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Abstract: Fly ash (FA) and bottom ash (BA) produced by coal combustion have environmental
impacts. Besides its well-known use in construction and civil engineering, FABA can also be used
as a substance for wastewater treatment (WWT). However, the characteristics of FABA depend on
the coal source, combustion condition, and flue gas treatment. The qualities of a given utilization of
FABA are better determined by standards based on research that later needs to be agreed upon by
the stakeholders. This study aims to give a preliminary compilation of significant parameters for
standards provision, especially for WWT. Standard parameters were considered from published peer-
reviewed articles, a partial of the FACTS (Framework of Analysis Comparison and Testing of
Standards) method. The study finds vital criteria for utilizing FABA in wastewater treatment,
including unburnt carbon or loss of ignition (LOI), density/specific gravity, particle size, porosity,
specific surface area, water holding capacity, CaO, and cenosphere content. A new work item for
standard development is required due to the differences in parameters compared to the well-known
and widely cited standard. Additional research is required to establish standardization of the
parameters. The availability of standards supports the widespread utilization of FABA, especially
for WWT.

Keywords: fly ash; bottom ash; coal; FABA standard; wastewater treatment; FACTS method

1. Introduction

Population growth is the primary driver of rising energy
consumption? and the expected increase in the gross
domestic product (GDP)>¥. Energy is used to power
industries, offices, residences, transportation, etc., to
boost the nation's GDP and provide comfort?. The
International Energy Agency (IEA) estimates that 2020
energy demand will have reached about 600 exajoules and
is projected to increase by approximately 1% annually
through 2030%. To provide this amount of energy, about
80% of the energy source is still using fossil fuels, with
the share of coal close to 30%. The proportion of coal may
be even higher, reaching 38 or 40%%. Coal is still a
significant energy source worldwide, especially in the
United States, China, and other Asian nations. According
to the IEA World Energy’s Net Zero Emissions (NZE) by
2050 model”, coal-fired energy will continue to be

utilized until 2040. However, the coal complete phase-out
by 2040 may take longer because the IEA’s Tracking
Clean Energy Progress (TCEP) to oversee the
implementation of the NZE 2050 scenario, per July 2023,
shows it needs to be on track®. IEA’s TCEP evaluates
current advancements in more than fifty essential
components of the energy system that are crucial for the
transition to clean energy, including electric car sales and
renewable electricity capacity additions.

With coal still used for decades to come, the urgency
comes for the need for efforts to reduce coal-fired power
generation's adverse environmental effects. Energy
efficiency and environmental impact are currently issues
that receive special attention®!?. This is especially true in
terms of sustainability'?. Mining, transportation, and coal
combustion activities in power plants produced CO», CO,
SOx, NOx, CHs, NHMCs/VOCs, and particulate
emissions'". Coal combustion also generates solid wastes,
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such as fly ash (FA), bottom ash (BA), and gypsum, from
the flue gas cleaning or desulfurization (FGC/FGD)
process'>!®. Worldwide Coal Combustion Products
Network (WWCCPN) refers to these wastes as Coal
Combustion Products (CCPs)®. To reduce environmental
impact, adding value to CCPs into products or different
kinds of utilisations is crucial'*'>. In 2016, FA and BA
(FABA) accounted for 64% of global CCP production of
1.2 billion metric tonnes, while foreign commerce in 2015
was estimated at 5 metric tonnes®.

If not handled properly, large amounts of FABA due to
CCP will potentially cause environmental problems'®. FA
is a fine fraction of CCP in the form of particles separated
from the gas flow outside the combustion chamber to
avoid emissions into the atmosphere!”. FA consists of an
inorganic fraction and a small part of organic substances
(unburned carbon). It is a finely ground powder
comprising siliceous and aluminous compositions,
capable of forming a compound with binding properties
when mixed with water and lime'®'?. Meanwhile, BA is a
coarse fraction of CCP produced in the combustion
chamber due to burning coal that burns completely or
partially?®. BA consists of sand particles, especially
quartz, mixed with mineral impurities contained in coal?V.

