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Abstract

Recycling of abandoned waste bottom ash has been a key issue in Republic of Korea in terms of environmental
protection as well as economic concern. In this work, a method for recycling of abandoned bottom ash has been
discussed based on the results from laboratory and industrial-scale experiments. Abandoned bottom ash was mag-
netically separated and properties of magnetically separated bottom ash samples as well as properties of mortar
and masonry cement brick made of bottom ash were investigated. According to the experimental results, bulk

and skeletal densities were ranked in the order of strongly magnetic >weakly magnetic > as-received > non-mag-
netic (from heavier to lighter) bottom ash. From laboratory-scale experiments, compressive strengths of mortars
made of bottom ash samples (measured by ASTM C 109) were lower than that of mortar made of standard sand.
Among bottom ash samples, mortar made of non-magnetic bottom ash (after removal of unburnt carbon) showed
higher compressive strength with lower thermal conductivity (measured by ASTM C 1113) and weight than others.
Masonry cement brick made of magnetic bottom ash showed lower weight and thermal conductivity than those
made of standard sand, while meeting the KS strength guideline as a masonry cement brick. The results suggest
the applicability of bottom ash as lightweight aggregate for production of masonry cement brick. However, consid-
ering the lower strength obtained from masonry cement brick made of as-received bottom ash (without removal
of unburnt carbon), unburnt carbon content should be removed prior to its utilization as lightweight aggregate.
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1 Introduction

Consumption of fossil fuels for operation of coal fired
power plant has been consistently increasing all over the
world (International Energy Agency, 2009; Korre et al.,
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are annually produced in the world. Although fly ash has
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been successfully utilized as a supplementary cementi-
tious material due to its beneficial properties such as
reduction in the heat of hydration (Atis, 2002a, 2002b;
Langan et al., 2002; Matos et al., 2020; Nocun-Weczelik,
2001; Schindler & Folliard, 2005), improvement in work-
ability (Atis, 2002b; Leung et al., 2016; Nocun-Wczelik,
2001; Uysal et al., 2012; Yao et al., 2015), and long-term
strength and durability (Pala et al., 2007; Siddique, 2003;
Tikalsky et al., 1988), most of the bottom ash has not
been recycled and abandoned in the waste storage site.

The utilization of bottom ash as a supplementary
cementitious material has been limited. The chemical
compositions of bottom ash are similar to that of fly ash.
However, the particle size is larger and the structure is
more crystalline than fly ash. For this reason, the poz-
zolanic activity of bottom ash is very weak. The work
of (Cheriaf et al., 1999) showed that bottom ash did not
react with calcium hydroxide at early ages. The pozzo-
lanic activity was very slow until 28 days, and became
accelerated after 90 days. Juric et al. (Juri¢ et al., 2006)
recommended to replace up to 15 wt% of cement by bot-
tom ash to use it as a supplementary cementitious mate-
rial. Kula et al. (Kula et al., 2002) showed that bottom ash
can be used as a supplementary cementitious material
depending on its particle size distribution. Jaturapitak-
kul et al. (Jaturapitakkul & Cheerarot, 2003) observed a
glassy aluminosilicate phase (diffused halo maxima) at
20-27° 28 (Cheriaf et al., 1999; Chindaprasirt et al., 2009)
that can be a source of pozzolanic reaction, but reported
that the pozzolanic activity of bottom ash can be
increased by grinding the particle size lower than 45 pm.
According to the literature, pozzolanic activity of bottom
ash was so slow or weak that it cannot be effectively uti-
lized as a supplementary cementitious material without
additional mechanical or chemical treatment (Filipponi
et al., 2003; Liu et al., 2018; Mangi et al., 2018).

For these reasons, the use of bottom ash has been
focused on the source of aggregate (Andrade, 2004;
Andrade et al., 2007; Ghafoori & Bucholc, 1996; Jurié
et al., 2006; Wongkeo & Chaipanich, 2010; Yang, 2021).
Andrade et al. (Andrade, 2004; Andrade et al., 2007)
investigated on evaluation of concrete incorporating
bottom ash, as a replacement material for a natural fine
aggregate. Ghafoori & Bucholc (1996) also used bot-
tom ash as fine aggregate for structural grade concrete.
Results from both works showed that the use of bot-
tom ash required higher water demands and decreased
28 day compressive strength in general. The reason was
mainly associated with higher porosity in bottom ash.
As a result, many researchers have used bottom ash
as a source of lightweight aggregate (Han et al., 2015;
Rafieizonooz et al., 2016; Wongkeo & Chaipanich, 2010;
Yang, 2021; Zhang & Poon, 2015). Some researchers
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also studied shrinkage characteristics of cement-based
materials using presoaked bottom ash expecting that the
water inside the bottom ash can play a role as a water
reservoir to prevent drying and autogenous shrinkage
(Caprai et al., 2020; Tran et al., 2021).

It was reported that bottom ash contains some amount
of hematite and magnetite (Sathonsaowaphak et al., 2009;
Sulc et al., 2022; Um et al., 2009; Wei et al., 2017) whose
densities were around 5.24 and 5.15 g/cm?, respectively.
If hematite and magnetite phases in bottom ash can be
removed effectively, the efficiency of bottom ash as a
lightweight aggregate will be increased. It is also impor-
tant to notice that thermal conductivities of hematite
and magnetite are higher than other minerals in bottom
ash. According to Mglgaard and Smeltzer (J. MQ@lgaard &
W. W. Smeltzer, 1971), the thermal conductivity of mag-
netite was in the range of 4.9 ~7.0 W/m K while thermal
conductivity of hematite was 2 times higher than that
of magnetite. Considering the characteristics of ferrous
and ferric oxides in bottom ash, the removal of magnet-
ite and hematite will provide the reduction in heat trans-
fer within the skeletal structure of bottom ash, thereby
increasing heat insulation capability when used as a light-
weight aggregate.

