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Abstract: In order to meet the increasing energy demand and to decrease the dependency on coal,
environmentally friendly methods for fly ash utilization are required. In this respect, the priority
is to identify the fly ash properties and to consider its potential as raw material in the obtaining
of high-value materials. The physico-chemical and structural characteristics of the fly ash coming
from various worldwide power plants are briefly presented. The fly ash was sampled from power
plants where the combustion of lignite and hard coal in pulverized-fuel boilers (PC) and circulating
fluidized bed (CFB) boilers was applied. The fly ash has high silica content. Due to this, the fly
ash can be considered a potential raw material for the synthesis of nanoporous materials, such as
zeolites or mesoporous silica. The samples with the highest content of S5iO, can be used to obtain
mesoporous silica materials, such as MCM-41 or SBA-15. The resulting mesoporous silica can be used
for removing/capture of CO, from emissions or for wastewater treatment. The synthesis of various
porous materials using wastes would allow a high level of recycling for a sustainable society with
low environmental impact.
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1. Introduction

Global coal consumption rose with 0.9% in 2018, the main contributors being India and China,
followed by Turkey and Russia [1] (Figure 1). Due to power plants and some industrial sectors (such as
steel, chemicals and cement) China is responsible for approximately half of global coal consumption [1],
this value reaching about 3770 Mt, which represented 55% of the worldwide consumption in 2018,
approximately four times higher than in 1990 [1].

By contrast, the United States reached the lowest level in the last 40 years, the coal consumption
decreasing 4% in 2018 due to the availability of natural gas at lower prices and to stronger emission
legislation (Figure 2).

CO, emissions are strongly related to coal consumption, and consequently the United States was
expected to reduce CO, emissions by 2.2% in 2019 by further reducing coal consumption, and by 3.6%
in 2020 [2].

Climate policies, renewable gas and CO, emissions costs have been responsible for a decrease of
coal consumption in the last 6 years in Europe (Figure 3). Only Turkey was an exception, due to coal
consumption that increased by 11% in 2018 [1].

Regarding the statistics for the last 30 years (Figure 3), it can be observe that the coal consumption
in Asia slightly increased during 1990-1995, reaching approximately 2000 Mt/year, and became
constant until 1999, while in Europe consumption continuously and slightly decreased, reaching
approximately half of the consumption value recorded in Asia. From 2000 to 2013, coal consumption

Nanomaterials 2020, 10, 474; do0i:10.3390/nano10030474 www.mdpi.com/journal/nanomaterials


http://www.mdpi.com/journal/nanomaterials
http://www.mdpi.com
https://orcid.org/0000-0002-0439-3265
http://dx.doi.org/10.3390/nano10030474
http://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com/2079-4991/10/3/474?type=check_update&version=3

Nanomaterials 2020, 10, 474 2of 14

has shown a significant increase in Asia, becoming constant until 2018 (more than 3 times higher than
in the 1990s), meanwhile, in Europe, it varied slightly.

Due to coal consumption decreasing, the capture and storage of CO, from emissions released
into the atmosphere using new and cheap materials with high properties can be considered a reliable
solution for greenhouse gases reduction. The most efficient adsorbents for CO, reported in literature
are zeolites, porous silica and active carbons [3].
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Figure 2. Coal consumption trend (%) in 2017-2018.

Along with the increase of CO, resulting from coal consumption, a considerable amount of fly
ash is obtained as by-product of coal combustion. The fly ash is widely used as raw material in
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the cement industry. However, if the coal fly ash exceeds the worldwide demand it could be a problem
due to storage spaces. For example, in China the utilization rate increases directly with the increase
of the amount of fly ash obtained, reaching 70% 2015 [4]. In India, the utilization rate registered
a significant increase in the period 2001-2011, reaching 62% [4].
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Figure 3. Global coal consumption trend (Mt) in 1990-2018.

The same tendency was observed in the USA, where the utilization rate reached about 50%
in 2015 [4]. According to the American Coal Ash Association, the percent of used fly ash increased
from 40% in 2000 to 60% in 2018, this being normal due to the coal consumption decrease [5]. In Russia,
the utilization of fly ash in the period 1990-2005 was approximately 19%, the main application being
in the cement industry [6]. Also, the consumption trend could increase due to the attention given to
geo-polymer materials production [7]. Therefore, it is necessary to find some applications for coal fly
ash use.

In the last decade, fly ash was used as raw materials for obtaining zeolites X (FAU framework
type) [8,9], Y (FAU) [10], A (LTA) [8,9,11] or ZSM-5 (MFI) [12]. Furthermore, the synthesis of mesoporous
silica from fly ash has also attracted interest due to the resulting material characteristics [13-18].
Mesoporous silica materials obtained from fly ash are considered to surpass the limitations of
the microporous zeolites in the removal of macromolecule pollutants by adsorption [13].

The mesoporous silica materials, known since 1992 as M41S, present great potential in worldwide
applications, such as catalysis or wastewater treatment, due to their properties, namely, uniformity of
pore distribution (with size between 2 and 50 nm), high surface area, (around 1000 m?/g) and good
stability in thermal conditions [19,20].

A close survey of the data highlights the fact that the chemical composition of fly ash (mainly silica
and alumina compounds) is significantly different. Moreover, the synthesis conditions, including
the pre-treatment step, are often not completely described or some inconsistencies among the literature
sources were observed.

