<@ sustainability

Article

Utilization of Municipal Solid Waste Incineration Bottom Ash
as Fine Aggregate of Cement Mortars

Byeong-Hun Woo 17, In-Kyu Jeon 2, Dong-Ho Yoo !, Seong-Soo Kim 3, Jeong-Bae Lee  and Hong-Gi Kim 1-*

check for

updates
Citation: Woo, B.-H.; Jeon, L-K_; Yoo,
D.-H.; Kim, S.-S.; Lee, ].-B.; Kim, H.-G.
Utilization of Municipal Solid Waste
Incineration Bottom Ash as Fine
Aggregate of Cement Mortars.
Sustainability 2021, 13, 8832. https://
doi.org/10.3390/5u13168832

Academic Editor: Jorge de Brito

Received: 12 July 2021
Accepted: 4 August 2021
Published: 6 August 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Civil and Environmental Engineering Department, Hanyang University, Jaesung Civil Engineering Building,
222 Wangsimni-ro, Seongdong Gu, Seoul 04763, Korea; dimon123@hanyang.ac.kr (B.-H.W.);
dongho3461@naver.com (D.-H.Y.)

Zachry Department of Civil & Environmental Engineering, Texas A&M University,

College Station, TX 77843, USA; wijsdlsrb5474@tamu.edu

Department of Civil Engineering, Daejin University, 1007 Hoguk-ro, Pocheon-si 11159, Korea;
sskim@daejin.ac.kr

4 GFCR&D Co., Ltd., 155 Hoguk-ro, Pocheon-si 11158, Korea; dlwjdqo@nate.com

*  Correspondence: dmkgl404@hanyang.ac.kr; Tel.: +82-222-204-323

Abstract: Incineration bottom ash is generated by the incineration of solid waste. Household solid
waste is increasing every year and so is incineration bottom ash. This is a problem to treat the
incineration bottom ash because the ash has many toxic components. Cement composites can
solve this problem and there are many studies for using the bottom ash as fine aggregate. To
evaluate the usage of incineration bottom ash, compressive strength, mercury intrusion porosimetry,
scanning electron microscopy-backscatter electron, X-ray diffraction, and toxicity characteristic
leaching processes were performed. When using incineration bottom ash up to 20% of substitution,
the compressive strength in all cases was increased. This study showed how the filler effect appeared
well in the cement composites through the scanning electron microscopy-backscatter electron, and
mercury intrusion porosimetry. X-ray diffraction indicated the possibility of an alkali-silica reaction
of the aggregate with the components of incineration bottom ash. This problem is an obstacle to
applying the incineration bottom ash as a fine aggregate. In addition, the toxicity characteristic
leaching process was shown to be under the threshold of the Korean standard, however, this should
nuanced by the consideration of amorphity. Comprehensively, incineration bottom ash could be used
as a fine aggregate of up to 20% of substitution. However, the pre-treatment would need to eliminate
or reduce alkali reactive components and heavy metals.

Keywords: incineration bottom ash; substitution; fine aggregate; heavy metal; leaching

1. Introduction

It has been recognized for decades that the huge amount of waste produced by modern
society causes a critical environmental impact [1]. Thus, the importance of recycling and the
reuse of solid waste in the industrial field is increasing and several studies has been done
on different ways this can achieved [2,3]. The municipal solid waste (MSW) incineration
method, which has the advantage of reducing the mass and volume of the initial waste, is
increasingly used as a waste treatment method in most developed countries [4]. From the
incineration work, many types of ash are generated. In particular, MSW incineration bottom
ash (IBA) accounts for the largest portion (about 80%) of the incineration process and
generally consists of minerals, glass, ceramics, metallics, and unburned organic matter [5,6].
The chemical composition of the IBA is influenced by raw waste materials, so there may be
some regional or seasonal differences.

Cabrera et al. [7] expected that incineration of MSW worldwide will increase due
to increases in consumption and the limitations of landfills. Global MSW generation is
expected to reach 2.2 billion tons by 2025 [8]. Seo [9] found that South Korea produced
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18.6 million tons of MSW in 2009 and that production is due to increase in the future.
Although the incineration method is an effective way to reduce the mass and volume of
MSW by about 80% to 90%, it still generates a large amount of IBA and air pollution control
materials [10]. The IBA, which accounts for 80% of the total residue is mainly handled by
landfills, causing many problems in processing due to the lack of landfill sites. Therefore, a
number of studies are being conducted actively to recycle IBA by its use as an industrial
or construction material [11-13]. One of the main methods to recycle IBA is its use as the
aggregate to produce road materials and cement composite. Le et al. [14] used IBA as an
aggregate in road construction such as a road base, embankment, and asphalt pavement. In
addition, the researchers also found that IBA is a non-hazardous material and has enough
geotechnical and mechanical properties to use for earthwork and road construction [14].
Tang et al. [15], Lynn et al. [16], and Siddique [17] studied using IBA as an aggregate to
make concrete, and experimental results shows that mechanical and durability properties
of concrete containing IBA reduced with an increased replacement ratio of IBA. However,
the reduction ratio can be minimized by pretreatment of IBA, such as washing.