It should be noted that magnetic separation of hema-
tite and magnetite from bottom ash has been attempted
by many researchers. However, most of the works were
focused at recovery of iron after magnetic separation or
related to the investigation on the leachability of heavy
metal ions (Boom et al.,, 2011; Chimenos et al., 1999a;
Han et al., 2009; Wei et al., 2017; Yin et al., 2021). Devel-
opment of a method that can massively utilize magneti-
cally separated bottom ash as a construction material has
not been investigated elsewhere. Since most of the hema-
tite can be categorized as weakly magnetic and magnetite
can be categorized as strongly magnetic, the sequential
application of weak and strong magnets will allow us to
separate bottom ash that is (1) strongly magnetic, (2)
weakly magnetic, and (3) non-magnetic.

In this research, bottom ash stored in pond site of
Hadong coal fired power plant in Republic of Korea has
been used. Using magnetically separated bottom ashes,
various cement mortar specimens were made to inves-
tigate its absorption capacity, compressive strength, and
thermal conductivity. Since chemical and mineralogical
compositions of bottom ashes can be different depend-
ing on the source of coal and its incineration process
(Chimenos et al., 1999b), the chemical and mineralogi-
cal properties of bottom ash used in this works (before
and after magnetic separation) are also investigated.
Considering the fact that magnetically separated bottom
ash can be used for the production of precast products,
lightweight insulation bricks, permeable blocks, and
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soundproofing blocks, this work has specific meaning to
present a showcase study that can lead to massive con-
sumption of abandoned bottom ashes in the world.

2 Lab-Scale Experimental Procedure

This work consists of two different steps of experimental
programs: (1) the experimental investigation conducted
in lab-scale and (2) the verification on applicability of
magnetically separated bottom ash in industrial-scale.
The former contains the investigation on material prop-
erties of magnetically separated bottom ash, as well as
compressive strength, absorption capacity, and thermal
conductivity of mortar made of magnetically separated
bottom ash. The latter contains the industrial-scale pro-
duction of masonry cement brick samples and inves-
tigation on the properties of masonry cement brick.
Experimental program of this work is summarized in
Fig. 1. Based on the experimental results, recommenda-
tions for utilization of bottom ash generated from coal
fired power plant have been suggested based on the
results from lab-scale and industrial-scale experiments.

2.1 Materials
The cement used in this experiment was a commercial
ordinary type I portland cement (Ssangyong cement

l The experimental investigation conducted in a lab-scale

e

= Materials
- Ordinary type I Portland Cement : ASTM C 150
- Standard sand (CEN EN 196-1) : KS L ISO 679

- Bottom ash : As-received
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co., Ltd. Republic of Korea) conforming to ASTM C 150
(ASTM C150, 2009). Fine aggregate which was used for
comparison with bottom ash was ISO standard sand
(CEN EN 196-1 Standard sand) (SNL Co., Ltd. France)
that meets the requirements in KS L ISO 679 (KS L,
2006). Bottom ash used in this study was obtained from
the coal power plant located at Hadong (pond site) in
Republic of Korea. The photographic images of bottom
ash used for magnetic separation are presented in Fig. 2.
It should be noted that unburnt carbon content of bot-
tom ash in the storage site was found to be 25 wt.%. The
chemical compositions of materials used in this work
(after removal of unburnt carbon or minor organic con-
stituents) are presented in Table 1.

2.2 Magnetic Separation Process of Bottom Ash

Bottom ash samples that were collected from a pond
site were placed at 105 °C oven for 24 h to remove
moisture. Oven dried bottom ash samples were sieved
using mechanical shaking apparatus consisting of stain-
less-steel mesh screens with openings of 200 mesh
(0.075 mm), 20 mesh (0.85 mm), and 4 mesh (4.75 mm)
standard sieves. Bottom ash whose size was larger than
4.75 mm or smaller than 0.075 mm were not used for
magnetic separation. The weight proportion of bottom

= Mortar
- Cement : Fine aggregate 1:3 /ASTM C 305

E - Standard sand

- Bottom ash

v Drying procedure : at 105°C oven for 24 hors

v" Sieving procedure : smaller than 200 mesh (0.075 mm |)

200 ~ 20 mesh (0.075~0.85 mm)

20~4 mesh (0.85~4.75 mm)
Higher than 4 mesh (4.75 mm T)
v" Magnetic separation : Strongly / Weakly

prm—mm— e e e ———————————

- XRF, XRD

Non magnetic BA

(As-recetved / Strongly / Weakly / Non)

-

- Measurement
v Compressive strength : ASTM C 109
v’ Water absorption : KS F 2459
v' Thermal conductivity : ASTM C 1113

- Density, absorption capacity, and porosity : ASTM C 128

- Electrical conductivity : Luxan et al.

I The verification on applicability of magnetically separated bottom ash in an industrial-scale

= Masonry cement Brick : KS F 4004
- As-received BA

v Measurement

- Compressive strength : ASTM C67

- Absorption capacity, bulk specific gravity : ASTM C67 . ASTM C 128

- Magnetic BA (strong + weak)

Fig. 1 Summary of experimental program used in this work

- Thermal conductivity : ASTM C 1113
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Table 1 Chemical compositions of material used in this work

(2024) 18:21

(©)

(Wt.%)

Material Cement Bottom ash Fine aggregate
Oxides (as-received) (standard sand)
Sio, 17.82 55.09 99.21

Fe,0, 252 1591 0.12

Al,O, 483 13.73 009

Cao 66.17 6.11 -

MgO 416 2.16 -

SO, 261 205 -

Na,O - 103 -

@ - 0.81 -

K,0 113 1.09 -

MnO 0.17 023 -

TiO, 0.31 0.98 -

P,O; 0.19 070 -

SrO - 0.10 -

710, - 002 -
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(d)

Fig. 2 Photographic images of bottom ash used in this work. Note that (a) is an image of pond site, (b) is an image during sample collection, (c)
is an image of as-received bottom ash, and (d) is an image of magnetically separated bottom ash after oven drying and sieving

Table 2 Results of sieve analysis of bottom ash used in this work

Particle size Weight of bottom ash (kg) wt. (%)

1sttrial 2ndtrial 3rdtrial Average

Higher 40 4.0 4.0 4.0 10.3
than 4.75 mm

0.85~4.75 mm 13.0 1.5 11.0 11.83 30.5
0.075~0.85 mm 210 215 240 22.17 57.1
Smaller 0.5 1.0 1.0 0.83 2.1

than 0.075 mm

ash and its unburnt carbon content after sieving are sum-
marized in Table 2.