This overview systematically explores the synthesis of various mesoporous silica materials derived
from fly ash by taking into consideration the waste properties (fly ash), pre-treatment procedures or
the hydrothermal treatment parameters (temperature, time and substrate concentrations).
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2. Fly Ash Properties

Fly ash is a complex material, being a by-product resulting from the combustion of various coals
with high contents of minerals [4,21-23]. Consequently, fly ash is rich in metallic oxides, in the order
Si0; > Al,O3 > Fe,O3 > CaO > MgO > KO and large amount of unburned carbon. Furthermore, fly
ash contains trace elements that can have a negative impact on the environment [24-26]. These can
easily migrate from fly ash, through interaction with water, conducting to the soil and ground water
contamination with heavy metals such as Cr, V, Ni, Cd and Pb [27]. Also, wind action contributes to
the environmental pollution, by spreading the ash particles in the air.

As it is shown in Figure 4, the content of metallic oxides in fly ash is depended by the coal
type. Thus, the SiO, contents were higher in the fly ash derived from sub-bituminous (40%-60%)
and bituminous (20%—60%) samples than in lignite samples (15%—45%). The same trend was seen for
AlOj3. In the case of CaO and MgO higher contents were observed in fly ash from lignite samples
(15%—40% and 3%-10%, respectively), followed by sub-bituminous samples.
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Figure 4. Different coal fly ash composition.

Small contents of SO3, NayO and K,O were observed in all the fly ash samples. The highest
percent value for unburned carbon, determined by its loss-on-ignition (LOI), was found in bituminous
fly ash (15%).

Comparing the sample contents, it can be highlighted that all types of fly ash are rich sources
of Si0; and Al O3, their recovery being an issue raised by the waste management. Also, the high
content of CaO can be used for CO; capture and permanent sequestration, resulting in CaCOj [27].
Bituminous fly ash could be a precursor for activated carbon sorbent.

The intensive investigations carried out for fly ash reuse have resulted in the development
of techniques for producing glass ceramics, ceramic wares, silicon carbide, silicon nitride,
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hollow/masonry/concrete blocks, cordierite or mullite. Recently, fly ash was applied in the development
of mesoporous silica for CO, capture [28].

3. Environmental Risk Assessment

The reuse of fly ash must be encouraged for many reasons. For example, the disposal costs would
be minimized; also, less landscape would be reserved for its disposal; and the by-products may be
used as raw materials.

Fly ash may have metal concentrations up to 10 times higher than coal [4]. As it was already
mentioned, there are many natural factors (e.g., rain, wind) that contribute to interaction of the metals
with humans, reaching significant concentration in soil and water and finally in crops. This process is
directly dependent on several parameters, such as particle size, pH, interaction time, trace elements
concentration in fly ash [4].

A typical metallic composition in fly ash collected from different power plants in India is presented
in Table 1. Furthermore, the effect of fly ash on soil quality for maize and rice crops was investigated,
in two different cultivation areas from the eastern part of India and the results are presented in
Figures 5-7 [29,30]. The fly ash was dried and mixed with cellulose to obtain pellets and was applied
to the soil (about 200 t/ha).

Table 1. The elemental composition of the fly ash.

Element Fe Mn Cu n As Se Mo Pb

Unit % ppm  ppm  ppm  ppm ppm ppm  ppm
Concentration Range 2-3  148-261 64-83 103-150 3-6 2-3 3-4 1540

Maize from treated soil (area 2)

Zn

Maize from untreated soil (area 2) mCu

® Mn
Maize from treated soil (area 1)
Maize from untreated soil (area 1)
Rice from treated soil (area 2)
Rice from untreated soil (area 2)
Rice from treated soil (area 1)
Rice from untreated soil (area 1)
Treated soil (area 2)

Untreated soil (area 2)

Treated soil (area 1)

Untreated soil (area 1)

0 50 100 150 200 250 300 350 400
Other metals content (ppm)

Figure 5. Heavy metal contents in soil, rice and maize from two areas, treated and untreated with
fly ash.
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Figure 6. Toxic elements contents in soil, rice and maize from two areas, treated and untreated with
fly ash.
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Figure 7. Fe content in soil, rice and maize from two areas, treated and untreated with fly ash.
As it can be seen from Figure 5, the soil enrichment with heavy metals in rice crops did not exceed

the upper control limits (in soil: 1500 ppm for Mn, 100 ppm for Cu and 300 ppm for Zn; in plant:
300 ppm for Mn, 50 ppm for Cu and 100 ppm for Zn) [31-33]. Thus, the soils treated with fly ash
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presented a slight enrichment with microelements, such as Zn, Mn and Cu, which are essential for plant
growth. Also, the enrichment of rice and maize crops with microelements was observed. In the case of
rice crops, the enrichment with Cu was lower than with Zn and Mn.

Regarding the concentration of toxic elements in soil and crops, Figure 6 shows that the Mo
concentration reached almost the critical level, being a concern for the environment. The differences
between the rest of the toxic element concentrations (Pb, Se, As) and their upper control limits are
higher (in soil: 200 ppm for As, 10 ppm for Se, 5 ppm for Mo and 100 ppm for Pb; in plant: 30 ppm for
As, 0.69 ppm for Se, 1.2 ppm for Mo and 0.87 ppm for Pb), without significant risk to the crops.

It was observed that Fe was the major element. As it can be seen in Figure 7, there are significant
differences between the enrichment of Fe in crops from untreated and treated soils (upper control limit
for Fe being 5.6% in soil and 0.2% in plant).

It was also demonstrated that the soil treated with fly ash contributed to the increase of crop
yields, by the action of essential plant nutrients, such as Mg, S, K, Ca, Mn, Fe and Zn [29]. The fly
ash can modify the physical properties of the soil, such as porosity and density, increasing the water
retaining capacity [29,34]. Due to low concentration of toxic elements in fly ash, the critical levels were
not reached and the grains were considered safe for consumers.

As it can be seen, the use of coal fly ash meets technical, economic and legal barriers.
The main technical milestones refer to coal fly ash production, specifications and standards, product
demonstration and commercialization.