Previous research mainly studied the influence of IBA content on the mechanical
and durability properties of cement composite with IBA as the substitute for natural
aggregate. However, only a few studies have been conducted to minimize the reduction
of mechanical properties through pretreatment like washing to use IBA as aggregate.
Generally, it takes more than 3 months for the weathering process. In addition, pretreated
IBA still showed a somewhat lower strength development and durability performance
compared to natural aggregate. This study aims to assess the usability of IBA through the
mechanical and microstructure properties of cement mortar. To apply the IBA as a fine
aggregate, compared to natural aggregate, used cement mortar by adding a sieving process
to the conventional pretreatment process in order to decrease the particle size of IBA.

Based on a review of current literature, it can be said that pretreated IBA can improve
the mechanical and microstructure performance of cement composites. For this purpose,
mortar specimens were prepared by replacing natural fine aggregate with various con-
tents of pretreated IBA. Specimens were investigated using a compressive strength test,
mercury intrusion porosimetry (MIP), scanning electron microscopy-backscatter electron
mode (SEM-BSE), X-ray diffraction (XRD), and a toxicity characteristic leaching procedure
(TCLP) test.

2. Experimental Program
2.1. Materials

In this study, ordinary Portland cement (OPC, Type I-12 MPa of compressive strength
at 7 days only for paste) complying with ASTM C150 [18] was used for the binder material.
Natural river sand with a maximum size of 5 mm, fineness modulus (F.M) of 2.7, and
absorption of 1.05% was used as the fine aggregate [19]. Incineration bottom ash (IBA) was
collected from a waste incineration plant located in Hongcheon (South Korea). Figure 1
shows the schematic diagram of the incineration process in the H waste incineration plant.
The feed stream treated in this H incineration plant consists mainly of local household
rubbish. About 2000 tons of IBA are produced as incineration residues at H plant annually
and are mostly treated as landfills. The unprocessed IBA was brought to the laboratory
and used as a substitute for natural fine aggregate after a treatment process. The chemical
composition of IBA obtained from X-ray fluorescence (XRF) are presented in Table 1.
Furthermore, Figure 2 represents the particle size distribution (Malvern Mastersizer 3000)
of pretreated IBA and natural aggregate. Figure 3 shows the particle shape of IBA obtained
via SEM analysis.
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Figure 1. Schematic diagram of incineration process in H waste incineration plant.

Table 1. The chemical composition of IBA.

Composition CaO P2 05 A12 03 8102 F6203 MgO SO3 T102 Na20 Cl K20 L.O.I

Weight o 4397  12.01 10.3 8.98 7.79 4.96 3.02 212 1.95 1.83 0.99 1.24
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Figure 2. Particle size distributions of IBA and natural fine aggregate.
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Figure 3. SEM image of IBA aggregate.
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2.2. Preparation of Municipal Solid Waste Incineration Bottom Ash

In this study, in order to develop the aggregate quality and remove impurities, a
washing and sieving procedure were used as a pretreatment method. Unlike previous
literatures [20-22] where IBA was left in the natural environment for more than 3 months,
the IBA used in this study was taken directly from the H waste incineration plant and the
pretreatment process was carried out separately. The schematic diagram of the pretreatment
process of the IBA is shown in Figure 4. First, untreated raw IBA was located on the No. 4
sieve and washed using flowing water to reduce clumps and remove impurities such as
large scales of glass, ceramic debris, and metal residue. Second, washed IBA was placed in
a dry oven for 4 h at 105 °C to evaporate the surface water in the IBA and to prevent the
cohesion phenomenon. After the drying procedure, the IBA was classified by the No. 8
sieve to maximize the particle packing effect inside the cement matrix by keeping the small
size of the aggregate.

Drying Classification

Figure 4. Schematic representation of the IBA preparation and pretreatment process.

