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ABSTRACT

Coal-derived fly ash, or CFA, is a harmful waste for humans. CFA waste handling by its
processing and utilization has become the most promising approach, which not only decreases
the waste's hazard level but also improves its economic potential. This research aims to recover
metals from CFA and utilize them as anode material for Li-ion batteries. Iron, magnesium,
aluminum, and calcium are retrieved from the CFA via a two-step hydrometallurgical method, i.e.,
acid leaching followed by alkaline precipitation. The leaching process utilizes various acids, such
as acetic acid (CH3COOH), hydrochloric acid (HCI) and sulfuric acid (H2S04). Metal precipitation
is carried out using sodium hydroxide solution (NaOH). Morphological and quantitative metal
composition analysis are investigated using a scanning electron microscope and energy
dispersive spectroscopy (SEM-EDX). The physical and chemical properties of the as-prepared
samples are characterized using Fourier-transformed Infra-red spectroscopy (FTIR) and Thermal
Gravimetry-Differential Thermal Analysis (TG/DTA). Based on the analysis, iron, magnesium and
calcium are successfully recovered in a mixed hydroxide precipitate. The type of acid affects the
final morphology and composition of the product. Therefore, our approach can be considered
effective in CFA waste processing and producing high-quality product.

Keywords: coal-fly ash, hydrometallurgy, metal, precipitation, waste.

INTRODUCTION

Indonesia, as a country with a high supplies are always the nation's primary
population, has high domestic energy concern. Based on the statistical data
demand. Therefore, fuel and electricity provided by BPS (Badan Pusat Statistik or
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Indonesian annual
1.1 MWh.

Moreover, based on data from the State

Statistics Indonesia),

capital energy demand is

Electricity Company or PLN, this energy
demand is expected to increase up to 20% by
2030 with a total of 390 TWh annual energy
demand. On the other hand, the energy share
is still dominated by fossil fuels, particularly
coal [1].

Coal power plant releases wastes,
including emission and fly ash. Coal fly ash or
CFA is categorized as hazardous waste due
to its ability to contaminate water and soil with
heavy metals and cause health issues for
humans, ie. lung, kidney, and
gastrointestinal diseases or illness [2]. In
every CFAs, trace heavy metals with a
concentration of more than one ppm, such as
Pb, Zn, Cu, Cd, Cr, and As, can be found.
When discarded inappropriately, the metals
will ultimately be exposed to the environment,
especially water bodies [3].

Several efforts are extensively
performed to handle the CFA waste. For
instance, CFAs are used as an ingredient for
construction material (Portland cement) and
[45]. It

minerals and silica that can be purified into

agricultural purposes contains
new materials with economic value. Several
studies showed that CFA could be used as a
catalyst, adsorbent, carbon capture material,
[6].

applications rely on the utilization of silica or

and semi-conductor Mainly, these
silicon dioxide, which has the most significant
proportion in fly ash [7]. The metals such as
iron (Fe), aluminum (Al) and calcium are
rarely utilized. The total concentration of the

metal oxides is about 10-40%; in other words,

for every ton of CFAs, a potential 40 kg of
metal oxide is potentially recovered. This
significant amount of metals requires
consideration, especially for its utilization [8].
Li-ion battery technology attracts
industries’ interest due to its ability as the
power source of electric vehicles and power
tools [9]. Inside the battery are active
materials for the anode and cathode. The
commercial battery has artificial graphite as
the anode. It has a moderate specific
capacity and is highly abundant. However,
synthesizing graphite anode requires high
energy [10]. Naturally mined graphite can
replace artificial graphite; however, it has low
purity, which can severely affect the cells'
performance [11]. These confirmed that
developing anode materials from cheap and
abundant resources and moderate
processing conditions are necessary. Not
only can it significantly reduce the economic
challenges, but it can also improve the
materials' eco-friendliness. Thus, using CFAs
for the anode material precursor is a strong
candidate for such anode material.
The transitional metal-based anode
is a novel anode material that can store Li
ions using a conversion mechanism [12]. For
instance, iron oxide derived from iron
hydroxide anode material can deliver a
discharge capacity of 950 mAh/g, almost
three times higher than graphite [13]. Another
study shows good utilization of iron hydroxide
anode material with a high capacitance of ~1
kFarad/g [14]. A study by Quinzeni, et. al.
reported the possibility of Ca-Al doped iron
oxide material as anode material showing a

reversible capacity of ~950 mAh/g. Thus, this
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material can be easily prepared using various
metal sources, especially CFAs, under mild
conditions. Therefore, for the first time in this
study, the metals in CFA are extracted using
acid and precipitated using an alkaline
solution or sodium hydroxide. Various studies
suggest using ammonia as a precipitant;
however, it is unsafe for the environment. To
extract the metals, we use cheap acids such
as hydrochloric acid (HA), sulfuric acid (SA),
and acetic acid (AA). Besides their economic
attractiveness, these acids are reactive
towards metal oxide mixtures, sTable toward
high temperatures, have excellent kinetics,
high purity, and high availability [15-17]. The
resulting precipitates are evaluated using
FTIR spectroscopy and SEM-EDX analysis.
The precipitates are also used as the anode
material of Li-ion batteries to measure their

storage capacity and performance.