After sieving, bottom ash samples that were remaining
at 4-200 mesh sieves (0.075~4.75 mm) were magneti-
cally separated. Three types of bottom ashes were sepa-
rated; (1) strongly magnetic, (2) weakly magnetic, and
(3) non-magnetic. For separation of each bottom ashes,
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magnetic field of 1000 gauss was first applied to separate
strongly magnetic bottom ash samples. In the second
stage, stronger magnetic field of 3000 gauss was applied
to separate weakly magnetic bottom ash samples. The
remaining bottom ash samples were classified as a non-
magnetic bottom ash. It should be noted that the unburnt
carbon in bottom ash stay together with non-magnetic
bottom ash. Therefore, additional sieving procedure was
applied to separate unburnt carbon content from non-
magnetic bottom ash. Overall magnetic separation pro-
cess is schematically described as a flowchart in Fig. 3.
The weight proportions of bottom ash after magnetic
separation are presented in Table 3.

2.3 Material Characterization After Magnetic Separation
The chemical compositions of bottom ashes before and
after magnetic separation (as-received, strongly mag-
netic, weakly magnetic, and non-magnetic) were ana-
lyzed using X-ray fluorescence spectrometer (Simadzu
Co., Ltd. Japan, XRF-1700). The mineralogical character-
istics of bottom ash samples were analyzed using X-ray
diffractometer (Rigaku Co., Ltd. Japan, Ultima IV).

The oven dry (at 105+5 °C) density of bottom ash was
measured following ASTM C 128 (ASTM C128, 2015).
Skeletal density was measured by placing oven dried
(at 105+5 °C) bottom ash in the measuring chamber of
helium pycnometer (AccuPyc II 1340, Micromeritics,

Bottom Aah

After sieving e
at 4-200 mesh sieves
(0.075~4.75 mm)

—"

i —

o
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Table 3 The weight proportions of magnetically separated
bottom ash

Particle size Weight proportion of bottom ash (wt.%)
Strongly Weakly Non-magmatic
magnetic magnetic

0.85~4.75 mm 1.98 1.88 96.14

0.075~0.85 mm 21.24 3.79 74.96

Considering the data in Tables 2 and 3, the amount of magnetic bottom ash is
approximately 15.47% of as-received bottom ash

USA). Since the skeletal density is a density of the speci-
men without any pores, dividing oven dry bulk density
by skeletal density will give total solid volume fraction
within bottom ash. Using such correlation, the porosity
of bottom ash was calculated by Eq. (1).

< bulk density

T T g g 1 9 = / [V)
skeletal density> x 100(%) = porosity(%) (1)

Pozzolanic activity of bottom ash before and after
magnetic separation was also evaluated to understand
whether there is any difference in pozzolanic activ-
ity between magnetically separated bottom ash sam-
ples. Electrical conductivity method suggested by Luxan
et al. (Luxdn et al., 1989) was applied. This method uses
200 ml of 40 £1 °C saturated lime solution and 5 g of test

-

— 1,000 gauss :

T — -

-strongly magnetic BA

T

rS,OOO gauss =

-weakly magnetic BA
Eemaining BA
-non-magnetic BA

+ additional sieving procedure
— remove the unburnt carbon content

M—‘—._/\/

Fig. 3 Schematic illustration of magnetic separation process
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material, and drop in electrical conductivity after 2 min
was evaluated to characterize pozzolanic activity of test
material. In this work, since bottom ash has weaker and
slower reactivity, measurement time was extended up
to 240 min as reported in our earlier works (Choi et al.,
2016; Moon et al., 2017).

As-received and magnetically separated bottom ash
samples were finely ground using agate mortar and pes-
tle until particle size became similar to that of cement.
Ground bottom ash powder was oven dried at 105+5 °C
for 24 h. Saturated lime solution was prepared at
40+1 °C, and initial electrical conductivity was meas-
ured. Then, 4 g of powdered bottom ash was immersed
and constantly agitated during measurement while main-
taining temperature of solution at 40 +1 °C. For compari-
son purpose, fly ash sample that was obtained from the
same pond site was also analyzed. The pozzolanic activ-
ity can be evaluated as drop in electrical conductivity
between initial conductivity and conductivity at 2 min
of agitation. Measurement up to 240 min was used for
interpretation of long-term reactivity. When the pozzo-
lanic material is immersed in saturated lime solution, a
portion of silicate or aluminosilicate reacts with calcium
ion to form an insoluble calcium silicate hydrate, thereby
reducing electric conductivity (higher drop in electrical
conductivity indicates higher pozzolanic activity).

2.4 Preparation of Mortar Specimen

Details of mix proportions of mortar specimens are pre-
sented in Table 4. The water to cement ratio (w/c) was
set at 0.4. The volumetric ratio between cement and
fine aggregate was 1:3. Mixing of mortar specimens fol-
lowed the guideline provided by ASTM C 305 (ASTM
C305, 2006) using commercial planetary paddle mixer
(5KPM50, Kitchen Aid Co. Ltd., U.S.A). Fine aggre-
gate (standard sand or bottom ash) and cement were
dry-mixed for 30 s in a mixing bowl. Mixing water and
water reducing agent (0.5 wt.% by cement) were added
and low speed mix (140 +5 r/min) was applied for 30 s.
Mixer was stopped for 30 s to scrape down the mortar

Table 4 Mix proportions of mortar specimens
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that was attached to the bottom and side of the mixing
bowl. Then, high speed mixing was applied for 60 s at the
intermediate speed level (285 + 10 r/min).