2.3. Mix Proportions and Fabrication of Mortar Specimens

The mortar mixes used in this study were made with a constant water/binder ratio
of 0.4 and a 1:2 ratio of binder to fine aggregate (natural river sand including replaced
IBA). The mortar mixes used in this study were named IBAO, IBA5, IBA10, IBA15, and
IBA20. For example, Mortar mix IBAO was the control specimen without IBA aggregate.
The mortar mixes IBA5, IBA10, IBA15, and IBA20 represent those containing 5%, 10%,
15%, and 20% of IBA aggregate as a natural sand replacement, respectively. The details of
the mix design are indicated in Table 2. The mix constituents were dry mixed before the
addition of water.

Table 2. Mixture design of specimens.

Composition WI/C (%) Water (g) Cement (g) Fine Aggregate (g) IBA (g) Water Reducer (g)
IBAO 1400 0
IBA5 1330 70
IBA10 40 280 700 1260 140 7
IBA15 1190 210
IBA20 1120 280

Mortar cubes (50 x 50 x 50 mm?) were prepared in accordance with ASTM C 109 [23],
respectively. All mortar specimens were demolded after 24 h and kept in water at 23 + 2 °C
for curing until the desired duration was reached.

2.4. Methods

In this study, to investigate the effect of the IBA aggregate on the mechanical properties,
compressive strength tests on the mortar specimens were conducted using a universal
machine (Shimadzu, CCM-200A; Shimadzu Corporation, Kyoto, Japan) according to ASTM
C 109 [23], after 3, 7, and 28 days of water curing. For each test, three replicates were
measured, and the average value was recorded.

To identify the effect of IBA aggregate as a filler on the microstructure of cement
composite, a porosity measurement test was performed using the MIP method [24]. For
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the MIP, Micromeritics Autopore 9520 and a scanning electron microscope (accelerating
voltage: 0.2-30 kV, probe current: 10 x 107!2 to 10 x 10~ A, SEI resolution: 3.5 nm, and
magnification: 10 times to 300,000 times) was used in this experiment. Equation (1) is to
calculate the pore diameter [25].

Y = —25cos0/p @)

where vy is the radius of the pore (um), & is the surface tension of mercury (N/m): 0.484 N/m,
0 is a contact angle between the specimen and mercury (degree): 130°, p is an input pres-
sure of mercury (MPa): 206.84 MPa (30,000 psi). When the p is higher, a smaller pore
diameter could be measured.

Samples for SEM-BSE analysis were carried after compressive strength test and im-
mersed in alcohol to stop the hydration procedure and then dried in an oven at 60 °C,
according to previous literature [26].

To analyze the presence of IBA and the hydration effect in the cement matrix, XRD
(RINT D/max2500, 40 kV, 30 mA, scanning speed: 2°/min, wavelength: 1.54 A) was
conducted in this study.

The heavy metal content was analyzed using the TCLP test in accordance with the
USEPA Method 1311 [27]. IBA mortar samples were crushed after the compressive strength
test with 28 days curing to remove the large particles through 10 mm sieve. The TCLP
test utilizes an acetic acid (pH 2.88) with a liquid to solid ratio of 20:1 and an extraction
period of 18 h using a rotary tumbler at 30 &+ 2 rpm. After extraction, the leachate was
filtered through a 0.22 um filter and stored in chamber at a temperature of 4 °C. The
metal concentrations (Cr, Cd, Pb, and Zn) of leachate samples were measured in this study.
Before measuring inductively coupled plasma mass spectrometry (ICP-MS, Perkin Elmar,
NexION300), the authors measured the pH of the leachate solution and added a small
amount of nitric acid until pH < 2 and conducted ICP-MS. Figure 5 presents the structure
of ICP-MS.

Quadrupole
Torch
l
L Y=
/
Plasma /

Ton lens Detector

Figure 5. The structure of ICP-MS tester.

3. Results and Discussion
3.1. Compressive Strength Results

IBA was used as a fine aggregate, therefore the use of IBA affected the compressive
strength. The results of compressive strength are indicated in Figure 6. The used natural
sand had the range of particle size recommend by ASTM C33 [19]. However, studies on the
filler effect of fine aggregates were considered many times, the importance of fine particles
was increasingly emphasized [28-30]. According to Figure 2, IBA had a wider range of
particle size than the natural sand. Therefore, IBA could create the filler effect due to the
fine particle size [28]. The substituted IBA specimens showed an increase in compressive
strength. This trend could be considered the filler effect [28-30].
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Figure 6. Compressive strength results.