METHODS
Tools and Materials

Coal combustion fly ash or CFA was
obtained from Paiton Power Plant,
Probolinggo, East Java, Indonesia. Glacial
acetic acid 99.5% viv (CHsCOOH),
hydrochloric acid 37% v/v (HCI), and sulfuric
acid 98% v/v were obtained from Merck,
Germany. Sodium hydroxide (NaOH) 95%
was obtained from PT Asahimas Chemical
Indonesia. Besides the CFA, all of the
materials were used without a further
purification step.

An overhead stirrer and A 500 mL
beaker glass were used as the leaching
reactor. A controllable hot plate was used to

control the temperature of the reaction. Filter

papers, funnels and flasks were used during
the filtration process. An atmospheric drying
oven and crucibles were used during the
drying process.
Sample Preparation

15 g of dried CFA were added in 150
ml of each acid (HA/SA/AA) with 4 M
concentration. The acid leaching was
conducted in a beaker glass with continuous
stirring at 60 °C for 3 hours. Higher acid
concentration is considered harmful, while
lower concentration is deemed to have low
reactivity, resulting in low metal recovery.
Next, 200 mL of distilled water was added to
the beaker, followed by another hour of
stirring. The slurry was filtered, and the filtrate
was reacted with 2 M of NaOH until a pH of
13 was reached. At elevated pH, a reddish
precipitate was formed. The precipitate was
fitered, washed until neutral using
demineralized water and ethanol and labelled
as P-HA, P-SA, and P-AA, respectively,
towards the leaching agents.

Sample characterizations and electroche-
mical performance evaluation
The functional group of the samples

were analyzed using Fourier-Transformed
Infra-Red Spectroscopy (FTIR, IR-Spirit,
Shimadzu, Japan). The morphology of the
samples was investigated using a scanning
electron microscope (SEM, JCM-7000, Jeol,
Japan), and the elemental composition was
studied using Energy Dispersive X-ray
(EDX). The thermal behaviour of the sample
was analyzed using Thermal Gravimetry and
Differential Thermal Analysis (TG/DTA,
DTG-60,

electrochemical performance was evaluated

Shumadzu Japan). The

in a Li-ion battery, where the samples were
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used as an anode material. The assembly
process was performed according to our
[18].  Lithium

manganese cobalt oxide (NMC622) was

previous  study nickel
used as the cathode material. The cathode
and anode sheets were fabricated by mixing
each powder with carboxymethyl cellulose
(CMC), styrene butadiene rubber (SBR), and
carbon black (CB) at a mass ratio active
material CMC:SBR:CB = 90:3:2:5. Then it
dispersed in demineralized water to obtain a
slurry. Each slurry was then coated with 0.2
mm thickness. The mass loading of the
cathode and anode is 18 mg/cm? and 35

mg/cm?. The electrodes were separated

using a polypropylene separator and rolled
using a rolling machine to obtain a battery
jelly roll. This roll was placed in a cylindrical
case. After the cell was assembled, LiPFe
electrolyte was added to the cell. The cell is
ready to be tested using Neware Battery
China).
window was set to 2-4.3 V.

Analyzer (Neware, The voltage

RESULTS AND DISCUSSION

Coal fly ash obtained from Paiton
Power Plant was initially characterized to
ensure its morphological feature and
The SEM-EDX

analysis result can be seen in Figure 1.

elemental composition.
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Figure 1. CFA analysis result by (a) SEM and (b) SEM-EDX
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Figure 1 (a) shows the morphology of
Power Plant at 1000x
magnification. The CFA has a homogenous

the Paiton

spherical shape with micron-sized particles
with narrow particle size distribution. This
type of morphology is beneficial during the
extractive leaching process due to the similar
condition and leaching mechanism between
one particle and another. Therefore, the
leaching kinetic studies are attractive for
future studies. The EDX analysis in Figure 1
(b) is quantitatively determined with the result
shown in Table 1. Based on our findings, the
CFA is classified as Type-F fly ash due to the
dominant presence of silicon, aluminum, and
iron rather than calcium. The presence of
aluminum and iron is beneficial for anode
material fabrication since iron and aluminium
have good electrochemical properties such
as conductivity, Li-ion storage, and redox
ability which is essential [19-22].