As soon as mixing was finished, fresh mortar was
placed in 50x50x50 mm brass cube molds and
100x 50 20 mm plastic plate mold for measurement of
compressive strength and thermal conductivity, respec-
tively. Plastic wrap was placed on top of cast specimens
to prevent moisture evaporation, and stored in the ambi-
ent laboratory condition (2312 °C) for 1 day. The molds
were removed after 1 day and placed in 23 °C saturated
lime solution for 27 days to meet total curing of 28 day.

2.5 Physical Properties of Mortar

The 28 day compressive strength measurements were
performed following with ASTM C 109 (ASTM C109,
2008). A universal testing machine (S1 industry Co.,
Korea, S1-147D) was used for strength measurements.
During measurement, the loading rate was maintained at
2 mm/min.

The water absorption of mortar specimen was deter-
mined according to the KS F 2459 (2002) (KS F, 2459).
The test consists of two major steps: saturating the speci-
mens followed by drying. First, the concrete specimens
were immersed in water until the change in mass during
24 h was less than 0.1% (Wggp). Afterwards, the speci-
mens are dried in a ventilated oven at a temperature of
105+5 C until the difference in mass during 24 h is less
than 0.1% (Wp). The water absorption can be expressed
in Eq. (2) as the amount of water uptake relative to the
dry mass:

w(%) = M x 100 2)
Wop

The 28 day thermal conductivity measurements of
mortar specimens were performed using a quick thermal
conductivity meter (QTM-500, Kyoto Electronics Manu-
facturing Co. Ltd., Japan) based on ASTM C1113 (ASTM
C, 1113-90, 2013). The specimens of 100X 50X 20 mm
(length x widthx depth) were stored in ambient

No Sample wi/c Water (g) Cement (g) Fine aggregate (g)
Sand Bottom ash?®
1 Plain 04 299.24 748.10 1,959.40 -
2 BA 418.64 748.10 - 1,460.63
3 BA-M 399.64 748.10 - 1,610.25
4 BA-WM 423.54 748.10 - 1,482.00
5 BA-Non 419.44 748.10 - 1,275.40

2 Refer to the bulk specific gravity of bottom ash presented in Table 6



Kim et al. Int J Concr Struct Mater (2024) 18:21

laboratory condition (23+2 °C) for a day and thermal
conductivity of air-dried specimen was measured. Meas-
urement range of the test machine was between 0.020
and 10 W/m K. Measure precision was+5% of reading
value per reference plate.

3 Results

3.1 Characteristics of Bottom Ash

3.1.1 Chemical Compositions

Table 5 shows chemical compositions of as-received and
magnetically separated bottom ash samples. Three major
compositions in as-received bottom ash were found to
be 55.09% of SiO,, 15.91% of Fe,O,, and 13.73% of Al,O,.
After magnetic separation, the amount of Al,O; was not
affected, but the amount of SiO, was reduced. Reduction
in SiO, content was associated with the increase in Fe,O,
content. The amount of Fe,Oj in strongly magnetic and
weakly magnetic bottom ash was dramatically increased
from 15.91% (as-received) to 35.38% (strongly magnetic)
and 39.66% (weakly magnetic), respectively. The amount
of Fe,O; in non-magnetic bottom ash decreased from
15.91% (as-received) to 9.31%. The results suggest that
iron oxides are the main component which allows mag-
netic separation of bottom ash. The amount of Fe,O; in
non-magnetic bottom ash was similar to the amount of
Fe,O; in fly ash which was obtained from the same pond
site.

3.1.2 Mineralogical Compositions

X-ray diffractometer (XRD) pattern of as-received bot-
tom ash is presented in Fig. 4. It was found that as-
received bottom ash contained crystalline phases such as

Table 5 Chemical compositions of magnetic separated bottom
ash (wt.%)

Ash Flyash As-received Strongly  Weakly Non-
Oxides magnetic magnetic magnetic
Sio, 58.07 55.09 4035 36.11 63.44
Fe,0; 7.02 1591 3538 39.66 9.31
AlLO; 20.60 13.73 11.88 11.04 13.19
Cao 497 6.11 349 3.54 4.01
MgO 2.29 2.16 3.31 3.34 2.19
SO, 0.75 2.05 1.50 1.95 2.05
Na,O 0.58 1.03 1.16 1.30 1.44
@ 0.35 0.81 0.83 0.94 1.77
K,0 140 1.09 0.69 0.63 1.21
MnO 0.10 0.23 0.54 0.62 0.16
TiO, 2.29 0.98 049 0.52 0.85
P,0s 1.41 0.70 0.34 0.29 031
SrO 0.14 0.10 0.05 0.04 0.06
210, 0.04 0.02 0.00 0.02 0.02
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quartz, mullite and cristobalite as well as the presence of
an amorphous band at around 17.5~27.5° 20. XRD pat-
tern of fly ash obtained from the same pond site is also
presented in Fig. 4. Difference between two materials was
the presence of cristobalite and reduction of amorphous
band peak intensity, which are indications of crystalliza-
tion by slower cooling in bottom ash compared to the
fly ash. A portion of the amorphous silica was changed
to crystalline cristobalite, which can be a cause of weaker
pozzolanic activity when used as a supplementary
cementitious material. Presence of magnetic phases such
as magnetite and hematite were not clearly identified
before magnetic separation. This result coincides with
the smaller amount of magnetic bottom ash (approxi-
mately 15.47% of as-received bottom ash).