For coal-using plants, the incomes from the sale of fly ash are often negligible, the most important
economic barriers coming from the increased cost of transportation of fly ash and competition from
locally available natural sources. Legal barriers resulting from the lack of knowledge regarding
the potential ash application, insufficient data on environmental and health risks, lack of regulations
and procurement guidelines.

Worried industry and government representatives, scientists, and engineers have created national
and international organizations to overcome the milestones of coal fly ash reuse. An integrated
approach must be designed in order to produce a superior quality of fly ash-based materials,
which can satisfy the consumer’s expectations. Furthermore, high quantities of fly ash are often
followed by emission of greenhouse gases, significantly intruding global warming. As a consequence,
to conform to the environmental requirements, major efforts must be achieved in fly ash management,
reducing the negative effect on the environment.

A deep analysis on the cost of fly ash use versus conventional building materials is required,
being necessary to apply the best engineering practices in order to minimize as much as possible
the environmental risk.

4. Fly Ash as Raw Material for Mesoporous Silica Synthesis

In order to increase the recycling of the coal fly ash and to reduce the environmental risk of
contamination with heavy metals, several applications for recovery of valuable components from fly
ash were developed.

Thus, among the fly ash used in conventional applications (cements obtaining), various mesoporous
silica materials with improved properties were obtained, able to be applied in environmental
depollution, namely CO, reduction and wastewater treatment.

The methods for obtaining these materials from fly ash were basically similar, the differences
consisting in varying different parameters such as: pH, the temperature and the time of hydrothermal
or aging treatment and also the quantities of raw materials or reagents. These variations influenced
more or less the obtained material properties.

The used coal fly ash for the silica synthesis had various particle sizes (2.0-30 pm) and chemical
compositions (31.6-60.1 wt.% Si, 10.2-40.8 wt.% Al, 0.8-8.4 wt.% Fe, 0.4-24.8 wt.% Ca) [35-38].

Porous materials, such as AI-MCM-41 and SBA-15, were obtained from coal fly ash, and they were
used as catalysts in the cumene cracking reaction [35]. In this respect, the fly ash was treated with
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an aqueous solution of NaOH under thermal condition; the supernatant obtained after the resulting
suspension filtration was used as a silica source for MCM-41. Its composition, beside 11,000 ppm Si,
was rich in Na and Al, with 35,000 and 380 ppm, respectively. It was demonstrated that the pH
adjustment has directly influenced the AI-MCM-41 synthesis. The Al incorporation was poor in the case
of SBA-15, compared with the MCM-41, remaining in the dissolved state in the supernatant due to
the high acidic medium. Furthermore, the AI-MCM-41, derived from both fly ash and pure chemicals
(obtained by a conventional method), was tested for a cumene cracking reaction involving a high acid
medium [35]. Despite the small differences of physical properties of the two mesoporous materials
(surface area: 842 and 940 m?/g, pore volume: 0.75 and 0.85 cm®/g and pore diameter: 3.7 and 2.7 nm)
it was observed that the AI-MCM-41 from the conventional method was more efficient in the cumene
conversion because not all of the Al presented in the fly ash-derived porous material had catalytic
activity. Thus, the cumene conversion was threefold higher, ~22%, at the beginning of the reaction for
the AI-MCM-41 prepared from pure reagents and decreased drastically during the first hour, slowly
decreasing the next hour for the two materials, reaching 6%, two times higher than AI-MCM-41 derived
coal fly ash.

MCM-41 was also obtained by adapting the mesoporous synthesis from the previous study [35],
with moderate modification of the parameters, such as temperature and time [36]. Also, the catalytic
performance of the MCM-41 synthesized from fly ash and from conventional reagents for Mannich
reaction application were compared [36]. It was supposed from the beginning that there would be
superior catalytic activity of the obtained material, due to the lower particle size and higher surface
area of MCM-41 than the fly ash. The materials were tested as catalysts in the Mannich reaction
of acetophenone, benzaldehyde and aniline by varying the catalyst quantity (0.1 g, 0.2 g and 0.3 g)
and the solvent nature (EtOH, CH3CN, Toluene, Tetrahydrofuran (THF), CH,Cl, and H,O). A 90%
yield was obtained in 4 h for 0.2 g MCM-41 in ethanol, providing a good catalytic active area for
the reaction. The yield remained constant with the increase of catalyst quantity at 0.3 g. Instead,
a lower efficiency, down to 50%, was observed with the decrease of catalyst quantity, to 0.1 g, even if
the reaction time has been extended to 8 h [36]. The MCM-41 can be an optimal replacement for
environment-unfriendly solvents used in catalysis.

A supernatant with higher contents of Si, Al and Na (15.37, 499.00 and 48.70 ppm, respectively)
was obtained starting also from the method previously described [35], the fly ash (raw material)
being rich in these elements [37]. The mesoporous AI-MCM-41 adsorbent obtained for the removal
of methylene blue (MB) was finally synthesized by varying the ethyl acetate amount [37]. This had
a direct influence on specific surface area and pore volume of the silica material, thus the AI-MCM-41
obtained by using 10 mL of ethyl acetate shown improved properties [37]. Thus, when 10 mL of
ethyl acetate was used, the surface area increased from 25 to 525 m?/g, the pore diameter decreased
from 7.54 to 5.13 nm and the pore volume increased from 0.13 to 0.71 cm®/g, although not reaching
the properties of the material obtained through conventional methods [38]. The AI-MCM-41 capacity
to adsorb the methylene blue was influenced by the pH, contact time, temperature and concentration.
Regarding the contact time parameter, a drastic increase of the MB adsorption was observed, followed
by a slower increase in intervals 0-10 min and 10-120 min, respectively. After 120 min, the MB
reached the equilibrium adsorption level. The MB adsorption had a continuous increasing trend with
the increase of pH from 3 to 10, with a higher increment in pH interval 3-7. The highest adsorption
capacity was up to 277.78 mg/g and it was reached at room temperature and pH 10.

