6
Al2(SO

4
)

3
(OH)12⋅26H2O). One drawback, however, was that the use 

of CFA increased the concentrations of B, K, Cr, Mo and Sr in the treated water necessitating 
the inclusion of an additional treatment step such as adsorption using zeolites. Nevertheless, 
these studies provide evidence of the applicability of CFA in AMD treatment both in acid 
neutralisation and metal removal.

Metal removal from AMD proceeds through various mechanisms including precipitation, oxi-
dation, reduction and adsorption. Adsorption efficiency increases with surface area. The large 
surface areas of CFA splenospheres and cenospheres therefore significantly influence metal 
adsorption from AMD. Specifically, since surface areas increase with decreasing particle size, 
smaller particles, particularly nano-sized ones (1–100 nm), likely play a very important role 
in adsorption of element ions. In fact, CFA has been shown to contain significant quantities of 
nanoparticles [29, 30] which are enriched in metal ions [31–36]. Despite this, there is a dearth 
of information regarding the role of CFA nanoparticles during AMD treatment.

This chapter therefore highlights the key role of nanoparticles in remediation effects of CFA. 
Using Fe oxy(hydroxides), Ti dioxides and carbon nanotubes phases known to be abundant 
in CFA [29, 37–39], we illustrate the likely effect of nanoparticle-based processes on observed 
metal removal efficiencies of CFA.

2. Nanomaterials in CFA

2.1. Properties of nanomaterials

Consider a crystal of iron or titanium oxide. In the bulk of the crystal, Fe or Ti ions are sur-

rounded (coordinated) by six nearest-neighbour oxygen atoms, an arrangement that balances 
the electric charge of anions and metal atoms. However, when the bulk is divided into smaller 
particles, new surfaces are created and the spatial configuration of the bulk is lost. This leads 
to an increase in surface energies which the newly exposed atoms on the surface attempt to 
dissipate by re-organising, for example, ‘dangling’ oxygen atoms may form bridged pairs. 
Such surface reconstructions result in particles with considerably different properties from 
those of the bulk material [40, 41].

In fact, many of the unique characteristics of nanomaterials (NMs) are the result of size-depen-

dent surface properties. There is evidence that properties, including crystalline habit, magne-

tism and colour, change with particle size [42]. In addition, the proportion of atoms located at 
or near particle surfaces increases as particle size decreases. The extra surface charge increases 
particle reactivity, hence smaller particles are more reactive than bulk counterparts [43, 44]. 
Brown et al. [45] also showed that the larger number of edge and corner binding sites as well 
as the wide variety of defects on the surfaces of NMs (Figure 1) is responsible for increased 

reactivity at the nano-scale. Adsorption of ions from surrounding media may be a means to 
reduce surface energy and regain particle stability. Thus, NMs are excellent adsorbents due to 
their large surface areas and abundant, highly reactive surface sorption sites.
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2.2. Evidence of nanomaterials in CFA

Advancements in various microscopic and spectroscopic techniques have facilitated the iden-

tification of nano-sized materials in CFA. By combining transmission and scanning electron 
microscopy, as well as atomic force microscopy and X-ray diffraction (XRD) for instance, 
Dwivedi et al. [46] found that CFA from Harduaganj in Aligard, India, contained spherical 
particles with sizes ranging from 11 to 25 nm. In another study, high resolution transmission 
electron microscopy (HR-TEM) and energy-dispersive X-ray spectroscopy (EDS) revealed 
the presence of 10–100 nm hematite and yavapaiite (KFe(SO

4
)2) nanoparticles in CFA from a 

power plant in Santa Catarina state in Brazil [34].

Ribeiro et al. [32] coupled EDS with field-scanning electron microscopy (FE-SEM) and 
HR-TEM to characterise CFA from an anthracite-burning thermal power plant in, Porto, 
Portugal. Besides the larger cenospheres (~ 100 μm), ultrafine glassy spheres (~ 100 nm) 
as well as carbonaceous nanospheres (~ 50 nm) and nanotubes (0.1–32 nm in diameter and 
8–59 μm in length) were identified in the CFA (Figure 2).