According to Figure 6, IBA5 showed a small increase in compressive strength, but
IBA10 showed a large increase in compressive strength. IBA20 showed an almost average
strength of IBA5 and IBA10. The particle size of IBA and natural sand overlapped a
substantial amount except for under 75 um. The overlapping area compensates for the
absence of natural sand by substituting it and the remaining particles under 75 pm have
a filler effect. This is further elucidated in Figure 7. According to Figure 6, IBAO, IBA10,
and IBA20 were chosen as key specimens due to the trend of the compressive strength.
From Figure 7, it is possible to estimate that the fine particle content of IBA5, under
75 um, is approximately 1.42% of the aggregate volume. An occupancy of 1.42% is not
able to increase the compressive strength significantly. However, the particle distribution
in Figure 7 is more homogeneous (details are in Chapter 3.2) than IBAO due to particle
compensation, which shows that IBA10 exhibits the highest compressive strength. In this
context, IBA20 should have shown the highest compressive strength, but the strength of
IBA20 decreased. This is because IBA is a lightweight aggregate [31]. The fine pores in
IBA could be observed in Figure 3. Typically, the mechanical properties are decreased by
using a lightweight aggregate [32]. Hence, IBA20 showed a reduction in the compressive
strength despite the increase of fine particles under 75 um.

1BAO IBA10 IBA20 Natural Sand
IBA

2750 o S
1.21 % 242 %

1200 pm 2993 % 26.94 % 23.94%
so0 | INETRENNN IR - 7o T s+ *

150 pm 037 % 073 %
75 um | B o2 % B 1.3 %
322 % 2.90 % 2558 %
;anﬁ:: I- 284% |- 5.68 %
|

T Fine particles — filler effect

Figure 7. Size distribution of aggregates.
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3.2. Mercury Intrusion Porosimetry Results

IBA10 and IBA20 were determined as the key specimens because the results of IBA5
and IBA15 are able to estimate using IBA10 and IBA20. MIP results are indicated in
Figures 8 and 9. Figures 8 and 9 demonstrate the filler effect seen in Figure 7 and it can
be confirmed that the pore volume is decreased with the increase of IBA. In addition,
the particle compensation can be observed at a micro-scale to macro-scale (M-M scale,
upper than 10,000 nanometers) from Figure 8. Compared to Figure 7, IBAO and IBA10
showed almost the same pore distribution at the M-M scale, and this trend is the same as
in Figure 7. The difference is that the porosity of more than 200,000 nanometers had been
reduced, which can be evaluated as the porosity reduction effect brought by IBA. On the
other hand, in the micro-scale to nano scale (M-N scale, lower than 10,000 nanometers), it
is hard to evaluate the pore status in Figure 8. The reduction rate of pores can be confirmed
more easily in Figure 9. At the M-N scale, IBA10 showed a smaller pore volume than
IBAO, and this is further evidence of the filler effect. In the case of IBA20, although the
compressive strength of IBA20 was relatively decreased compared to IBA10 [31,32], IBA20
showed a smaller pore volume than IBA10. This is because IBA20 was more significantly
substituted for the fine aggregate compared to IBA10, therefore IBA20 had more fine
particles compared to IBA10. This phenomenon has already demonstrated by many
experimental studies [6,28-30] and was expected in our results.

0.02
{
Incremental pore volume
3 0.016 — *—9—9IBAO
Q B—E—EIBA10
& ¥—¥—7IBA20
()
5 0.012
[<]
>
e
g
3 0.008
<
[
£
§
£ 0.004 |
0 . et t ! 1 1 I
1 10 100 1000 10,000 100,000

Pore size (nano-meter)

Figure 8. Incremental pore volume results.

0.2
Cumulated pore volme
e—e—eIBA0

5 016 E—88IBA10

Q —¥—¥ IBA20

&

o

§ 0.12

S

§

< 0.08

°

']

5

g

5 0.04

0
1 10 100 1000 10,000 100,000

Pore size (nano-meter)

Figure 9. Cumulated pore volume.
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3.3. SEM-BSE Image Analysis

Based on the results of MIP, IBA20 showed the least pore distribution. Therefore, it is
possbible to compare IBAO and IBA20 in this study. SEM-BSE image results are presented
in Figure 10. The featured area indicates specific components. Area A is the fine aggregate
(natural sand), area B is the pore, area C is the capillary pore, and area D is the IBA [33,34].
Natural sand and IBA can be easily distinguished in BSE images. Natural sand has a
smooth section in Figure 10, however, IBA shows that there are many fine pores as also
seen in Figure 3. Therefore, the strength reduction of IBA15 and IBA20 could be explained
using Figure 10b [31,32].

Z izt E O A
VEGA3 TESCAN SEM HV: 15.0 kV WD: 9.67 mm

SEM MAG: 100 x Det: BSE

(a) IBAO (b) IBA20
Figure 10. SEM-BSE images of IBA0 and IBA20.

