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Abstract

The present study investigates the feasibility of using two types of municipality solid wastes incineration ashes, namely, fly
ash and bottom ash in the production of sustainable alkali-activated binder. The ashes are collected from the incineration
plant and characterized to determine their particle size distribution, specific gravity, chemical composition, and heavy metals
content. The ashes are then used as either fly ash or sand replacement with five replacement ratios 0%, 5%, 10%, 15%, and
20% to produce the binder. The produced binder are characterized in terms of strength, workability, density, water absorp-
tion, thermal conductivity and stability, chemical composition, and heavy metals content. The results reflect the ability of
producing sustainable alkali-activated binder with small dosage of MSWI ashes as either fly ash or sand replacement with-
out negatively affecting its strength, workability, density, and water absorption. The ashes enhance the thermal insulation

capability of the binder.

Keywords Municipal solid waste - Incineration ashes - Alkali-activated binder - Mechanical properties - Thermal

characteristics - Heavy metals

Introduction

Rapid urbanization and social civilization have accelerated
the generation of municipal solid wastes (MSW) all over
the world. In 2016, two billion tons of MSW were gener-
ated around the world, this number is expected to greatly
increase in the future [1]. It has been reported that the annual
generation of the MSW in the United States, Europe, China,
and India are 238.5, 241, 300, and 238 million tons [2, 3],
respectively. The huge generation of the MSW draws the
attention of the municipalities and nations toward this trou-
bling issue as it can cause serious problems to the human
health and environment. Accordingly, an effective way to
recycle these wastes become necessary all over the world.
The traditional treatment solutions of the MSW include
recycling, landfilling, or incineration [3-5]. Among the
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aforementioned solutions, landfilling is the conventional
technique that globally used to deal with these wastes.
However, landfilling MSW owns many drawbacks, such
as possible contaminating water and soil, greenhouse gas
emission, and limited available spaces for landfill in most
countries [4]. These drawbacks and the environmental
awareness encourage the nations to look for more practical
and sustainable techniques to get rid of these wastes. In this
regard, incineration represents a more promising technique
to implement. Incineration of MSW not only reduces the
volume of the wastes by 90% [6] and kills the viruses and
bacteria at such high temperatures [7], but also allows pro-
ducing energy from waste. The waste-to-energy principle
led to change the traditional concept of considering wastes
as pollution towards treatment of the wastes as resources [3].

Despite of the above-mentioned benefits of MSW incin-
eration, it produces considerable amount of solid residues,
mainly bottom (BA) ash and fly ash (FA). Unfortunately,
the heavy metals contained in the wastes migrate into the
ashes. Due to the significant presence of these toxic chemi-
cals, many countries consider the municipal solid waste
incineration (MSWI) ashes, especially the FA, as hazard-
ous materials [8]. Thus, further treatment of these wastes
are highly required. Many treatment techniques of the MSWI
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ashes have been utilized including underground storage or
landfilling, thermal and chemical treatments. Among the
aforementioned techniques, landfilling is the simplest one.
However, this technique requires a large space of land [9],
and faces the regulations and policies of many countries due
to the potential health and environmental concerns [5]. On
the other hand, thermal and chemical treatments have been
employed to extract the heavy metals from the MSWI ashes.
Despite the efficiency of these two techniques, many con-
cerns have been reported in the literature such as the extra
energy consumption required by the thermal treatment and
the long-term stability issue of the chemical treated ashes
[5].