MCM-41 was also synthesized from brown and hard coal fly ash (10 samples) using two procedures,
namely pulverized-fuel (PC) and fluidized-bed boilers (CFB) [39]. The X-ray fluorescence spectroscopy
(XRF) revealed different chemical composition of fly ashes, the SiO; and Al,O3 ranging from 46.15 wt%
to 56.52 wt% and from 18.48 wt% to 31.06 wt%, respectively. The lowest and the highest value of SiO,
were obtained from PC combustion. Compared to other studies [35,37], where the silica content resulted
in the filtrate was directly proportional with the percentage in the coal fly ash, this research highlighted
a silica concentration significant lower compared to its content in the coal fly ash. In consequence,
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this sample could not be used for further MCM-41 synthesis because the properties of the resulting
material are strongly dependent of the Al/Si ratio in the filtrate.

It was observed that the impurities presented in the coal fly ash composition, such as Fe, Ca, K,
S and P, were also present in the channels of the obtained mesoporous material, conducting to poor
properties compared to the commercial material [39].

For comparison, the ash resulting from the rice husk combustion was tested, using similar
extraction steps as in the case of fly ash [40]. Even if the silica content was 33% higher in the rice husk
ash, the MCM-41 obtained from the two raw materials had the same silica content.

It was concluded that, despite the similar chemical composition, the textural properties of the rice
husk and fly ash-derived materials were superior to the commercial MCM-41, presenting higher pore
volume for all synthesized materials, higher specific surface area and similar morphologies.

Also, the reaction time influenced the obtained suspension containing the surfactant
(hexadecyltrimethylammonium bromide-CTAB) [40]. A longer time (96 h) was required to conduct
the decrease of the surface area and pore volume. After the polyethyleneimine (PEI) impregnation,
the obtained MCM-41 and a MCM-41 commercial sample were compared for CO, capture. The results
shown higher CO, uptakes (with 2 wt.%) for the synthesized materials containing 60 wt.% PEI,
the materials having faster kinetics due to larger pore volume comparing to the commercial materials.

It was established that the fly ash desilication rate can reach 46.3%, by using sodium hydroxide
at a mass ratio of 1:6.4, during 4 h under thermal condition (95 °C). This solution was used as silica
source to obtain SBA-15 mesoporous silica. The method involved further hydrothermal treatment
for two days at 110 °C and a triblock copolymer as template-poly(ethylene oxide)/poly(propylene
oxide)/poly(ethylene oxide) [41].

The functionalization of SBA-15 with amino groups involved, as in case of MCM-41,
aminopropyltriethoxysilane (APTES), as source of NHj- groups, and toluene as solvent [41-43].
An application of SBA-15 silica type derived from fly ash was Pb?* adsorption [41] (see Table 2).

Thus, the effect of time, temperature and Pb2* initial concentration on amino-SBA-15 adsorbent
was studied and it was remarked that the adsorption equilibrium time was achieved after 1 h, reaching
131 mg/g (Table 2). Also, the temperature influenced the adsorption rate, increasing drastically
between 20 and 30 °C (98.40% removal efficiency) becoming constant up to 40 °C. The increase of
the Pb2* concentration led to a higher removal efficiency, up to 93% for a concentration of 100 mg/g.

It was demonstrated that the aluminosilicate with mesoporous structure has great potential
for the removal of organic dyes (such as methylene blue or crystal violet) from wastewater. In this
respect, mesoporous aluminosilicate was synthesized from fly ash by varying the Si/Al molar ratio [44].
X-ray diffraction analysis of the obtained materials revealed a well-ordered hexagonal structure, as in
the case of MCM-41, direct proportionally with the increase of Si/Al ratio. Thus, the surface area
(~1080 m?/g) and the pore volume (~0.96 cm?/g) increased with the increase of Si/Al molar ratio, up
to 25. The efficiency of the aluminosilicate on the methylene blue and crystal violet removal from
wastewater was evaluated, revealing its high adsorption capacity (Table 2). Higher adsorption capacity
was obtained for mesoporous materials with a Si/Al ratio equal to 10, due to the ordered mesoporous
structure and pore size distribution with narrow pores. Also, as it was already mentioned [37], the pH
has a direct influence on the adsorption capacity of the mesoporous materials, the highest value being
obtained for the material resulted from a solution with a pH value of 11 (1100 mg/g for methylene blue
and 1400 mg/g for crystal violet) [44].



Nanomaterials 2020, 10, 474 10 of 14

Table 2. Applications of the synthesized mesoporous silica.

No. Mesoporous Silica Application Reaction Conditions Efficiency/Yield Ref.
T=623K
R -~ Catalyst-cumene cracking W/F = 0.2 h (contact time) o o 35
1 AIMCM-41 reaction carrier gas flow (Np) = 40 mL/min 3%—6% 1351

cumene partial pressure = 7.9 kPa

acetophenone = 5 mmol
benzaldehyde = 5 mmol
2 MCM-41 Catalyst—Mannich reaction ?\;lchlr\lz 4:1 S:IBI;(; 90 % [36]
ethanol =20 mL
t =4 h (reaction time)