Furthermore, bottom ash has been discovered to
improve the load-bearing capacity of soft soil when
utilized as an alternative material in granular columns??.
To minimize the negative impact of FABA, reuse of FABA
as raw materials has been carried out. Large amounts of
FABA are currently used as building materials and in
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because FABA is ideal for hardened or solidified
materials®. FABA utilization depends on the chemical
and mineralogical characteristics, which vary based on
coal's intrinsic properties (mineralogy dependent on coal
source), burning condition (facility type, combustion
temperature, length of time in the furnace, etc.), flue gas
treatment, collection method and period, and deposit
duration?®27),

Another potential utility besides building materials is
that FABA can be used in wastewater treatment.
Wastewater arises due to industrial activities or daily
domestic activities?. If not appropriately managed,
wastewater can pollute the surrounding environment,
especially the quality and ecosystem of water?3". The
primary source is industrial activity, which also produces
wastewater containing dangerous pollutants, including
heavy metals and dangerous organic compounds that are
byproducts of the production process?*3%3233, Based on
the composition of FABA, several studies have reported
that FABA can be used in wastewater treatment’*37,
Generally, the functionalization of FABA in wastewater
treatment is an adsorbent for several hazardous pollutants
in wastewater. The application mechanism of FABA as an
adsorbent in wastewater is about how this material attracts
and absorbs harmful compounds from wastewater,
helping to clean it and keep the environment healthy.
Adsorption mechanisms occur on the surface in chelation,
ion exchange, or complex formation (Fig. 1).
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Fig. 1: Illustration of the mechanism of application of FABA as an adsorbent in wastewater.

The unique inherent qualities influence the application
of FABA as described earlier?®29, Regarding that matter,
standards are needed for the potential wide application of
FABA. Standardization is a crucial part of FABA
applications. This primarily supports a steady
characteristic of CCPs, which can promote consistent use
and facilitate trade®. A standard document is a set of
requirements, guidelines, and rules for a product, service,
or process accepted by a recognized entity and developed
by a consensus of stakeholders®). Implementing standards
can provide benefits in increasing awareness of quality®?,

{40.41) 39,41,42)
b 2

quality improvemen increased productivity
protection of health, security, and safety aspects*¥, and
economic benefits* . In the case of the construction
industry, various standards for pozzolan cement set the
most important parameters with FA mixture are the
content of Si0,+Al,03+Fe;03, SO3, CaO, Si0;, lost on the
ignition, and percent of water, along with physical
characteristics of density, water demand ratio, and
maximum particles amount retained by a 45 um (No. 325)
sieve?”. Many standards were found for FA utilization in
pozzolan cement, the application of which is for the
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construction industry. They are ASTM C 618 (US)*®, JIS
A 6201 (Japan)*”, GB/T 1596 (China)’”, and EN 450-1
(EU)*Y. Other standards for FA in cement and concrete are
AS/NZS 3582 (Australia/New Zealand), IS 3812-1 (India),
and GOST 25818 (Russia). Indonesia adopted ASTM C
618-08a into SNI 2460:20142),

Other standards to facilitate FABA application in other
fields are scarce, even though many applications for
FABA are shown in various published research papers.
This study aims to evaluate published articles and identify
the essential characteristics of FABA applications for
wastewater treatment. Studies with similar purposes in
different fields, such as the work by Ayello and Lopes™?,
conducted a Systematic Literature Review (SLR) on
implementing the IEC 61850 standard to propose a fresh
approach to achieving interoperability in a setting with
several vendors. Another example is the SLR study by de
Frietas et al.*¥, in which they intended to give input for
the standardized Function Point Analysis (FPA) method in
software testing that is already widely adopted.

For novelty, this study continues the work of various
reviews on FABA utilization from the perspective of
standardization. The outcome can contribute to creating
standards for the widespread utilization of FABA, which
is expected to help mitigate the environmental effect of
coal-based energy generation.

2. Methodology

This study was conducted by collecting various
information derived from reviews and research papers
related to the utilization of FABA using Scopus. Before
searching the parameters, different applications of FABA
are studied through review papers other than in the
construction industry. Four review papers were found for
FABA utilization Jayaranjan et al.??, Yao et al.?>, Zhou et
al.?®, and Alterary & Marei®. Three review papers are
also specific to wastewater treatment, mentioned later in
section 3.3.

Afterward, information is further explored and
extracted using content analysis of the references in the
review papers. At least 43 papers are used to gather the
important parameters. This is meant to create abstracts of
the required characteristic or important relevant
parameters of particular use, which in the context of the
study is for wastewater treatment, for input in standards
development (workflow is given in Fig. 2). The papers
used are taken from those published within a period of 10
years (2013 — 2023). This effort to gain initial knowledge
and information of important product parameters for a
certain utilization is a partial method of the FACTS
(Framework of Analysis Comparison and Testing of
Standards)>®, a tool for developing and maintaining
standards. The method has been used or considered in
research to determine the technical parameters of various
products in different fields, such as to develop standards
for electric vehicle batteries and battery management
systems, wheelchairs, and aerospace. The studies

referenced include those by Aristyawati et al.>”, Sutopo et
al.>®, Pratiwi et al.>®, and Sanya and Shehab®”,