Recently, solidification or immobilization of the heavy
metals by incorporating them in the production of alkali-
activated (geopolymer) composites were successfully
employed as new treatment techniques. During the geo-
polymerization process, reaction products with 3D network
are formulated with the ability of encapsulating the heavy
metals inside the matrix [10]. Thus, incorporating MSWI
ashes in geopolymer composites production has started
to catch research interest. The MSWI ashes were utilized
in the preparation of the alkali-activated binders as either
partially replacement of the source materials [11] or as the
only source material [12]. Diaz-Loya et al. and Ye et al. [13,
14] reported that even though using MSWI FA to replace
the source materials decreased the mechanical strengths of
the geopolymer, the products met the acceptance criteria for
the waste landfilling. Other studies showed that geopoly-
mer with good mechanical properties could be produced
even with incorporating the MSWI FA as source materi-
als [15, 16]. Wongsa et al. [17] investigated the effect of
partially substitution of source materials with MSWIBA on
the strength of fly ash-based geopolymer composites. Their
results showed that up to 40% of the fly ash content could be
replaced by MSWIBA without negatively affecting the com-
pressive strength of the geopolymer. Ren et al. [18] showed
that using silica fume and sodium silicates enhanced the
compressive strength of geopolymer composites made by
MSWIFA as source materials. In addition to the acceptable
mechanical properties of the geopolymer composites made
of MSWI ashes as the sole or partial source materials, they
also benefits the solidification of heavy metals [5, 17-19].

As the alkali-activated (geopolymer) materials showed
excellent potential to serve as heavy metals immobilizing
agent, most of the studies focused on investigating the ability
of these composites to stabilize these hazardous materials.
Little focus has been given to investigate the mechanical
properties of the produced geopolymers [3, 4]. Moreover,
the MSWI ashes have been mainly used as source materi-
als and the attention was paid to investigate the effect of
the synthesis parameters on the heavy metal solidification
and stabilization efficiency. The current research focuses

on investigating the ability of using MSWI ashes in geo-
polymer composites production not only as source materi-
als replacement but also as sand replacement. The novelty
of this work comes from two points: (1) little or no studies
used the MSWI ashes as sand replacement in geopolymer
composites, (2) little studies focused on investigating the
fresh and harden properties of alkali activated binders made
of MSWI ashes. In this study, MSWI bottom ash and fly
ash were used as either sand replacement or fly ash replace-
ment in alkali-activated binder production. The effect of the
replacement ratio on the mechanical strengths, workability,
density, water absorption, thermal insulation capacity, ther-
mal stability, and chemical composition of the fly ash-based
geopolymer composites were explored.

Experimental program
Characterization of MSWI ashes

Two MSWI ashes include fly ash and bottom ash were used
in this study as received from the incineration plant at the
Domestic Solid Waste Management Center (DSWMC) in
Qatar. Comprehensive experiments were conducted to char-
acterize these ashes before implemented into the geopolymer
mix. The particle size distribution (PSD), particles’ shape,
specific gravity, chemical composition, and the total con-
centration of heavy metals of the MSWIFA and MSWIBA
were investigated. The PSD is plotted in Fig. 1. It is clear
in the figure that the MSWIFA owned finer particles and
narrow and less varied PSD than MSWIBA. The size of
the MSWIBA particles was close to the size of the silica
sand particles used in preparing the alkali-activated binder.
The D50 of the silica sand, MSWIBA, and MSWIFA were
equal to 550 um, 500 um, and 130 pm, respectively. Accord-
ing to the scanning electron microscopic (SEM) imaging
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Fig.2 SEM imaging of a
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Table 1 Chemical composition of ashes used in this study
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(Fig. 2), both MSWIBA and MSWIFA have irregular non
spherical shapes. The SEM analysis was conducted using