T=298K 278 mg/g
T =308 K 276 mg/g
T=318K 272 mg/g
pH =3 (at 293 K) ~137 mg/g
pH =5 (at 293 K) ~156 mg/g
3 AL-MCM-41-10 MB “’;‘g;};ﬁ‘r‘i blue) pH = 7 (at 293 K) ~175 mg/g 1371
pH =10 (at 293 K) ~181 mg/g
t = 2 min (adsorption time) ~223 mg/g
t =10 min (adsorption time) ~255 mg/g
t =120 min (adsorption time) ~266 mg/g
t = 480 min (adsorption time) ~267 mg/g
MCM-41 Commercial + 50% PEI 8.37 wt.% CO, uptake
MCM-41 Commercial + 60% PEI 11.17 wt.% CO, uptake
4 MCM-41 PFA-1 + 50 % PEI loading 10.64 wt.% CO, uptake
MCM-41 PFA-1 + 60 % PEI loading . T = 348 Kgas concentration 13.08 wt.% CO, uptake
CO, adsorption o [40]
MCM-41 PFA-2 + 50 % PEI loading =15%CO, 8.79 wt.% CO, uptake
MCM-41 PFA-2 + 60 % PEI loading 12.91 wt.% CO, uptake
MCM-41 RHA + 50 % PEI loading 10.13 wt.% CO, uptake
MCM-41 RHA + 60 % PEI loading 13.31 wt.% CO, uptake
30 min (adsorption time) ~100 mg/g (adsorption)
60 min (adsorption time) ~131.00 mg/g (adsorption)
90 min (adsorption time) ~130.00 mg/g (adsorption)
s NH,-SBA-15 120 min (adsorption time) ~131.00 mg/g (adsorption)
180 min (adsorption time) ~131.00 mg/g (adsorption)
Pb2* adsorption 20 °C (adsorption time) ~96.51% (removal efficiency)  [41]
30 °C (adsorption time) ~98.40% (removal efficiency)
40 °C (adsorption time) ~98.50% (removal efficiency)
Pb?* concentration = 20 mg/g ~87.5% (removal efficiency)
Pb%* concentration = 60 mg/g ~91.5% (removal efficiency)
Pb?* concentration = 100 mg/g ~93% (removal efficiency)
Methylene blue (MB) 475 mg/L (initial concentration) 2003
dsorption adsorbent loading = 0.2 mg/L me/8
6 Aluminosilicate (SA) a ' [44]
Crystal violet (CV) 200 mg/L (initial concentration) 458 mg/
adsorption adsorbent loading = 0.2 mg/L 8

5. Economic Assessment

Commercial MCM-41 production is expensive, due to intense energy consumption or utilization
of inorganic and organic silicate reagents, the identification of new cheap silica sources being a viable
future solution [40,45]. Beside the coal fly ash, these sources can be found in various wastes, such as
agriculture slag [46], electronic components [47] or rice and wheat husk [48,49].

The synthesis of silica from waste is not free of cost, because the procedure is similar to
the conventional methods, involving hydrothermal treatment with intensive energy consumption.
The difference between conventional and unconventional synthesis is the source of silica, which leads
to extra synthesis steps. The significant reduction of the synthesis time, from 72 h (time used in
conventional methods) to 2 h, could result in the cost decrease, by saving energy [50]. The estimated
cost for the synthesis of MCM-41 from fly ash was about 1200 euro/kg, representing half the price
of a similar commercial material [40,51]. The higher purity of this type of material could reach even
a price of 5000 euro/kg [51].

Taking into account the depollution and storage costs for fly ash or other silica source wastes,
it could lead to a fair price and a sustainable process.
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6. Conclusions

In the last few decades, worldwide coal consumption has been monitored. High quantities of fly
ash are discharged as a by-product from the coal power plants. The influence of fly ash on soil-crops
chain (maize and rice) in different areas was demonstrated. In this respect, an effective process to
recycle this waste is mandatory.

Fly ash proved to be suitable to use in environmental applications, for example by replacing
activated carbon and zeolites as adsorbents for air pollutants or wastewater treatment. Its adsorption
capacity mainly depends on the origin and the activation method. To date, no industrial set-up has
been developed. Economic milestones must be surpassed. Taking into consideration the amorphous
alumina-silicate nature of fly ash, it can be applied as raw material in various industrial reactions, such as
obtaining ultramarine blue. Intensive harvesting depletes trace elements in the soil. Despite the fact
that many studies were achieved for the use of fly ash as soil amendment, full-scale application has
not been accomplished. In the near future, farmers may consider fly ash to be a substitute for lime to
enrich the soil.

Fly ash has high silica content, which makes it a potential source for obtaining nanoporous
materials, such as mesoporous silica. In this overview, various methods for obtaining mesoporous silica
materials from fly ash were examined by considering the ash composition, pretreatment procedures,
and synthesis conditions, in order to identify the optimal parameters for synthesis. The physical
properties of the materials derived from fly ash confirmed their mesoporous nature, similar to
the mesoporous silica materials obtained by conventional methods. The mesoporous silica materials
with a high surface area and large pore volume derived from fly ash can be applied as a support
or as a surface-functionalized host for capturing CO, from gaseous emissions or for various water
pollutants. The synthesis of different nanoporous materials using as raw materials various wastes
would enable a high level of recycling for a sustainable society with a low environmental impact.

Author Contributions: M.G.M. contributed to the designed the study, the collection of data and interpretation,
as well as to the manuscript writing. V.-C.N. contributed to the design of the study, supervised the project,
contributed to the data interpretation and to the manuscript writing. All authors have read and agreed to
the published version of the manuscript.

Funding: This research and the APC were funded by the Romanian Ministry of Education and Research
under 19N/2019 Financing Contract, NUCLEU Program, Project PN 19 11 03 01—*“Studies on the obtaining
and improvement of the acido-basic properties of the nanoporous catalytic materials for application in wastes
valorization”.

Acknowledgments: We thank the support offered by the Romanian Ministry of Education and Research through
19N/2019 Financing Contract, NUCLEU Program, Project PN 19 11 03 01.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any commercial or
financial relationships that could be construed as a potential conflict of interest.