3. Result and Discussion

3.1 Variation of FABA chemical composition

Fly ash and bottom ash are byproducts produced from
coal combustion®V. Fly ash is a fine powder residue that is
removed from the combustion chamber by the exhaust
gases after pulverized coal is burned®?, and bottom ash is
the larger and heavier particles that are left behind at the
bottom of the combustion chamber after coal combustion
(generally composed of non-combustible materials that do
not burn during the combustion process)®¥. As a result of
coal combusting, fly ash, and bottom ash have similar
compositions but with different amounts of content®>. Fly
ash and bottom ash are dominantly composed of silica,
aluminium, iron, calcium, and oxygen and contain many
other elements at trace levels. Heavy metals such as
arsenic, cadmium, chromium, and lead®?.

s N
Review Paper Study
\ J
v
@ N
Related Original
Research Paper

Extract Required Characteristic or Important
Relevant Parameters of Particular Use
(Wastewater Treatment)

Y
Discussion
Standardisation of FABA
for Wastewater Treatment )

Y

Conclusion

Fig. 2: Workflow of the study.

Research results show that differences in the
physiochemical properties of fly ash and bottom ash
depend on several factors. First, the kind and source of the
coal affect the characteristics of coal fly ash and bottom
ash. Coal comes in four different varieties: lignite,
bituminous, sub-bituminous, and anthracite. The kinds
and quantities of carbon, the thermal energy the coal can
generate, the moisture content of the carbon, and other
chemical components all affect the type of coal®’ ¥, The
concentrations of silica oxide (SiO), alumina oxide
(Al2,03), and ferric oxide (Fe»O;) vary throughout the
different varieties of coal®. Other than that, the physical
and chemical properties of coal ash are dependent on the
combustion process and power plant design®®, especially
the differences in leaching procedures and methods, boiler
types, the coal combustion temperature, the furnace’s
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burning conditions, ash managing performances, and
utilized processing technologies in coal-fired power
plants®”). Chang and Wey (67) also reported®”that
different types of incineration processes cause significant
differences in the properties of bottom and fly ashes. The
cause of the difference lies in the different characteristics
of ashes due to the transportation and mixing system
inside the furnace. A recap of variations in the general
chemical composition of FABA is given in Table 1.

3.2 Various FABA utilization

Various FABA utilization has been reported in several
studies, especially in construction, agriculture, ceramic
manufacturing, wastewater treatment, and other uses
(Table 2). An optimal utilization hierarchy of FABA can
be suggested considering the valuable contents, significant
elements, and the hazards in utilizing it®®. FABA
utilization can start from the extraction of valuable
elements, followed by synthesis to another form like
zeolite, and utilization in wastewater treatment. These
utilisations still have second pollution or environmental
risk concerns®%9. Like in ceramic and construction,
utilization can close the chain because FABA is utilized by
solidification and stabilization, which can prevent further
pollution. Similar hierarchical utilization was put forward
by Srivastava et al.”® by recommending metal-loaded used
bagasse FA to create fire briquettes and that the bottom ash
produced be combined with concrete to be used in the
building. Studies to gather important parameters can
trigger the work of standards to support various uses of
FABA described earlier. In that context, a focus area can
be selected, as is intended to be done in this study, namely
proposing an abstract of standard parameters for FABA
utilisations in wastewater treatment. The utilization has the
potential to use FABA in large amounts.

3.3 FABA utilization for wastewater treatment

FA and BA can be used for wastewater treatment
(WWT)?. The radiological characteristics of FABA do
not affect the characteristics of treated wastewater.
Therefore, FABA is safe to use for treating wastewater and
does not present a substantial radioactive danger.”V.
However, coal FA is used more for WWT than BA.
Specific literature for FA utilization in wastewater can be
found in Gadore and Ahmaruzzaman’?, Mushtaq et al.”®,
and Singh et al.®”. FA can help WWT by physical and
chemical methods (Table 3). Physical includes adsorption,
filtration, and coagulation; chemical includes
photocatalysis and Fenton process’>. By adsorption,
many contaminants, including phenol, dyes, medications,
pesticides, heavy metal ions, detergent, fluoride,
phosphate, and others, can be eliminated from wastewater
with FA7+79_ Because of its high porosity, huge surface
area, microscopic particle size, and unburnt carbon, FA is
an excellent low-cost adsorbent for removing harmful
contaminants from wastewater. The oxides in FA include
alumina (Al,O3), silica (SiO>), calcium oxide (CaO), and

iron oxides (Fe;O3). They absorb hazardous heavy metals
from wastewater, and FA's alkaline nature confers a
neutralizing characteristic®®’?. FA can also be applied as
a medium to make permeable reactive barriers (PRBs)”?.
PRBs are a passive processing technology for water
source recovery in the form of in situ permeable reactive
barrier walls (which will be installed directly in acid mine
water reservoirs or sumps) which react with certain metal
elements and function to reduce or eliminate dangerous
heavy metal contaminant elements in the water. Acid mine
drainage passes through it so that the resulting water can
safely be released back into the environment. FA does not
cause dangerous contaminants in the water treatment
process’®.