X-ray diffractometer (XRD) patterns of magnetically
separated bottom ash are presented in Fig. 5. As observed
from Figs. 4 and 5, XRD pattern of non-magnetic bot-
tom ash was very similar to that of as-received bottom
ash. In general, XRD patterns of strongly magnetic and
weakly magnetic bottom ash are almost identical to each
other. Non-magnetic bottom ash did not show magnetite.
Both magnetic bottom ashes showed strong indications
of magnetite, a phase that is responsible for magnetism
of bottom ash. More specifically, for bottom ash whose
size was 0.85~4.75 mm (Fig. 5a), magnetite peak inten-
sity of strongly magnetic bottom ash was higher than
quartz peak intensity, whereas magnetite peak intensity
of weakly magnetic bottom ash was lower than quartz
peak intensity. In case of bottom ash whose size was
0.075~0.85 mm (Fig. 5b), magnetite peak intensities of
both strongly magnetic and weakly magnetic bottom ash
were almost identical to quartz peak intensity. Hema-
tite and wustite peak intensities from magnetic bottom
ash were weak, indicating that these phases were the
minor phases in magnetic bottom ash. It is worth noting
that the amorphous band around 17.5~27.5° 20 in as-
received bottom ash was not clearly observed from mag-
netic bottom ash samples with difference size range.

3.1.3 Density, Absorption Capacity, and Porosity
Table 6 summarizes the density, absorption capacity and
porosity of the bottom ash after magnetic separation. It
should be noted that the skeletal density of as-received
bottom ash was 2.71 g/cm® and increased to 3.56 and
3.38 g/cm?® for strongly magnetic and weakly magnetic
bottom ashes, respectively. Increase in the skeletal den-
sity after magnetic separation was related to the increase
in Fe,O; content (Table 5). Therefore, non-magnetic
bottom ash which contains the lowest amount of Fe,Os,
showed the lowest skeletal density of 2.37 g/cm?®,

The oven dry bulk densities and saturated surface dry
bulk densities of bottom ash samples followed the same
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Q C - Cristobalite
M : Mullite
Q : Quartz
Q
Q
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Q (b) As-received
M
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(a) Fly ash
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10 15 20 25 30 35 40 45 50 55 60 65 70

Diffraction angle (26)

Fig. 4 XRD patterns of bottom ashes: (a) fly ash, (b) as-received bottom ash. Note that C indicates cristobalite, M indicates mullite, Q indicates

quartz, respectively

C : Cristobalite
H : Hematite
Q M : Mullite
Ma : Magnetite
= Q: Quartz
& Q W : Wustite
2
w
8
g Q Non- magnetic
>
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;2‘ Ma M} Ma w Ma M Ma Ma
Ma Weakly magnetic
Q Ma
MaQ M WMa o m Ma Ma
Strongly magnetic
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(a) 4 ~20 mesh (0.85 ~4.75 mm)

Diffraction angle (26)

C : Cristobalite
H : Hematite
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Ma : Magnetite
Q : Quartz
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(b) 20 ~200 mesh (0.075 ~ 0.85 mm)
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Bottom ash As-received Strongly magnetic Weakly magnetic Non-magnetic
Properties

Bulk specific gravity (g/cm?)—OD 205 226 208 179

Bulk specific gravity (g/cm?)—SSD 222 240 2.25 1.96

Skeletal density (g/cm?) 2.71 3.56 338 237
Absorption capacity (%) 8.20 6.20 8.40 9.40

Porosity (%) 2435 36.51 3846 2447

trend to that of skeletal densities, showing in the order of
“strongly magnetic > weakly magnetic > as-received > non-
magnetic’, from the highest to the lowest. However,
absorption capacity and porosity did not follow the same
order. The highest absorption capacity was for non-
magnetic bottom ash and ranked in the order of non-
magnetic (9.40%) > weakly magnetic (8.40%) > as-received
(8.20%) > strongly magnetic (6.20%). Porosity was ranked
in the order of weakly magnetic (38.46%) > strongly mag-
netic (36.51%) >as-received (24.35%) ~ non-magnetic
(24.47%). Considering that the difference between poros-
ity and absorption capacity as pores that water cannot
be accessed, both strongly magnetic and weakly mag-
netic bottom ashes contained 30.31% and 30.06% of non-
water accessible pores, respectively. It was approximately
2 times as high as that (15.07%) in non-magnetic bottom
ash. This could be the reason for smaller differences in
bulk densities compared to the skeletal densities.

3.1.4 Pozzolanic Activity

Fig. 6 shows electrical conductivity of bottom ash after
magnetic separation. Fly ash samples that were obtained
from the same pond site was also analyzed for compari-
son. It should be noted that the initial electrical conduc-
tivity of saturated lime solution without any sample was
7.0 mS/cm. All the samples showed electrical conduc-
tivity value higher than 7.0 mS/cm, meaning that some
ionic species has been dissolved from bottom ash sam-
ples (Paya et al., 2001). This could have been associated
with the migration of ionic species from sea water into
bottom ash during storage period in the pond site.

In case of fly ash sample, the difference between the
initial conductivity and conductivity of saturated lime
solution at 2 min after fly ash addition was found to
be—0.06. According to the criteria shown in Table 7
suggested by Luxan et al. (Luxédn et al., 1989), fly ash
stored in the pond site can be evaluated as a non-poz-
zolanic material. However, it should be noted that fly
ash obtained from the pond site showed typical char-
acteristics of low calcium fly ash (mullite, quartz, and
amorphous band at around 21 ~25°0 without cristo-
balite). The reason why fly ash did not show pozzolanic

activity can be related to the (1) agglomeration of fly
ash particles that occurred during storage period in the
pond site and (2) dissolution of sea water related ionic
species (the same reason as bottom ash) from fly ash
that was captured within the structure of agglomer-
ated fly ash particles (Paya et al., 2001). The evidence
of particle agglomeration in fly ash is provided in Fig. 7,
showing the particle agglomeration in the range of
50~ 120 um, and 330 ~ 700 pm.