Table 1. Elemental analysis of Coal Fly Ash
from Paiton Power Plant

Element Wit% Mol%
C 4.68 8.55
@] 42.12 57.72
Mg 2.61 1.79
Al 10.64 8.64
Si 16.21 12.69
Ca 8.42 4.62
Fe 15.32 5.99
Total 100 100

In this report, the CFA was leached
using H2S04 (SA), HCI (HA), and CHsCOOH
(AA). The as-obtained leaching solution was
reacted with NaOH to recover the valuable
metals in the form of mixed hydroxide (P).
The hydroxide precipitates were analyzed
using FTIR spectroscopy and EDX to identify

the functional groups present in the sample.

It is estimated that the samples are obtained
from the following double replacement
reactions:
MxOys) + HaAbag) =@ MaAy@aqg) + H20() Q)
Where: M= Al, Fe, Mg, Ca

A= S04, CH3COO, CI
The precipitation occurred caused by the low
solubility of the product, which is Al(OH)s,
Ca(OH)2, Fe(OH)s. It is according to the
following equation:
MaAy(ag) + NaOHag) = M(OH)ys) + NaaAaq) (2)
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Figure 2. FTIR spectroscopy of precipitate
samples obtained by various acids
The elemental composition of the
precipitates from quantitative analysis using
EDX is listed in Table 2.
Table 2. Elemental analysis of  mixed

hydroxides derived from fly ash

Element P-SA P-HA P-AA
(mol%) (mol%) (mol%)

Mg 10.98 6.33 12.4
Al 10.78 7.62 15
Ca 1.74 70.88 10.51
Fe 69.49 15.12 51.73
S 6.99 0 0
Cl 0 0.05 0
Na 0.02 0 0.02
C 0 0 10.34
Total 100 100 100
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Figure 2 presents the FTIR spectra
of the precipitates leached by various acids.
Among three samples, the P-HA shows a
hydroxyl functional group absorption peak at
~3600/cm, corresponding to the presence of
M(OH)x or metal hydroxide [23]. Broad
hydroxyl peaks in P-SA and P-AA indicate a
small number of hydroxide species. The
~2300/cm

confirm the presence of carbon dioxide

double absorption peaks at
molecules during the testing [24,25].
Based on Table 2, the acids

significantly affect the composition of the
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precipitate. The selectivity of the acids
towards the leaching of the element can
cause this. For instance, sulfuric acid has low
selectivity towards Ca due to the formation of
a CaSO0as (eq (3)) solid, which is insoluble in
various acids [26]. Therefore, SA sample has
the highest Fe and lowest Ca content
compared to HA and AA.
CaOgs) + H2S04 = ag) CaSO04s) + H200) (3)
Samples were analyzed using
TG/DTA analysis to ensure the presence of
hydroxides. The TG/DTA curves of the

samples can be seen in Figure 3.
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Figure 3. TG/DTA curve of (a) P-SA, (b) P-HA, and (c) P-AA

Based on the TG/DTA analysis,
significant mass loss and an endothermic

peak below 150 oC can be attributed to

moisture in the samples. A continuous mass
loss occurred, and the DTA peak at 330
thermo-

indicates the dehydration or
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decomposition of hydroxides. The sharpness
of the peaks indicates the hydroxide content
of the sample. The broad peak found in the
P-SA sample proved that the sample has a
low hydroxide level. It can be caused by the
formation of oxide or oxy-hydroxide instead of
hydroxide during the precipitation process
(eq 4-6) due to the high level of Fe content. In
primary conditions, iron can undergo different
precipitate formation such as iron hydride
(Fe(OH)3). However, the presence of O:
promotes the formation of oxyhydroxide
FeOOH with similar iron valency of 3+. The
iron oxidized iron (I11) hydroxide can form into
the intermediate FeOOH or further oxidized
into iron (Ill) oxide hydrates. At elevated
temperatures, dehydration occurred, which
means that the sample lost its hydrate crystal;
hence, sTable iron oxide was formed. The
estimated reaction can be seen in the

following equations [27-30]:

Fe3* + NaOH =» Fe(OH)s(s) (4)
2Fe(OH)s = Fe203-3H20 (5)
Fe203-3H20 2 Fe203 + 3H20 (6)

It can be noticed that sample P-HA
with a high Ca level has a sharper
dehydration peak, consistent with the FTIR
result. Based on this evidence, the functional
group of the precipitate is highly affected by
the iron content. Higher iron content means
higher oxide and lower hydroxide content in
the sample, as stated in reactions 4-6. On the
contrary, with low iron content, the metals
such as Ca, Mg and Al tend to form
hydroxides. The oxides formation of all
elements can also be developed for future
additional

projects by heating  or

calcination/sintering process. With all oxide,

the determination of the samples' functional
groups becomes easier to perform.