Similar to coal FA, coal BA is known for its chemical
composition, which is rich in silica (SiO), alumina
(AL,O3), and iron oxides (Fe,O3). BA has various
advantageous qualities in addition to its chemical makeup,
including surface area, porosity, particle size, and water-
holding capacity. Coal BA has a good adsorption capacity
for copper and reduces chemical oxygen demand (COD)
and the concentration of various pollutants’®. Coal BA
can also be used for domestic and industrial wastewater
treatment. Furthermore, coal BA can be used as a potential
adsorbent to remove toxic dyes in tannery waste
processing by reducing the concentration of COD
parameters>»’), Coal BA can also be used to remove H,S
from waste gas or to reduce the concentration of various
pollutants in leachate®”. Apart from that, coal BA can also
be used to remediate water/wastewater from phosphate.

Besides FA and BA, other materials have the same
function with several advantages and disadvantages.
Al>,03-NaAs zeolite composite hollow fiber membrane is
used for filtration and is very effective at removing PB, but
the NaAs zeolite composite membrane is very difficult to
characterize with XRD because hollow fibers are too thin
to detect. Granular activated carbon (GAC) using the
adsorption method can be used as an odor barrier because
it has a high surface area and porosity. However, in its
application, the temperature parameters must be increased
twofold to obtain optimal surface area and pore volume
values. FE oxidation uses the Fenton process, an optimal
process that can effectively degrade various types of
organic pollutants but has high costs and risks in its
application (Table 4).

The use of BA is a cost-effective and environmentally
friendly alternative to recover water from phosphate in the
presence of competing ions (humic acid)?). Coal BA can
also reduce Boron in ceramic industry waste; the use of
BA and long-chain polymers or flocculants in the
adsorption-flocculation mechanism can remove up to 80%
of boron under optimum conditions (pH % 8.0, dose %4 40-
gram bottom ash/300 mL wastewater, residence time Y4 1
hour)®?. Furthermore, some other applications of BA are
in processing expired medicinal waste®”, improving
wastewater quality as a waste disposal option for
industry®, and removing Cd and Ni from simulated acidic
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wastewater®?).
3.4 Review of required parameters — FABA
utilization in wastewater treatment

As mentioned in the previous chapter, other standards
can be considered in addition to ASTM C618: CSA A3001,
EN 450-1, AS/NZS3582.1. These four standards have
broadly identical specifications, but there are differences
in LOI limitations due to differences in coal properties and

combustion processes. CSA A3001 is a fly ash
classification specification standard that applies in Canada.
EN 450-1 is a standard fly ash specification, generally
mixed in cement in European countries. This standard is
different from ASTM C618, which classifies materials
based on LOI Limits rather than CaO content. Meanwhile,
AS/NZS 3582.1 defines fly ash, LOI, and SAl-special
grade specifications.

Table 1. Variation in the general chemical composition of FABA (% weight).