References

1.  Global Energy Statistical Yearbook 2019. Available online: https://yearbook.enerdata.net/coal-lignite/coal-
world-consumption-data.html (accessed on 22 August 2019).

2. Enerdata Intelligence + Consluting. Available online: https://www.enerdata.net/publications/daily-energy-
news/us-eia-expects-us-energy-related-co2-emissions-dip-22-2019.html (accessed on 23 August 2019).

3. Modak, A.; Jana, S. Advances in porous adsorbents for CO, capture and storage. In Carbon Dioxide Chemistry,
Capture and Oil Recovery; IntechOpen: London, UK, 2018.

4. Yao, Z.T,; Ji, X.S.; Sarker, PK.; Tang, ] H.; Ge, L.Q.; Xia, M.S.; Xi, Y.Q. A comprehensive review on
the applications of coal fly ash. Earth-Sci. Rev. 2015, 141, 105-121. [CrossRef]

5. ACAA. Production & Use Reports. Available online: https://www.acaa-usa.org/publications/productionusereports.aspx
(accessed on 16 December 2019).

6.  Putilov, V.Y,; Putilova, I.V. Modern approach to the problem of utilization of fly ash and bottom ash from
power plants in Russia. In Proceedings of the World of Coal Ash (WOCA), Lexington, Kentucky, USA,
11-15 April 2005.


https://yearbook.enerdata.net/coal-lignite/coal-world-consumption-data.html
https://yearbook.enerdata.net/coal-lignite/coal-world-consumption-data.html
https://www.enerdata.net/publications/daily-energy-news/us-eia-expects-us-energy-related-co2-emissions-dip-22-2019.html
https://www.enerdata.net/publications/daily-energy-news/us-eia-expects-us-energy-related-co2-emissions-dip-22-2019.html
http://dx.doi.org/10.1016/j.earscirev.2014.11.016
https://www.acaa-usa.org/publications/productionusereports.aspx

Nanomaterials 2020, 10, 474 12 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Kargin, A.; Baev, V.; Mashkin, N.; Uglyanica, A. Fly ash: Perspective resource for geo-polymer materials
production. In Proceedings of the Advanced Materials in Technology and Construction, AIP Publishing,
Tomsk, Russia, 6-9 October 2015.

Soe, ].T.; Kim, S.S.; Lee, Y.R,; Ahn, JW.; Ahn, W.S. CO2 capture and Ca2+ exchange using Zeolite A and 13X
prepared from power plant fly ash. Bull. Korean Chem. Soc. 2016, 37, 490-493. [CrossRef]

Belviso, C.; Cavalcante, F; Huertas, EJ.; Lettino, A.; Ragone, P. The crystallisation of zeolite (X- and A-type)
from fly ash at 25 °C in artificial sea water. Micropor. Mesopor. Mat. 2012, 162, 115-121. [CrossRef]

Fotovat, F.; Kazemian, H.; Kazemeini, M. Synthesis of Na-A and faujasitic zeolites from high silicon fly ash.
Mater. Res. Bull. 2009, 44, 913-917. [CrossRef]

Belviso, C.; Agostinelli, E.; Belviso, S.; Cavalcante, F; Pascucci, S.; Peddis, D.; Varvaro, G.; Fiore, S.
Synthesis of magnetic zeolite at low temperature using a waste material mixture: Fly ash and red mud.
Micropor. Mesopor. Mat. 2015, 202, 208-216. [CrossRef]

Vichaphund, S.; Ong, D.A; Sricharoenchaikul, V.; Atong, D. Characteristic of fly ash derived-zeolite and its
catalytic performance for fast pyrolysis of Jatropha waste. Environ. Technol. 2014, 35, 2254-2261. [CrossRef]
Li, D,; Min, H,; Jiang, X.; Ran, X.; Zou, L.; Fan, J. One-pot synthesis of aluminium containing ordered
mesoporous silica MCM-41 using coal fly ash for phosphate adsorption. J. Colloid Interface Sci. 2013, 404,
42-48. [CrossRef]

Chen, C.; Kim, J.; Ahn, W.S. CO2 capture by amine-functionalized nanoporous materials: A review. Korean J.
Chem. Eng. 2014, 31, 1919-1934. [CrossRef]

Watermann, A.; Brieger, J. Mesoporous Silica Nanoparticles as Drug Delivery Vehicles in Cancer. Nanomaterials
2017, 7, 189. [CrossRef]

Manzano, M.; Vallet-Regi, M. Mesoporous silica nanoparticles in nanomedicine applications. |. Mater.
Sci.-Mater. 2018, 29, 65. [CrossRef]

Sannino, F.; Costantini, A.; Ruffo, F.; Aronne, A.; Venezia, V.; Califano, V. Covalent Immobilization of
-Glucosidase into Mesoporous Silica Nanoparticles from Anhydrous Acetone Enhances Its Catalytic
Performance. Nanomaterials 2020, 10, 108. [CrossRef] [PubMed]

Califano, V.; Sannino, F.; Costantini, A.; Avossa, J.; Cimino, S.; Aronne, A. Wrinkled Silica Nanoparticles:
Efficient Matrix for 3-Glucosidase Immobilization. J. Phys. Chem. C 2018, 122, 8373-8379. [CrossRef]
Kresge, C.T.; Leonowicz, M.E.; Roth, W.J.; Vartuli, ].C.; Beck, J.S. Ordered mesoporous molecular sieves
synthesized by a liquid-crystal template mechanism. Nature 1992, 359, 710-712. [CrossRef]

Beck, J.S.; Vartuli, ].C. Recent advances in the synthesis, characterization and applications of mesoporous
molecular sieves. Curr. Opin. Solid State Mater. Sci. 1996, 1, 76-87. [CrossRef]