Fe was present as maghemite, hematite and magnetite or as sulphates, that is, schwert-
mannite and jarosite and titanium as anatase and rutile. Quartz nanoparticles were also 
identified occurring discretely or embedded in amorphous phases, for example, glass and 
nano-spherules rich in Al, Si, Ti, K, Mg and Fe were frequently observed embedded in car-

bonaceous matrices. Indeed, these inorganic phases are often found encapsulated by carbo-

naceous matter although Wilcox et al. [47] showed that this encapsulation may be a factor of 
the amount of carbon in feed coal. Comparing CFA from pure high sulphur-high Fe bitumi-
nous coal and a blend consisting of 70% of this high sulphur-high Fe coal and 30% of a low 
sulphur-high CaO coal, these authors found that unlike CFA from the pure coal, inorganic 
particles in CFA from the blend did not contain any carbon on their surface (Figure 3). The 
composition of CFA particles therefore depends, to some extent, on the nature of feed coal 
burned; with the amount of carbon rather than the rank of coal determining coal deposition 
on CFA particles.

As a final example, let us consider the ultrafines (particles < 100 nm) in CFA from US coals 
examined by Chen et al. [48]. These nanoparticles were found to have distinctly different mor-

phologies, compositions and microstructures (Figure 4). In addition, CFA from a bituminous  

Figure 1. A model of possible defects on single-crystal surface [45].
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coal was rich in crystalline phases of Fe, Ti and Al as small as 10 nm while a low-rank CFA was 
rich in aggregates of alkaline-earth elements in the form of sulphates, silicates and phosphates.

Nano-scale unburned carbon was present as soot aggregates ranging in size from 100 to 1000 
although aggregated smaller than 100 nm were also present. Their morphology was similar to 
that of soot aggregates from diesel engine exhausts. Importantly, these aggregates are made up 
of 20–50 nm primary particles arranged in an onion-like structure (Figure 5). Their formation,  

Figure 2. Carbon nanotubes (a) and carbonaceous spheres (b) and (c) in CFA from anthracite coal [32].

Figure 3. TEM images of (a) particles from the CFA blend. Note the absence of carbon deposits on the surface. (b) CFA 
particles from combustion of pure high sulphur-high Fe bituminous coal [47].
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as we will see shortly, likely involves sudden quenching and homogenous condensation of 
refractory carbon-rich species in the combustion atmosphere.

2.3. Mechanisms of nanomaterial formation in CFA

Having confirmed their presence, let us now briefly consider the mechanisms that lead to 
the formation of nano-sized materials in CFA. While several mechanisms are responsible for 
particulate formation in CFA, the formation of nanoparticles is dominated by (i) the release 
of organically bound metals during coal volatilisation and (ii) vaporisation and subsequent 
condensation and aggregation of such elements [30, 49]. Nanoparticles in CFA may be cat-
egorised as either organic or inorganic and are formed through two separate pathways as 
illustrated in Figure 6.

Figure 4. (a) Magnetite nanocrystalline particles, (b) a rod-like rutile particle, (c) a lime particle containing 5–10 nm 
nanocrystallites and (d) a cluster of FeAl2O4

 particles on an amorphous silica sphere. Inserts in (a) and (b) are fast Fourier 
transforms (FFT) of the images and those in (c) and (d) are selected area electron diffraction (SAED) patterns [48].
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The formation of inorganic particles occurs through nucleation, also known as homogeneous 
condensation of flame-volatilised species [50–54], for example, SiO2, CaO and Fe2O3

. The main 
features of this process were outlined by Nelson [51] thus:

(i) The highly reducing conditions existing within coal chars during combustion reduce 
refractory oxides to more volatile sub-oxides or elements, for example, for Si:

 SiO2(s) + CO (g)→SiO (g) + CO2(g) (1)

(ii) As the volatile species move away from the particle to the bulk gas, they are re-oxidised 
due to the higher O2 concentrations

Figure 5. (a) Coal fly ash soot aggregates with chain-like branching structure, (b) concentric stacking of graphitic layers 
making up soot particles [48].

Figure 6. Formation of nanomaterials in coal fly ash.
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 SiO(g) + O2(g)→SiO2(g) + O(g) (2)

(iii) Provided the vapour pressure of the oxide exceeds the saturated vapour pressure, spon-

taneous condensation will occur and nuclei will form. Particle growth then proceeds via 
coalescence. Particle growth may also be the result of heterogeneous condensation, that 
is, condensation of other species upon these particles. This happens mostly from species 
that vaporise but whose concentrations are not sufficient for homogenous condensation.