Compositions FA BA Unspecified FABA
Malaysia®) | Indonesia®® | Malaysia®) | Indonesia®® China®?) China®
SiO2 47.6 61,63 453 45.59 34.5 41.23
AOs 23.8 17,71 18.1 27.06 18.8 31.54
Fe203 7.4 9,30 19.84 6.87 16.0 3.94
Si02+AL03+Fe203 78.82 88,04 83.24 NA 69,3 NA
CaO 10.7 4,24 8.70 6.87 17.7 10.65
MgO 1.5 1,98 0.69 1.94 1.8 0.41
Na20O 2.1 1,31 NA 4.97 0.5 0.21
K20 1.4 1,28 248 0.78 0.3 1
TiOz 2.92 NA 3.27 NA 0.6 2.45
P20s 1.16 NA 0.351 NA NA 2.561
MnO 0.12 NA 0.248 NA NA NA
SOs3 0.73 2,83 0.3 1.73 7.9 2.79
BaO 0.1 NA 0.311 NA NA NA
Lol 0.43 4,27 0.1 3.35 NA NA
Table 2. Utilization of FABA.
Utilization | FA | BA The main consideration factor Reference
Construction | y More cost-effective compared to soil as construction material. Jayaranjan et al.?®, Yao et
Enhance soil characteristics and functions as a stabilizing agent and | al.?¥, Zhou et al.? ,
engineering characteristics of soft soils, including strength, bearing | Mahale et al.?”
capacity, and reducing displacement.
Pozzolanic characteristics render it valuable as a concrete alternative for
cement and various construction uses.
Enhance the plasticity and minimize the exudation of freshly mixed
concrete.
Decrease the heat generated during the hydration process, reducing the
likelihood of early-stage cracking in concrete.
Boost concrete's long-term durability properties. Improves the strength,
durability, and microstructural characteristics of concrete.
We are promoting cleaner manufacturing by mitigating greenhouse gas
emissions and conserving natural river sand in the concrete production
process.
Agriculture N An alternative to using dolomite and lime in crops that is economical | Yao et al.>¥, Zhou et al.>,
and ecologically sustainable. Mahale et al.’), Lee et
Boost plant nutrient availability, except organic C and N al.%%, Jala et al.®», Agustini
Enhance the physiochemical and biological characteristics of soils and | et al.’?, Trung Phan et al.%?
provide plants with easily obtainable macro- and micronutrients.
Improve the activity of microbes by enhancing the structure of the soil,
lowering pH, and serving as a substrate for the growth of
microorganisms.
Boost the output of biomass from plants in deteriorated soils. Several
elements released into the soil can benefit crop yield and plant growth.
Heavy metal immobilization in contaminated soils can increase the
fertilization rate.
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Utilization | FA | BA The main consideration factor Reference
Enhance the seed germination rate.
Geopolymer | Solid adsorbents. Yao et al.>¥), Han et al.?™
Ceramic Y Y Blend with stoneware clay to produce superior physical and mechanical | Jayaranjan et al.?®, Yao et
industry properties by modifying the ceramic body's composition and adapting | al.?¥, Zhou et al.>®, Zhang
the heating process to counter adverse traits. et al.®®, Namkane et al.”®
They exhibit significant crystallinity, boast a thermal expansion
coefficient, and directly influence ceramic composite properties like
density, absorbency, porosity, and firing compression strength.
Water and v | v |- Potential adsorbent to remove organic pollutants, heavy metals, and | Yao et al.?, Zhou et al.?5,
wastewater other contaminants so wastewater processed by a WWTP and meets | Lin et al.>®, Labidi et al.3?,
treatment environmental quality standards can be safely disposed of into water | Alterary & Marei®>, Nollet
bodies. et al.”?, Visa et al.?®,
Mushtaq et al.”, Attari et
al.”, Chang et al.'®, El
Mouhri et al.”
Energy N | V|- The high content of iron oxides Yao et al.>¥), Zhou et al.?¥,
catalysis - High thermal stability Goembira et al.'»
- Pollutant removal, low cost, high lifespan, and applicable without
pretreatment
Zeolite y - Precursor of natural zeolites Yao et al.>¥), Langauer et al.
- Zeolites made from waste fly ash can be utilized in commercial | %%, Yadav et al. 9%
operations for CO collection and could be a cheap, feasible technique
for creating vast amounts of adsorbent.
Material N v |- A substance that acts as a catalyst for reactions in the liquid, solid, and | Yao et al.?¥, Zhou et al.29,
synthesis gas phase precursor for material synthesis Belviso et al.!%, Shaila et
al.!1%%) Han et al.?®
Table 3. Utilization of FABA in wastewater treatment.
Type FA BA
Function adsorption, filtration, and Adsorption
- Physical | coagulation photocatalysis
- chemical | and Fenton process
Utilization a medium to make - A potential adsorbent to remove toxic dyes in tannery waste processing by reducing

permeable reactive barriers

(PRBs)

the concentration of COD parameter.

in leachate.

For remediating water/wastewater from phosphate.

to reduce Boron in ceramic industry waste.

to remove Cd and Ni from simulated acidic wastewater.

To remove HaS from waste gas or to reduce the concentration of various pollutants
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Table 4. Other materials for WWT with the advantages and disadvantages.

No Material Name Physics Chemicals Advantage Disadvantage Ref.
Method* Method*
A C F P Fe
1. Activated Bottom Ash Y Can act as an effective adsorbent to remove dangerous azo dyes | Preparing bottom ash as an adsorbent involves steps | 109
from textile industry wastewater, namely metanil yellow and | such as cleaning, drying, and activation, which require
methyl orange. additional time and costs.