The biggest difference between IBAO and IBA20 is the pore distribution shown in
Figure 10. In the case of IBAO, the capillary pores were observed. However, the capillary
pores are rarely found in IBA20. In addition, the amount of part B in Figure 10 is clearly
decreased in IBA20 compared to IBAO. This is the filler effect in line with the previous
sections [28,30].

3.4. XRD Analysis

The XRD results are presented in Figure 11. The main elements such as portlandite and
CSH were identified in the XRD results, and changes in intensity were also identified with
curing ages. The existence of quartz means natural sand and the intensity of quartz did
not change at all curing ages. However, there were peak changes in CSH and portlandite.
From the results of XRD and Table 1, a critical factor was observed: the possibility of a
alkali-silica reaction (ASR). According to Figure 11, IBA10 and IBA20 showed less content
of portlandite than IBAO, and this suggests the possibility of an alkalinity reaction [35].
The alkalinity components could react with the component of Na,O and K;O as the main
ingredient of ASR [35]. The high alkalinity cement includes the Na,O of approximately
0.73 to 1.02% [35]. However, IBA contains 1.95% of Na,O. This means IBA is a kind of
reactive aggregate, therefore some treatments is needed to reduce Na,;O and K,O when
using the IBA as an aggregate. Except for this critical factor, the trends of the XRD results
were the same in all specimens.

3.5. TCLP Results

The ICP-MS results are presented in Figure 12. According to Figure 12, a large amount
of heavy metals were leached from the raw IBA, and IBA10 confirmed a significant decrease
in leaching of all heavy metals except for Cd. On the other hand, naturally, IBA20 showed
increased leaching of heavy metals due to the higher substitution rates compared with
other specimens. In particular, leached Zn of IBA20 showed almost the same level as
raw IBA.
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The important point of leaching heavy metals is the limit. Although the standard
for the limit of leaching the heavy metals would differ from country to country, this
study analyzed the results using the Korean standard [36]. Korean construction materials
limit Cr to 15 ppm, Cd to 3 ppm, Pb to 30 ppm, and Zn to 60 ppm. IBA10 showed
enough margin with the leaching limit except for in the Cd figures. However, the leached
amount of Cd from IBA10 may be acceptable. This is because IBA20 tends to meet Korean
standards not only in the leaching of Cd but also in the leaching of all heavy metals,
which can be sufficiently raised and lowered by the part of sampling and the amorphity of
cement composites.

IBA20 also includes results that IBA could be used as up to 20% of fine aggregate
depending on the results of Figure 12. This is because the leached heavy metals from IBA
appeared below the Korean standards [36]. However, the total ppm of heavy metals tends
to increase as IBA usage increases. Hence, the leaching of heavy metals is expected to
exceed the Korean standard if IBA is used in excess of 20% of substitution.

Comprehensively, considering all the sections in this study, our results indicate that
IBA could be used as a fine aggregate up to 20% of substitution. However, there are a few
problems applying IBA to cement composites. First, the elimination or reduction of ASR
reactive components is needed. ASR would create a significant cracking problem, therefore
Na;O and K;O should be eliminated or reduced [35]. Second, pre-treatment of IBA before
its application to cement composites should be performed due to the heavy metal content.
In this study, the washing work was a simple cleaning using flowing water. However,
Figure 12 demonstrates its importance in order to use IBA as a fine aggregate. Pre-treatment
is needed to further reduce heavy metals contained in IBA. Following this, IBA could be
used as a fine aggregate (a kind of lightweight aggregate) in the construction field.

4. Conclusions

This study performed experiments for using IBA as a substitution of fine aggregate.
From the results of this study, it was demonstrated that IBA could be used as a substitution
material. This factor was demonstrated by the compressive strength, SEM-BSE, XRD, MIP,
and TCLP tests. The comprehensive conclusions are as follows.

1.  Compressive strength was increased in all cases. IBA10 showed the highest value
and IBA20 showed a relatively decreased value compared to IBA10. IBA10 showed
the filler effect well, and IBA20 also showed filler effect. However, the reason for
the reduction of compressive strength compared to IBA10 is that IBA is a kind of
lightweight aggregate.

2. MIP and SEM-BSE showed how the fine particles fill the pores. This was demonstrated
using SEM-BSE, showed visually, and MIP, showed quantitatively. The fine pores
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were decreased with the increase of IBA, and the images of SEM-BSE clearly show
that IBA is a kind of lightweight aggregate.

3. XRD and TCLP results showed the application risk of IBA to cement composites. XRD
results indicated the possibility of ASR. On the other hand, TCLP results showed
the low value of heavy metals. However, it is considered that a pre-treatment for
eliminating or reducing the heavy metals in raw IBA is needed.
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