Since there was some ionic species that was dissolved
from both fly ash and bottom ash samples, the differ-
ence between initial electrical conductivity (at 2 min)
and final electrical conductivity (at 240 min) was con-
sidered as a guideline for evaluation of pozzolanic
activity than the guideline (Table 7) suggested by Luxan
et al. (Luxan et al.,, 1989). Fly ash sample from the same
pond site showed initial conductivity of 7.06 mS/cm,
final conductivity of 4.92 mS/cm, and the difference of
2.14 mS/cm. As-received, strongly magnetic, weakly
magnetic and non-magnetic bottom ash samples
showed initial conductivities of 7.83, 7.93, 7.92, and
7.78 mS/cm, final conductivities of 6.50, 6.79, 6.69, and
6.64 mS/cm, and the differences of 1.33, 1.14, 1.23, and
1.14 mS/cm, respectively. There was no clear difference
in pozzolanic activities among as-received, strongly
magnetic, weakly magnetic, and non-magnetic bottom
ash samples. Differences between initial and final elec-
trical conductivities (an indication of pozzolanic activ-
ity) ranged around 53 ~ 62% of that of fly ash stored at
the same pond site. Since pozzolanic activity of fly ash
was found to be relatively weaker compared with other
reactive pozzolans such as metakaolin and silica fume
(Moradllo et al., 2020; Suraneni & Weiss, 2017), also
considering that part of fly ash particles was agglom-
erated so that the pozzolanic activity was evaluated
weaker than its full potential, the pozzolanic activity of
bottom ash powder can be evaluated either as non-poz-
zolanic or very weakly pozzolanic. The results indicate
that the utilization of bottom ash as a supplementary
cementitious material may not be an appropriate direc-
tion. The utilization of bottom ash as a lightweight
aggregate might be a better alternative.
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3.2 Characteristics of Mortar with Bottom Ash

3.2.1 Compressive Strength

The 28 day compressive strength of mortar
(50%x50x50 mm cube) made of magnetically separated
bottom ash are presented in Fig. 8. Due to the higher
porosity of bottom ash samples, compressive strengths
of mortar made of various bottom ash samples were
lower than the strength of mortar made of standard
sand. Compressive strength of plain mortar (Plain) was
found to be 46.83 MPa whereas compressive strengths
of mortar made of as-received (BA), strongly magnetic
(BA-SM), weakly magnetic (BA-WM), and non-magnetic

Table 7 Evaluation of pozzolanic activity by conductivity
measurement (Luxan et al., 1989)

Classification of material Variation on conductivity
according to proposed method

(mS/cm)

Less than 0.4
Between 0.4 and 1.2
Greater than 1.2

Non pozzolanic
Variable pozzolanicity
Good pozzolanicity

(BA-Non) bottom ash were 31.20, 30.02, 36.32, and
36.43 MPa, respectively. Among mortars made of bot-
tom ash, non-magnetic bottom ash showed the highest
strength. However, it was only 0.11 MPa higher than that
of mortar made of weakly magnetic bottom ash. Varia-
tion of the data for weakly magnetic bottom ash was also
higher, so there is no difference observed between weakly
magnetic and non-magnetic bottom ash. The strength
was in the following order: non-magnetic = weakly mag-
netic > as-received > strongly magnetic.

The specific strength, a ratio of compressive strength
and oven dry weight, described as MPa per gram of
sample, is shown in Fig. 9. For each gram of sam-
ple, plain mortar (0.1687 MPa/g) and mortar made
of non-magnetic bottom ash (0.1736 MPa/g) showed
higher values than mortars made of as-received
(0.1314 MPa/g), strongly magnetic (0.1115 MPa/g),
and weakly magnetic (0.1372 MPa/g) bottom ash.
Although the mechanical strength of mortar with non-
magnetic bottom ash was smaller than that of plain
mortar (Fig. 8), mortar made of non-magnetic bottom
ash showed higher specific strength that that of plain
mortar (Fig. 9). This result indicates that non-magnetic
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bottom ash can perform similar level of load bear-
ing capability in terms of unit weight, suggesting that
it can be successfully used as a source of lightweight
aggregate.

3.2.2 Water Absorption

Water absorption of mortar made of magnetically sepa-
rated bottom ashes are presented in Table 8. The water
absorption capacity determined from the increase in
weight of surface dry samples after being submerged
for 24 h. As expected, mortar made of standard sand
showed the lowest absorption. Water absorption of
mortars made of bottom ash was in the order of non-
magnetic (11.08%) > as-received (10.53%) > weakly mag-
netic (9.97%) > strongly magnetic (9.32%), which were
approximately 2 times as high as that of mortar made
of standard sand. Although there is slight discrepancy
between as-received and weakly magnetic bottom
ash, water absorption of mortar made of magnetically
separated bottom ash generally followed the trend of
absorption capacity of bottom ash that are presented in
Table 8. However, there is no clear correlation between
total water absorption of mortar and total porosity of
bottom ash.

3.2.3 Thermal Conductivity

Thermal  conductivity = of  mortar  specimen
(100x50x 20 mm) measured at 28 days is presented
in Fig. 10. Thermal conductivity of plain mortar was
2.71 W/m-K. Thermal conductivity of mortar made
of as-received bottom ash was 0.96 W/m-K. Approxi-
mately 65% reduction in thermal conductivity, which is
associated with highly porous microstructure of bottom
ash, can be obtained. Thermal conductivities of mor-
tars made of strongly magnetic and weakly magnetic
bottom ashes were 1.10 and 1.02 W/m K, respectively,
and they were higher than that made of as-received
and non-magnetic bottom ash. Mortar made of non-
magnetic bottom ash showed the lowest thermal con-
ductivity of 0.89 W/m K. It is because mortars made
of strongly magnetic and weakly magnetic bottom ash
contains higher amount of magnetite and hematite, and
thus provided higher thermal conductivity within its
microstructure although they had higher porosity than
non-magnetic bottom ash.
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Fig. 8 The 28 day compressive strengths of mortar specimen made of bottom ash

4 Industrial Scale Experiments and Results (A Case
Study)

In this section, experimental procedure used for the

production of masonry cement brick using magneti-

cally separated bottom ash is described. The properties

of masonry cement brick made of magnetically sepa-

rated bottom ash are investigated as well.