2. AO3-NaA zeolite V The testing findings showed the porous membrane's remarkable | NaAs zeolite composite membranes are very difficult | 197
composite hollow fiber effectiveness in removing Pb (II) (more than 99%), and the | to characterize by XRD because the hollow fibers were
membranes primary mechanism of Pb (II) removal was described as metal | too thin to be detected

adsorption on the membrane surface.

3. TiO Y Y The membrane can remove of heavy metal ions Cu (II), Cd (I), | The adsorption capacity of TNM-PFACS is small | '
nanofiber membrane on and Cr (VI)) and rhodamine B compared to TiO2 and TiO2 composite powder.
porous fly ash ceramic
(TNM-PFACS)

4 Granular activated Y GAC was used as an adsorbent and was regenerated thermally | In this case, the critical factor is temperature, which | 19
carbon (GAC) oxidatively to obtain more efficient and cleaner results. GAC is | must be doubled to obtain the surface area and pore

an odor barrier with a high surface area and porosity. The result | volume values.
is regeneration at a temperature of 900 °C using an inert

atmosphere, producing GAC with optimized textural properties

because it provides the highest surface area value.

5 Ferromagnetite (F) and Y FE coagulants produce rapid particle aggregation and larger floc | To remove parameters such as turbidity, color, and | 'V
eggshells (E) sizes, so they are recommended for improving flocculation and | total suspended solids.
Coagulants sedimentation in the wastewater treatment process.

6 Fe oxidation \ High degradation rates and effective removal of various types of | The narrow working pH range, the high costs and risks | ''?

organic pollutants associated with handling, transporting, and storing
reagents (H202 and catalyst), and the significant iron
sludge.

Remarks: A: Adsorption; C: Coagulation; F: Filtration; P: Photocatalysis/Photodegradation; Fe: Fenton process
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It can be challenging to compare fly ash specifications
across many standards since various standards have varied
requirements for conducting tests like LOI. The primary
distinctions between the fly ash requirements included in
ASTM C618 and CSA A3001, EN 450-1, and AS/NZS
3582.1 are related to the fly ash's physical characteristics,
chemical composition, categorization limitations, testing
procedures, and performance standards.

Fly ash is subject to ASTM C618's chemical
composition restrictions, including sulfate concentration
specifications, calcium oxide (CaO), and loss of ignition
(LOI). ASTM C618 sets a chemical composition

restriction different from CSA A3001 and AS/NZS 3582.1.

Fly ash must meet the specific chemical composition
standards of EN 450-1. differs from ASTM C618 in terms
of its chemical composition limitations.

Variations in criteria for physical qualities, including
fineness, specific gravity, and water content, can
contribute to disparities in physical attributes. Varied
approaches to testing and assessing the qualities of fly ash
also led to varied interpretations of the results in various
standards. The performance parameters used in each
standard manufacturer's specification to determine if fly
ash is suitable for a particular application vary, which
affects the end product's quality and attributes'®® (Table
5).

Most FABA is composed of CaO, SiO,, Al,Os, and
Fe,0s. The three last compounds decrease as CaO rises.
The commonly referred ASTM standard defines explicitly
the % weight combination of SiO>+Al,03+Fe,O3 as the
important characteristic for concrete instead of the CaO
content for the coal ash classes. Even though both
parameters can be used, CaO is considered a more
important parameter in WWT use; thus, the essential
parameter in the standard should be switched to prescribe
Ca0. Alkalis also rise with CaO, including Na,O and K,O,
as well as SO3%.

Adsorption is the best wastewater treatment method
available for use in industrial settings. This method's
capacity to eliminate harmful substances™!%%!19 cheap
running costs, and straightforward design make it a
desirable one” "'V, The use for removing pollutants from
wastewater by coal FABA refers to the fact that FABA is
a material widely available at low cost and can replace
activated carbon™. For two reasons for WWT by
adsorption, coal ash from lignite or sub-bituminous coal is
preferred. First, it utilizes the higher ash production from
the low calorific value coals (lignite or sub-bituminous)’?.
Second, the high CaO content improved the adsorbent
function, which benefits water remediation?>7?. However,
the review from Singh et al.®” and Mushtaq et al.”>
described class F as mainly used over class C FA. Mostly,
the terminology of coal ash classes and primary reference
of parameters in published articles are taken from the
ASTM C 618-3 standard specification for coal ash for use
in concrete. To see CaO content according to the coal
types, side-by-side comparison tables of FABA major

elemental composition from different coal sources can be
seen in Jayaranjan?® and Gadore & Ahmaruzzaman’?.