The morphology of all samples was
investigated using SEM. The SEM images of
the samples are displayed in Figure 4.
Sample P-SA appears to have a quasi-
spherical morphology with a particle size of 4-
14 micrometres, and the particle's surface
appears rough, with adherents around the
particle. In addition, it has two types of
particles, such as primary particles, which
have a sub-micron size and similar shape,
and secondary particles consist of
agglomeration of primary particles [31]. P-SA
sample is very distinctive toward P-HA and P-
AA. The P-HA and P-AA samples have an
irregular secondary shape with a semi-
smooth surface. Based on the particle
distribution, the P-SA sample has narrower
particles than P-AA and P-HA, which have
wide particle distribution confirmed by the
extreme difference in particle sizes. The wide
particle size range can cause
inhomogeneous electrochemical reactions
during the utilization of Li-ion batteries. The
inhomogeneous reaction occurs due to a
gradient of Li-ion concentration in electrolytes
due to un-similar particle shapes and sizes
[32,33]. A particle with small sizes tends to
have a large surface area favourable toward
Li-ion transfer. However, large area of
particle can cause side reactions between
electrolyte and the material and promote the
solid electrolyte interphase or SEI, which
consume a significant amount of lithium from
the cathode [34]. The consumed Li cannot be
recovered; hence a considerable capacity
loss can be expected, especially during the

initial formation phase or the first cycle.
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Figure 5 displays the charge-
discharge curve of three cells containing P-
SA, P-HA, and P-AA as the anode material.

LiNio.sMno.2C00.202 was used as the counter

: f bl i
5 o

electrode. The theoretical discharge capacity
of the cathode is 200 mAh/g. The anode was

set as the weight basis during the calculation.

Figure 4. SEM Images of (a) P-SA, (b) P-HA, and (c) P-AA at 1000x magnification

Figure 5(a) shows that the tested
samples have a similar charge-discharge
curve. The charge curve can be seen rising
from O voltage to 4.3 volts. The discharge
curve can be seen declining as the specific
capacity increases with the voltage cut-off at
2.0 V. The specific charge capacities of P-SA,
P-HA, and P-AA are 707 mAh/g, 361 mAh/g
and 767 mAh/g, respectively, while the
discharge capacities are 511 mAh/g, 191
mAh/g, and 461 mAh/g, respectively. Hence,
the initial coulombic efficiency (ICE) of P-SA,
P-HA, and P-AA are 72.8%, 52.9%, and

60.1%, respectively. The result is in

agreement with the SEM study. The highest
specific capacity and ICE are achieved by P-
SA, which can be attributed to the high iron
content in the sample [15,18]. P-HA with high
Ca content has the lowest specific capacity,
and ICE explained that Ca has low
electrochemical activity compared to the
other elements in the sample. The cycle test
at a similar current density also confirms the
iron-rich anode material's stability (Figure
5(b)). The discharge capacity of P-SA, P-HA,
and P-AA after 50 cycles are 80.3 mAh/g, O
mAh/g and 24.3 mAh/g with calculated
capacity retention of 15,6%, 0%, and 5.2%,
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respectively. Therefore, sulfuric acid is
beneficial for forming anode material from
CFA with good electrochemical properties
compared to the other acids, mainly due to a
high amount of Fe in the sample. Selective
leaching of Fe from CFA would be an exciting
topic for future research [35]. However, many
improvements are still required to improve
the cycle-ability of the sample as anode

materials. The upgrades can be performed by
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Figure
CONCLUSION

Coal-fly ash is a promising precursor to
anode materials for Li-ion batteries. The
utilization of valuable metals from CFA as
anode material is successfully conducted.
Various acids were employed as the leaching
agents, and NaOH was used as the
precipitating agent to recover the metals. The
deep characterization via FTIR, SEM, and
TG-DTA confirmed that sulfuric acid is the
most promising to be used as a leaching
agent due to its selectivity toward
electrochemically active material such as
iron. The as-prepared anode material also
has successfully applied in Li-ion battery

cells. However, further research is urgently
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improving the homogeneity of the particle
morphology, purification from Ca and addition
of a pre-lithiation process to enhance the ICE
level. The morphology control can be
achieved by several techniques, such as
adding chelating agents and modifying co-
precipitation parameters, such as controlled
nucleation using microwave or ultrasonic

technology [36,37].
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5. (a) Charge-discharge curve and (b) cycle-test of cells with P-SA, P-HA, and P-HA anode

needed, such as optimizing leaching
parameters, additional post-treatments and
structural analysis. The capacity drop
observed in the study also proved that a
modification of the as-prepared material
should be developed. Despite it, the overall
research still shows a promising result for the
future generation of energy storage. The
approach also can be applied as a method to

process CFA waste in an environmentally

friendly way.
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