4.1 Industrial Scale Experimental Procedure

The production of masonry cement brick was performed
in a production factory of Daewangcon Co. Ltd., located
at Chirwon, Republic of Korea. First, as-received bot-
tom ash was magnetically separated using 3000 gauss
magnetic rod, and magnetic (both strongly and weakly
magnetic) bottom ash samples were used as lightweight
aggregate. Although the performance of magnetic bot-
tom ash from lab-scale experiment was lower than that
of non-magnetic bottom ash in terms of strength devel-
opment and thermal conductivity, magnetic bottom ash
was used because of its lower unburnt carbon content. It
should be noted that separation of unburnt carbon con-
tent from non-magnetic bottom ash was unable to be
applied because it was difficult to completely separate all

unburnt carbon contents from large amount of non-mag-
netic bottom ash at the production factory. Therefore,
masonry cement brick with non-magnetic bottom ash
was not produced.

Ordinary type I portland cement was used for pro-
duction of masonry cement brick using an industrial
scale apparatus. The size of masonry cement brick was
190%x90x 57 mm. Mix proportions of cement masonry
brick are presented in Table 9. Two different cement
contents, 30 and 24 kg, were used to prepare cement
masonry brick. Cement and bottom ash were first added
to the mixer and water was added later. Water con-
tent was adjusted until fresh mortar mixture met the
required consistency level that can be fed into the brick
production line. After mixing, fresh mortar mixture was
poured into the mold, vibration was applied for approxi-
mately 5~10 s, and molds were removed as presented
in Fig. 11a. Masonry cement brick samples were moved
(Fig. 11b) to the steam curing facility, and steam cured
at 60 °C for 24 h. After steam curing, masonry cement
bricks were taken out to the storage site until it met
7 days of total curing time. Photographic images of pro-
duced masonry cement brick, dimension, and loading for
compressive strength test are presented in Fig. 11c—e.
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Fig. 9 Specific strengths (compressive strength divided by oven dry weight) of mortar specimen made of bottom ash

Table 8 Absorption of plain and bottom ash-substituted
cement mortar

Bottom Plain As-received Strongly Weakly Non-

ash magnetic magnetic magnetic
Properties

Absorption 497  10.53 9.32 9.97 11.08

capacity
(%)

At 7 days after production of masonry cement brick,
compressive strength (ASTM C 67), absorption capacity
(ASTM C 67), bulk specific gravity (ASTM C 128), unit
weight (ASTM C 128) (ASTM C67-03, 2004), and ther-
mal conductivity (ASTM C 1113) of masonry cement
brick made of as-received and non-magnetic bottom
ash were measured. LFor comparison of the results, the
above-mentioned properties of masonry brick samples
that was made of sand in the same factory were evaluated.

4.2 Properties of Masonry Cement Brick

Fig. 12 shows the 7 day compressive strength of masonry
cement bricks made of as-received and magnetically
separated bottom ash. Masonry cement brick made of

as-received bottom ash showed the lowest compres-
sive strength of 4.87 MPa. Masonry cement brick made
of magnetic bottom ash showed compressive strengths
of 12.53 MPa (for C30 mixture) and 8.96 MPa (for C24
mixture). Both C30 and C24 mixtures met the required
strength of 8 MPa, which is the qualified strength level
for second class masonry brick (KS F4004, 2013). How-
ever, the strengths were lower than masonry cement
brick made of sand.

It was clear that masonry cement brick with higher
cement content showed higher compressive strength.
The difference in compressive strength between bricks
made of as-received bottom ash and bricks made of mag-
netic bottom ash was approximately 2~3 times higher
for bricks made of magnetic bottom ash. It was mostly
associated with the presence of unburnt carbon (prevent-
ing effective binding of bottom ash) that was present in
as-received bottom ash.

When specific strengths of masonry cement bricks,
shown in Fig. 13, are compared, except for the case of
as-received bottom ash whose unburnt carbon content
were not removed, both C30 and C24 mixtures showed
specific strengths of 0.01138 and 0.00836 MPa/g, which
were higher or almost identical to that of masonry
cement brick made of standard sand (0.00878 MPa/g).
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Fig. 10 Thermal conductivities of mortar made of magnetically separated bottom ash

Table 9 Mix proportions of cement masonry brick

No Sample Water (kg) Cement (kg) Bottom ash
1 C30-as-received 259 30.0 67.3
2 C30-magnetic 259 30.0 673
3 C24-magnetic 26.95 24.0 67.3

The result indicates that magnetically separated bot-
tom ash can also be effectively used as a source of light-
weight aggregate for masonry cement brick production.

According to Table 10, absorption capacities of
masonry cement bricks made of magnetic bottom ash
samples were 26.55% (for C30 mixture) and 28.67% (for
C24 mixture), respectively. These values were approxi-
mately 2 ~3 times higher than the absorption capacity
of cement bricks made of natural sand (11.27%). Bulk
specific gravities of cement brick made of bottom ash
samples were 30% lower than that made of natural
sand. Unit weights of cement brick made of bottom
ash samples were 40% lower than that made of natu-
ral sand. Thermal conductivity of the brick made of
magnetic bottom ash was 20% lower than that made of

natural sand. The results strongly suggest that masonry
cement brick made of magnetic bottom ash can be used
as a lightweight cement brick that can increase heat
insulation.

5 Discussion

In this work, bottom ash that was in the range of
0.075~4.75 mm were used. Bottom ash whose size was
larger than 4.75 mm was not used because heavier bot-
tom ash cannot be effectively separated using a magnet
with intermediate strength level. Bottom ash that has
smaller particle size was not considered for utilization,
either. It was because those bottom ash contained large
amount of unburnt carbon and it could negatively affect
the properties of mortar when used as a lightweight
aggregate.