Vassilev, S.V.; Vassileva, C.G. Geochemistry of coals, coal ashes and combustion wastes from coal-fired power
stations. Fuel Process. Technol. 1997, 51, 19—45. [CrossRef]

Vassilev, S.V.; Menendez, R.; Alvarez, D.; Diaz-Somoano, M.; Matrtinez-Tarazona, M.R. Phase-mineral
and chemical composition of coal fly ashes as a basis for their multicomponent utilization. 1. Charaterization
of feed coals and fly ashes. Fuel 2003, 82, 1793-1811. [CrossRef]

Vassilev, S.V.; Vassileva, C.G. Methods for characterization of composition of fly ashes from coal-fired power
stations: A critical overview. Energy fuel 2005, 19, 1084-1098. [CrossRef]

Ferndndez-Turiel, ].L.; de Carvalho, W.; Cabafias, M.; Querol, X.; Lopez-Soler, A. Mobility of heavy metals
from coal fly ash. Environ. Geol. 1994, 23, 264-270.

Ram, L.C,; Srivastava, N.K,; Tripathi, R.C.; Thakur, S.K.; Sinha, A.K; Jha, S.K.; Masto, R.E.; Mitra, S. Leaching
behavior of lignite fly ash with shake and column tests. Environ. Geol. 2007, 51, 1119-1132. [CrossRef]
Sarode, D.B.; Jadhav, R.N.; Khatik, V.A.; Ingle, S.T.; Attarde, S.B. Extraction and leaching of heavy metals
from thermal power plant fly ash and its admixtures. Pol. . Environ. Stud. 2010, 19, 1325-1330.

Dindi, A.; Quang, D.V.; Vega, L.F,; Nashef, E.; Abu-Zahra, M.R. M. Applications of fly ash for CO, capture,
utilization, and storage. J. CO, Util. 2019, 29, 82-102. [CrossRef]

Ahmaruzzaman, M. A review on the utilization of fly ash. Progr. Energy Combust. Sci. 2010, 36, 327-363.
[CrossRef]

Patra, K.C.; Rautray Tapash, R.; Nayak, P. Analysis of grains grown on fly ash treated soils. Appl. Radiat.
Isotopes 2012, 70, 1797-1802. [CrossRef] [PubMed]

Pendias, A K.; Pendias, H. Trace Elements in Soils and Plants, 3rd ed.; CRC Press: Boca Raton, FL, USA, 2000.


http://dx.doi.org/10.1002/bkcs.10710
http://dx.doi.org/10.1016/j.micromeso.2012.06.028
http://dx.doi.org/10.1016/j.materresbull.2008.08.008
http://dx.doi.org/10.1016/j.micromeso.2014.09.059
http://dx.doi.org/10.1080/09593330.2014.900118
http://dx.doi.org/10.1016/j.jcis.2013.04.018
http://dx.doi.org/10.1007/s11814-014-0257-2
http://dx.doi.org/10.3390/nano7070189
http://dx.doi.org/10.1007/s10856-018-6069-x
http://dx.doi.org/10.3390/nano10010108
http://www.ncbi.nlm.nih.gov/pubmed/31948120
http://dx.doi.org/10.1021/acs.jpcc.8b00652
http://dx.doi.org/10.1038/359710a0
http://dx.doi.org/10.1016/S1359-0286(96)80014-3
http://dx.doi.org/10.1016/S0378-3820(96)01082-X
http://dx.doi.org/10.1016/S0016-2361(03)00123-6
http://dx.doi.org/10.1021/ef049694d
http://dx.doi.org/10.1007/s00254-006-0403-1
http://dx.doi.org/10.1016/j.jcou.2018.11.011
http://dx.doi.org/10.1016/j.pecs.2009.11.003
http://dx.doi.org/10.1016/j.apradiso.2012.03.037
http://www.ncbi.nlm.nih.gov/pubmed/22503430

Nanomaterials 2020, 10, 474 13 of 14

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Onyedikachi, U.B.; Belonwu, D.C.; Wegwu, M.O. Human health risk assessment of heavy metals in soils
and commonly consumed food crops from quarry sites located at Isiagwu, Ebonyi State. Ovidius Univ.
Ann. Chem. 2018, 29, 8-24. [CrossRef]

ECDGE, European Commission Director General Environment. Heavy Metals and Organic Compounds
from Wastes Used as Organic Fertilizers. 2010, pp. 73-74. Available online: http://ec.europa.eu/environment/
waste/compost/pdf/hm_finalreport.pdf (accessed on 15 October 2019).

WHO. Permissible Limits of Heavy Metals in Soil and Plants; World Health Organization: Geneva, Switzerland, 1996.
Page, A.L.; Elseewi, A.A ; Straughan, LR. Physical and chemical properties of fly ash from coal-fired power
plants with special reference to environmental impacts. Residue Rev. 1979, 71, 83-120.