Another component of coal ash is the cenosphere. The
cenosphere is one of the fractions in ash coal''?, and the
geosphere is physically spherical, has low density, and is
inert''®). Various products, including refractory materials,
bricks, cement, and concrete, can be made using
cenosphere!'®, cenosphere can also be applied in
WWT!U49) This can happen because the components
contained in the cenosphere are in the form of several
metal oxide compounds!'>!'9. Several applications of
metal oxide compounds have been carried out in WWT to
minimize the existing pollutant content'!”!19); therefore,
the higher cenosphere content in coal ash can optimize the
WWT process.

With the matching characteristics described earlier for
WWT — which are the high porosity, large surface area,
microscopic particle size, water holding capacity, content
of unburnt carbon and oxides, alkaline nature, and
cenosphere, the essential coal ash parameters gathered
from the reviews specific to WWT are then given in Table
6. The scope of the standard is ash from coal, class C coal
ash, and the intended use for WWT with adsorption needs
to be described. The parameter composition differs from
the ASTM standard for fly ash in concrete; thus, a new
work item for standard development is needed. Even
though WWT by adsorption using FA has been broad and
known for two decades ago, its application in WWT is still
inadequate”™. Meanwhile, FA-transformed materials like
zeolite and geopolymer are subjected to other standards.

The iron and carbon contents can be used to estimate
the density of FA. As C content rises, its density falls, and
as Fe content rises, so does its density. The carbon content
impacts the water requirement and workability of FA.
Calculating the loss on ignition (LOI) allows for
determining the differences in carbon content?*>. When
more unburnt carbon is present, the LOI is higher®>. To
highlight another distinct need between FA for concrete
and WWT, a high content of unburnt carbon is not wanted
in concrete?® (or not exceeding 20%)'?Y because of
reducing compressive strength; then an effort for carbon
separation is needed'?".

On the other hand, carbon's excellent adsorption
characteristic is wanted in WWT>>%%72_This emphasizes
the need for a distinct standard for FA utilization in WWT.
Some of these parameters are interrelated: density or
specific gravity related to the existence of voids?®, density
is related to C content, C is related to LOI*®, and water
absorption can indicate the degree of porosity and specific
surface area affected by LOI*. To avoid unnecessary
overlap, determining which main parameters influence the
standard most requires further research and discussion.
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Table 5. Comparison of fly ash parameters in ASTM C618, CSA A3001, EN 450-1, AS/NZS 3582.1.

Parameters ASTM C618 CSA A3001 EN 450-1 AS/NZS 3582.1
Class of fly ash F,C F, CI, CH A,B,C,N, S Special, 1, 2
CaO (%) <18 or>18 <15, 15-20, >20 - -
Si02+ALLO03+Fe203 (%) >50 - >70 >60 or >70
Si02 (%) - - - -
S0z (%) <5 <5 <3 <3
Moisture content (%) <3 <3 - <5
LOI (%) <6 <6, <8 <5,<7,29 <3, <4, <6
Retain on 45 um sieve (%) <34 <34 <12, <40 <15, <25, <45
Strength activity, 7 days, % >75 Optimal -
Strength activity, 28days, % >75 Optimal >75 >75,>105
Strength activity, 91days, % - Optimal >85 -
Water requirement, % <105 - <95 -

Source: Suraneni et al.!0?

Table 6. Abstract of standard parameters — FABA for wastewater treatment.

Abstract for standard parameters

Density / specific gravity

Lower better

Max. % variation from average

Particle size

Smaller better

Fineness, 45pm

Comparison Remarks
Parameters Direction of with ASTM C 618-03
requirements
Unburnt carbon or Loss of Ignition (LOI) Higher C better LOI, max, %

Ash from coal lignite
or sub-bituminous

Porosity Higher better n/a coal combustion, with
Specific surface area Higher better n/a intended use for
Water holding capacity Higher better Water requirement wastewater treatment
CaO Higher better n/a by adsorption
Cenospheres Higher better n/a

3.5 Further research toward standardization of
FABA for wastewater treatment

Efforts to review studies of FA as an adsorbent in
wastewater have already been worked out by Wang &
Wu'?? and Ahmaruzzaman'?, even before 2010.
However, the intention is for something other than
standardization. Those examples and the studies in
different fields mentioned earlier in the introduction show
that such studies are usually outside the intention for
standardization. This indicates that comprehensive efforts
of downstream research and innovation results through
standardization are less recognized among researchers. At
the same time, it is important because the review approach
can be utilized as an initiative of a new standard or input
for standard revision. Thus, it may provide an apparent
reference, the enabler for mass production, and enhance
the effectiveness of the industry/user.