The effect of unburnt carbon for production of light-
weight masonry cement brick was clearly presented from
the results shown in Fig. 8 (from a laboratory-scale exper-
iments) and Fig. 12 (from an industrial-scale experiment).
According to Fig. 8, mortar made of as-received bottom
ash whose unburnt carbon content was removed prior to
the preparation of mortar did not show clear reduction
in compressive strength. However, according to Fig. 12,
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dimension, and (e) loading for compressive strength test

masonry cement brick made of as-received bottom ash
(C30-as-received) whose unburnt carbon content was
not removed showed a huge reduction (approximately
70%) in compressive strength compared to the strength
of masonry cement brick made of magnetic bottom ash
(C30-magnetic) that had the same mix proportions. The
results suggest that the removal of unburnt carbon from
bottom ash is a prior task. Since there are several tech-
niques available for efficient separation of unburnt car-
bon content from bottom ash (Cruceru et al., 2019; Kim
et al., 2022; Sahbaz et al.,, 2008; Valeev et al., 2019; Xing
et al., 2019), the application of such techniques on bot-
tom ash needs to be followed in order for a complete

utilization of abondoned bottom ash. Removed (or sepa-
rated) unburnt carbon can be successfully recycled as a
raw ingredient for production of electricity in a coal fired
power plant. Bottom ash can also be successfully utilized
as a lightweight aggregate. If unburnt carbon content in
bottom ash cannot be removed due to the various on-site
issues, bottom ash should be at least magnetically sepa-
rated to be used as aggregate for production of cementi-
tious composites.

Since non-magnetic bottom ash consists of the major-
ity of as-received bottom ash, successful utilization of
non-magnetic bottom ash would be a key issue for com-
plete recycling of bottom ash. From the results obtained
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Fig. 12 The 7 day compressive strength of masonry cement bricks made of as-received and magnetically separated bottom ash

from the laboratory-scale experiments, mortar made
of non-magnetic bottom ash showed higher compres-
sive strength and specific strength (Figs. 8 and 9) with
reduced thermal conductivity (Fig. 10) than magnetic
bottom ash. From the results obtained from the indus-
trial-scale experiments, masonry cement bricks made of
magnetic bottom ash showed higher or identical specific
strengths (Fig. 13) with reduced thermal conductivity
(Table 10) than that made of standard sand (Fig. 13). If
unburnt carbon content from non-magnetic bottom ash
were removed and used for industrial-scale experiments,
masonry cement brick made of non-magnetic bottom
ash would have been produced and the properties of
brick would have been better than those made of mag-
netic bottom ash. Removal of unburnt carbon and utili-
zation of non-magnetic bottom ash are the ideal case for
complete recycling of abandoned bottom ash.

According to the Fig. 8, strongly magnetic bottom
ash was found to be not as much applicable as non-
magnetic bottom ash in terms of production of light-
weight cementitious material due to its relatively lower
strength with higher thermal conductivity compared
to non-magnetic bottom ash. However, considering

the amount of Fe,O5 content in strongly magnetic and
weakly magnetic bottom ashes (35~40%), they can
be successfully utilized as a source material for other
industries (Han et al., 2009; Valeev et al., 2019). Such
application may introduce higher value than just uti-
lizing magnetic bottom ash as source of lightweight
aggregate. Further research needs to be performed to
maximize the applicability of magnetic bottom ash.
According to the experimental results obtained in
this work, the magnetic separation process using 1000
and 3000 gauss magnets was found to be effective for
bottom ash whose particle size was in the range of
0.075 ~5 mm. However, the use of two different mag-
nets for separation of strongly magnetic and weakly
magnetic bottom ash was not found to be an essential
process as it was originally expected. The amount of
weakly magnetic bottom ash was only 1.88% for par-
ticle sizes around 0.853~5 mm and 3.79% for parti-
cle sizes around 0.075~0.853 mm, respectively. The
amount is so small that the effect of weakly magnetic
bottom ash cannot cause significant impact on the
properties of mortar or brick made of magnetic bottom
ash. Removal of either 1000 gauss or 3000 gauss magnet
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Table 10 Properties of masonry cement brick made of bottom ash

No Sample Oven dry bulk specific Absorption Oven dry unit Thermal conductivity (in
gravity (g/cmd) capacity (%) weight (g/cm3) air dry condition) (W/m-K)

1 Normal brick (natural sand) 251 11.27 1.85 0.64

2 C30-as-received 1.75 30.20 112 0.55

3 C30-magnetic 1.77 26.55 113 0.53

4 C24-magnetic 1.78 28.67 1.10 0.52

is highly recommended for easier and more economic 1) Magnetic separation with 1000 and 3000 gauss mag-

separation process.

6 Conclusion

In this work, magnetic separation was applied on bot-
tom ash that was stored in the pond site of Hadong coal
fired power plant. Properties of magnetically separated
bottom ash were analyzed, mortar specimens as well as
masonry cement brick samples were prepared, and com-
pressive strength, water absorption, and thermal conduc-
tivity were measured. According to the results obtained
from this work, following conclusions can be drawn.

net was effective for separating bottom ash sam-
ples that contains higher amount of magnetite. As a
result, bulk and skeletal density of strongly magnetic
bottom ash were higher than those of as-received
bottom ash. Non-magnetic bottom ash showed the
lowest bulk and skeletal density.

Pozzolanic activity of bottom ash was ranged
53 ~62% of fly ash that was stored at the same pond
site. Considering the particle agglomeration observed
from the fly ash, it is possible to evaluate the pozzo-
lanic activity of bottom ash either as non-pozzolanic
or as very weakly pozzolanic.
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3) From laboratory scale experiments, non-magnetic
bottom ash showed the better performance than
strongly magnetic bottom ash in terms of compres-
sive strength and thermal conductivity. Since large
amount of unburnt carbon stayed together with non-
magnetic bottom ash, removal of unburnt carbon is a
key factor for successful utilization of non-magnetic
bottom ash.

4) Masonry cement brick made of magnetic bottom ash
showed 40% reduction in unit weight, 20% reduction
in thermal conductivity. Utilization of non-magnetic
bottom ash for masonry cement brick production
after removal of unburnt carbon can also be a suc-
cessful application, considering the results from lab-
oratory-scale experiments (density and thermal con-
ductivity was lower for non-magnetic bottom ash).
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