Kumar, P; Mal, N.; Oumi, Y.; Yamana, K.; Sano, T. Mesoporous materials prepared using coal fly ash
as the silicon and aluminium source. J. Mater. Chem. 2001, 11, 3285-3290. [CrossRef]

Dhokte, A.O.; Khillare, S.L.; Lande, M.K.; Arbad, B.R. Synthesis, characterization of mesoporous silica
materials from waste coal fly ash for the classical Mannich reaction. J. Ind. Eng. Chem. 2011, 17, 742-746.
[CrossRef]

Zhou, C.; Gao, Q.; Luo, W,; Zhou, Q.; Wang, H.; Yan, C. Preparation, characterization and adsorption evaluation of
spherical mesoporous AI-MCM-41 from coal fly ash. J. Taiwan Inst. Chem. Eng. 2015, 52, 147-157. [CrossRef]
Eimer, A.G.; Pirella, L.B.; Monti, G.A.; Anunziata, O.A. Synthesis and characterization of AI-MCM-41
and Al-MCM-48 mesoporous materials. Catal. Lett. 2002, 78, 1-4. [CrossRef]

Majchrzak-Kuceba, I.; Nowak, W. Characterization of MCM-41 mesoporous materials derived from polish
fly ashes. Int. J. Miner. Process. 2011, 101, 100-111. [CrossRef]

Panek, R.; Wdowin, M.; Franus, W.; Czarna, D.; Stevens, L.A.; Deng, H.; Liu, J.; Sun, C.; Liu, H. Fly ash-derived
MCM-41 as a low-cost silica support for polyethyleneimine in post-combustion CO, capture. J. CO, Util.
2017, 22, 81-90. [CrossRef]

Li, G.; Wang, B.; Sun, Q.; Xu, W.Q.; Han, Y. Adsorption of lead ion on amino-functionalized fly-ash-based
SBA-15 mesoporous molecular sieves prepared via two-step hydrothermal method. Micropor. Mesopor. Mat.
2017, 252, 105-115. [CrossRef]

Miricioiu, M.G.; Iacob, C.; Nechifor, G.; Niculescu, V.C. High Selective Mixed Membranes Based on
Mesoporous MCM-41 and MCM-41-NH, Particles in a Polysulfone Matrix. Front. Chem. 2019, 7, 332.
[CrossRef] [PubMed]

Niculescu, V.; Miricioiu, M.; Geana, 1.; Ionete, RE.; Paun, N.; Parvulescu, V. Silica mesoporous
materials—An efficient sorbent for wine polyphenols separation. Rev. Chim. 2019, 70, 1513-1517. [CrossRef]
Du, T.; Zhou, L.E; Zhang, Q.; Liu, L.Y,; Li, G.; Luo, W.B.; Liu, H.K. Mesoporous structured aluminaosilicate
with excellent adsorption performances for water purification. Sustain. Mater. Technol. 2018, 17, e00080.
[CrossRef]

Niculescu, V.C.; Miricioiu, M.; Enache, S.; Constantinescu, M.; Bucura, F.; David, E. Optimized method for
producing mesoporous silica from incineration ash. Prog. Cryog. Isot. Sep. 2019, 22, 65-76.

Ghorbani, F; Younesi, V.; Mehraban, Z.; Celik, M.S; Ghoreyshi, A.A.; Anbia, M. Preparation
and characterization of highly pure silica from sedge as agricultural waste and its utilization in the synthesis
of mesoporous silica MCM-41. |. Taiwan Inst. Chem. Eng. 2013, 44, 821-828. [CrossRef]

Liou, T.H. A green route to preparation of MCM-41 silicas with well-ordered mesostructure controlled in
acidic and alkaline environments. Chem. Eng. J. 2011, 171, 1458-1468. [CrossRef]

Ma, Y.; Chen, H; Shi, Y.; Yuan, S. Low cost synthesis of mesoporous molecular sieve MCM-41 from wheat
straw ash using CTAB as surfactant. Mater. Res. Bull. 2016, 77, 258-264. [CrossRef]

Bhagiyalakshmi, M.; Yunn, L.J.; Anuradha, R.; Jang, H.T. Utilization of rice husk ash as silica source for
the synthesis of mesoporous silicas and their application to CO, adsorption through TREN/TEPA grafting.
J. Hazard. Mater. 2010, 175, 928-938. [CrossRef]


http://dx.doi.org/10.2478/auoc-2018-0002
http://ec.europa.eu/environment/waste/compost/pdf/hm_finalreport.pdf
http://ec.europa.eu/environment/waste/compost/pdf/hm_finalreport.pdf
http://dx.doi.org/10.1039/b104810b
http://dx.doi.org/10.1016/j.jiec.2011.05.033
http://dx.doi.org/10.1016/j.jtice.2015.02.014
http://dx.doi.org/10.1023/A:1014924332500
http://dx.doi.org/10.1016/j.minpro.2011.09.002
http://dx.doi.org/10.1016/j.jcou.2017.09.015
http://dx.doi.org/10.1016/j.micromeso.2017.06.004
http://dx.doi.org/10.3389/fchem.2019.00332
http://www.ncbi.nlm.nih.gov/pubmed/31263688
http://dx.doi.org/10.37358/RC.19.5.7161
http://dx.doi.org/10.1016/j.susmat.2018.e00080
http://dx.doi.org/10.1016/j.jtice.2013.01.019
http://dx.doi.org/10.1016/j.cej.2011.05.074
http://dx.doi.org/10.1016/j.materresbull.2016.01.052
http://dx.doi.org/10.1016/j.jhazmat.2009.10.097

Nanomaterials 2020, 10, 474 14 of 14

50. Lawrence, G.; Baskar, A.V.; El-Newehy, M.H.; Cha, W.S,; Al-Deyab, S.S.; Vinu, A. Quick high-temperature
hydrothermal synthesis of mesoporous materials with 3D cubic structure for the adsorption of lysozyme.
Sci. Technol. Adv. Mater. 2015, 16, 1-11. [CrossRef] [PubMed]

51. ACS Material, Advanced Chemical Supplier. Available online: https://www.acsmaterial.com/mcm-41.html
(accessed on 18 October 2019).

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1088/1468-6996/16/2/024806
http://www.ncbi.nlm.nih.gov/pubmed/27877767
https://www.acsmaterial.com/mcm-41.html
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Fly Ash Properties 
	Environmental Risk Assessment 
	Fly Ash as Raw Material for Mesoporous Silica Synthesis 
	Economic Assessment 
	Conclusions 
	References