Underlining relevant notes by Gadore and
Ahmaruzzaman’? related to the topic of this study, it was
described that more research must be done for the
adsorption system in WWT to have practical uses at the
industrial level. The new low-cost fly ash-based
adsorbents should be tested using actual wastewater;
reproducibility of adsorption data is crucial, and the
adsorbent must be chemically and physically stable. In
standardized FABA, the original FABA may be subjected

to various preliminary treatments. Achieving the required
or efficient formulation for WWT may involve the
analysis of FABA characteristics®”, mechanical activation,
chemical modification, impregnation, and high-
temperature calcination for enhanced performance’).
Crushing, grinding, sieving, gasification, and pyrolysis
are also suggested to remove toxic elements and enhance
basic properties®>.

Moreover, the utilization must be prudently related to
the hazard of using FABA and the likelihood of heavy
metal content'?¥ that would contaminate the environment.
Thus, the limit and procedure of application may need to
be prescribed according to the standard or a separate
standard. Those notes emphasize the need for different
standards and further studies.

In this study, it is also known that parameters can
influence each other. Therefore, the relationship between
one variable and several other variables must be
determined. For that purpose, a regression analysis which
is a statistical method to investigate the relationship can
be used and is common in many scientific fields such as
financial data analysis, medicine, biology, agriculture,
economics, engineering, sociology, geology, and others'?.
Copula can also be used because it has the main advantage
of no restrictions on the probability distribution!?”.
Copula provides flexibility in describing the dependence
structure of bivariate meta-analysis'?®.
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Furthermore, in the development of standards,
consensus is usually used to determine the parameters.
However, this is prone to subjectivity, so the
determination of parameters in a committee meeting often
has political nuances and lobbying even though it
determines technical matters. Therefore, in determining
choices by experts in their fields, statistical methods such
as AHP or fuzzy AHP'?"12®) and ANP'?” can be used.

A standard is a technical requirement that combines the
protocols and techniques created with the consent of all
involved parties, taking into account the requirements for
science, technology, safety, security, health, and the
environment, as well as current and upcoming
improvements to maximize benefit'3%!3?), A specific limit
for each essential parameter must be set according to
statistical rules based on multiple FABA samples and
experiments, effectiveness in the utilization (practicability
or applicability), and environmental and economic
considerations.

4. Conclusion

Review studies are available to recommend the use of a
material, propose a method, or serve another purpose.
However, the studies often aim for something other than
standardization, which is important for downstream
research and innovation results. Research is important as
a basis for standardization, and significant parameters or
proven best practices need to be made explicit and clear to
users.

Essential standard parameters can be gathered from
review papers for FABA utilization in wastewater
treatment. The essential standard parameters for FABA
utilization in wastewater treatment are unburnt carbon or
loss of ignition (LOI), density/specific gravity, particle
size, porosity, specific surface area, water holding
capacity, CaO, and cenosphere content. The parameters
differ from those in the existing well-known and broad-
referenced standard, which has the intended scope of use
being concrete. However, the specific values, only the
direction, still cannot be given. A new work item for
standard development is needed.

Further research is needed toward standardization of the
parameters and to provide a reliable process at the
industrial level, which may need multiple tests on various
FABA samples in an actual application. Furthermore, the
application procedure must be prescribed to protect the
environment from unwanted negative impacts. FABA
utilization in different fields needs distinct requirements.
The requirements are manifested from research that
provides scientific-based evidence and best practices. The
standard helps to set the requirements to support industrial
needs and facilitate trade. The expected outcome is a
higher FABA utilization that can help mitigate the impact
of coal-fuelled energy production.
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Nomenclature

AlLO3  Aluminium oxide (alumina)

AS Australian Standard

ASTM  American Society for Testing Material

C Carbon

Ca0O Calcium oxide

Cd Cadmium

EN European Norm

EU European Union

Fe,0; Iron (III) oxide or ferric oxide (magnetite)

GB Guo Biao (The National Standards of the
People's Republic of China)

GOST  Gosudarstvennyy Standard (international
technical standards by the Euro-Asian
Council for Standardization, Metrology and
Certification - EASC, a regional standards
organization operating under the auspices of
the Commonwealth of Independent States)

H,S Hydrogen sulfide

IS Indian Standard
JIS Japanese Industrial Standard
KO Potassium oxide
ml milliliter
Na,O Sodium oxide
Ni Nickel
NZS New Zealand Standard
pH Potential of Hydrogen
SiO, Silicon dioxide (silica)
SNI Standar Nasional Indonesia (Indonesian
national standard)
SOs Sulfur trioxide
uUsS United States
pm micrometer
Greek symbols
% percent
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