Organic particles, or soot, form under fuel-rich conditions where hydrocarbon fragments 
have greater chances of colliding and growing instead of being oxidised to CO, CO2, H2 and 

H2O. Their formation involves chemical reactions that produce clusters of increasing molecu-

lar weight to the point where these clusters are visible as particles [30]. The formation of the 
first aromatic ring, usually benzene, is considered one of the critical steps in soot formation. 
Benzene rings then go on to form polycyclic aromatic hydrocarbons which increase in molec-

ular weight to soot particles (Figure 7).

Figure 7. Chemical and physical processes involved in the formation of soot particles [30].
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Other factors influencing formation of both organic and inorganic particles include (i) tempera-

ture [39, 55], (ii) gas composition [56–59] and coal rank [47, 58, 60]. Particle formation is enhanced 
at higher temperatures due to increased mineral vaporisation and environments with low oxy-

gen to fuel stoichiometry produce less ultrafines [57]. In addition, Wen et al. [61] recently reported 
that combustion under N2 resulted in production of more particulates than combustion in CO2. 
The effect of coal rank, on the other hand, is multifarious and can be summarised as follows:

(i) The higher char reactivity of lower rank coals favours the formation of nanoparticles 
because of the higher combustion temperatures of these chars [62];

(ii) The reducing atmosphere produced by carbon combustion at high temperatures increas-

es ash vaporisation [59];

(iii) Low-rank coals have high concentrations of alkaline-earth metals which supress the va-

porisation of silica by reacting with it to form less volatile silicates. This results in nano-

particles from combustion of lignite being mostly MgO and CaO, and SiO2 nanoparticles 

being significant only in bituminous coal [59].

3. Metal binding by nanomaterials and larger CFA particles

CFA contains nanomaterials of various parent minerals and elements. These include (i) iron 
oxides which comprise a large fraction of the inorganic nanoparticles in CFA occurring as 
pyrite, pyrrhotite, magnetite, hematite, jarosite, goethite and yavapaiite [32, 34, 63–65] and (ii) 

carbon nanomaterials, for example, single- or multi-walled nanotubes [29, 32, 46, 47].

Both organic and inorganic nanoparticles in fly ash are associated with higher concentrations of 
metal ions in CFA than larger particles. In fact, it has been known since the work of Davison et 
al. [52] that element enrichment in CFA is inversely related to particle size. These authors found 
that concentrations of Pb, Ti, Sb, Cd, Se, As, Ni, Cr and Zn increased with decreasing CFA par-

ticle size and that particles with aerodynamic diameters >40 μm, for example, had Pb loadings 
up to 90 μg g−1 while those with diameters below 5 μm had loadings of up to 980 μg g−1. Positing 
at first that this observation was due to the fragmentation of pyritic inclusions in the coal, they 
later inclined to the homogenous and heterogeneous condensation hypotheses explained above. 
Later, Linak et al. [66] also reported up to 50 times enrichment of S, Cl, Na, K, V and P in ultra-

fines; confirming that the smaller the particles, the higher the concentrations of metals sorbed 
onto their surfaces.

Yi et al. [39] studied the relative distributions of trace elements in bottom ash, fly ash and flue 
gas. They found that except Hg whose concentration was highest in flue gas, all other elements 
(As, Cd, Cr, Cu, Al, V, Zn, Mn and Fe) were enriched in fly ash relative to bottom ash (Figure 8). 
Similar results were reported for various Indian fly ashes [37, 38, 67]. Hg, although occurring in 
high concentrations in flue gases, is also bound to a considerable extent to inorganic fractions 
as we will see later, and to the organic fraction of CFA by carboxylic acid functional groups [29].

For some time, this phenomenon (element enrichment in nanoparticles) was thought of as 
being purely the result of the greater surface areas available for adsorption in smaller particles 
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[52]. However, later geochemical investigations showed that surface features of these particles 
played a significant role. Nanoparticle binding of metal ions has been shown to involve faster 
kinetics [68–70], speciation transformations of the adsorbed species [71] and greater affinity 
for metal ions [69]. In addition, there is evidence that some of these phenomena, specifically 
higher reaction rates, are due to surface defects. Junta and Hochella [72] found that in the 
oxidation of Mn2+ to Mn3+ at hematite nanoparticle surfaces, steps were the most reactive sites 
for initiating the adsorption-oxidation reaction. Later, Madden and Hochella [68] found that 
this oxidation process was up to 1.5 orders of magnitude faster on 7.3 nm particles than on 37 
nm particles largely due to changes in the electronic structure of hematite. As its particles get 
smaller, the Lewis basicity of the surface oxygen increased, decreasing the redox potential of 
adsorbed Mn2+ and making the oxidation reaction more favourable.

The nature of binding sites at the nano-scale has also been invoked to explain changes in metal 
adsorption. Greater binding of Cu2+ ions to 7 nm hematite particles, relative to the larger 25 
and 88 nm counterparts was due to the greater number, in the smallest particles, of distorted 
octahedral sites in which Cu2+ ions are better stabilised [69]. This hypothesis correlates with 
the observations of the association of Hg with Fe-rich sites in nano-sized CFA, but not in larger 
particles [29]. Such unique material properties occurring at the nano-scale properties likely 
account for the metal-nanoparticle interactions observed in various investigations cited above.

Having examined the relationship between metal ions and nano-sized fractions of CFA and 
shown that these particles bind larger fractions of metals than micron-sized particles, let us 
now examine evidence that this phenomenon carries over when CFA is used for remediation  

Figure 8. Relative distributions of trace elements in bottom ash, fly ash and flue gas from a coal boiler [39].
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of contaminated water, that is, that the nano-sized fraction is still responsible for a greater 
fraction of the metal removal observed. Synchrotron-based X-ray fluorescence was used 
to study the adsorption of Hg from flue gas by fly ash from a Kentucky utility [29]. The 
bulk ash (20 nm–10 μm in diameter) was largely amorphous with only quartz and hema-

tite as crystalline phases. The fine ash had an average particle size of < 100 nm and com-

prised of more crystalline phases and some cementitious phases, for example, syngenite 
(K2Ca(SO

4
)2⋅H2O), glauberite (Na2Ca(SO

4
)2) and picromerite (K2Mg(SO

4
)2). A summary of 

Hg concentrations of the two classes of ash and fine ash before and after exposure to flue 
gas is presented in Table 2.

The 100 nm fraction represented only 0.01% of the total fly ash content. Nevertheless, it is 
clear from these data that despite already containing greater Hg concentrations before the 
exposure reaction, nano-sized CFA particles dominated Hg uptake from the flue gases.

Mercury was bound to hematite by bidentate inner-sphere complexes. The nature of binding 
is an important consideration because of its role in desorption processes as inner-sphere com-

plexes are known to be more stable and less prone to desorption than outer-sphere complexes 
[43]. Using extended X-ray absorption fine structure (EXAFS) spectroscopy, Ha et al. [73] 

showed that Zn(II) surface complexes on 10.5 nm hematite particles were more strongly held 
than those adsorbed to 550 nm particles. As a result, only 10–15% of Zn2+ ions were desorbed 
from the 10.5 nm particles where they were held as inner-sphere complexes but up to 40% 
were lost from the larger particles where Zn2+ ions were held in outer-sphere complexes. This 
highlights the fact that nanoparticles bind metal ions differently and that this is likely to influ-

ence the long-term effectiveness of remediation activity.

4. Directions for future research

As stated at the beginning of this chapter, despite the numerous studies showing the efficiency 
of CFA in treatment of AMD, none of those we have come across specifically describe the role 
of nanomaterials in this process. Nevertheless, the evidence systematically synthesised in this 
chapter has shown that nano-scale materials likely account for most of the remedial action of 
CFA. Despite the cost effectiveness and efficiency of CFA at remediation, potential secondary 
contamination by other must always be addressed before its application in the field. Future 
research should investigate the potential role of photocatalytic nanoparticles in CFA, in pol-
lutant transformation.

Hg concentration before flue gas exposure Hg concentration after flue gas exposure

Bulk ash 11 ± 0.8 ppb 161 ± 4 ppb

Fine ash 100 ± 6 ppb 610 ± 20 ppb

Table 2. Hg concentrations in bulk and nano-sized particles before and after exposure to flue gases.
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