Oxides MSWIBA (%) MSWIFA (%) Fly ash (%) ) . .
NOVA NanoSEM 450 device. The specific gravity of the
CaO 46.8 61.8 11.80 MSWIFA and MSWIBA were found to be 2.25 and 2.07,
Fe,04 20 24 7.83 respectively. X-ray fluorescence (XRF) test procedure was
Si0, 9.6 6.6 49.90 conducted using JSX 3201 M (Jeol) spectroscopy machine
AlyO5 5.1 1.2 17.10 to determine the chemical composition of the MSWI ashes.
Na,0 4.1 - 0.14 The results are summarized in Table 1. It clear that both
SO, 3.7 12.1 0.42 ashes have high calcium oxide (CaO) content. Compared
Mgo 25 34 4.90 to MSWIFA, MSWIBA shows higher contents of alumina,
K,0 0.1 4 0.28 silica, and iron oxide, but a lower content of sulfur trioxide
Zn0 2 3.3 - (SO5). In addition, some alkali metals, such as sodium and
P,05 L9 L4 - magnesium oxides, and heavy metals such as zinc and lead
CuO L1 0.4 - were detected in both ashes. The presence of heavy met-
PbO 0.8 1 - als in the ashes encouraged to conduct ICP-OES analysis
TiO, 0.7 0.1 - to investigate the total concentration of these metals. The
BaO 0.4 0.5 - traced elements include Cu, Cr, Mn, Ni, Zn, and Pb. The
SnO, 0.2 0.5 - results are presented in Table 2. The amount of heavy metals
Sb,0, 0.2 0.5 - found in MSWIBA was much higher than that of MSWIFA.
MnO 0.1 - - Compared to the values reported in the literatures [20, 21],
710, 0.1 - - the amount of Zn and Cr founded in MSWIBA were below
CdOo - 02 - the minimum values, whereas the amount of Ni and Pb were
Ta,O5 - 0.1 - closer to the minimum reported values than they were to
Cr,04 - 0.1 - the maximum. In the case of MSWIFA, the amount of Cr,
As)05 - 0.1 - Ni, and Zn were found to be below the minimum values
reported in the literature, whereas the amount of Cu and Pb
were closer to the minimum reported values than they were
to the maximum.
Table 2 H'eavy'metals Sample ID Concentration (ug/g)
concentrations in the
incineration ashes Cu Cr Mn Ni Zn Pb
MSWIFA 378 30 97 11 2397 813
MSWIBA 5341 115 426 27 1288 1642
(Min-max)? 330-5530 120-2026 NA 17-614 3800-16,800 640-5500
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Materials

The alkali-activated binder was prepared with class F fly ash,
silica sand, Sodium Hydroxide (NaOH) and Sodium Silicate
(Na,Si03). In addition, (PC 485, EPSILONE) superplasti-
cizer was used to enhance the workability of the mix. The
fly ash was received from SMEET Qatar, and characterized
in terms of particle size distribution, chemical composition,
moisture content, and density. Figure 1 shows that the fly
ash owned finer particles and narrow and less varied PSD
than the MSWI ashes. The chemical composition of the fly
ash is complying with ASTM C618-12a standards, as shown
in Table 1. The density and the moisture content of the fly
ash were equal to 2.23 g/cm’and 0.5%, respectively. Locally
available silica sand with specific gravity, fineness modulus,
and water absorption of 2.56, 2.31, and 1.87%, respectively,
was used. The sand conforms to ASTM C778 standard. The
Sodium Silicate solution was received from Qatar Detergent
Company in Qatar with Na,SiO; concentration of 40%. The
NaOH solution was prepared using NaOH pellets with purity
of 98% that was acquired from a local supplier. The NaOH
solution with concentrations of 10 Molar was prepared by
mixing 320 g of NaOH pellets in one liter of distilled water.
Since the reaction between the NaOH and water is exother-
mic reaction, the solution was prepared in a big plastic con-
tainer immersed in a water bath to accommodate the heat of
the reaction. The solution was left at room temperature for
30 min to lower its temperature, and was then poured in an
airtight glass jar to prevent the reaction with air.

Mix design and alkali-activated binder preparation

The MSWI ashes were incorporated into the mixes as either
fly ash replacement or sand replacement. For each approach,
four different replacement ratios were used: 5%, 10%, 15%,
and 20% by weight of fly ash or sand. The purpose of the
replacement was to investigate the amount of the MSWI
ashes that could be incorporated into the mixes without neg-
atively affecting the mechanical and physical properties of
the binders. Twenty different mixes were used to prepare the
alkali-activated binders, as shown in Table 3. All mixes were
prepared with NaOH solution with ten molarity (10 M),
fluid to binder ratio of one, and Sodium Silicates to Sodium
Hydroxide ratio of 2.0. The specimens were designated by
BA or FA, which refer to the type of the incineration ash,
followed by letters S or F, which refers to sand or fly ash, and
followed by number refers to the replacement ratio.

The alkali-activated binder was prepared by mixing the
NaOH and Na,SiO; solutions for 2 min in a glass-measuring
jar. The MSWI ashes were dry mixed with either sand or
fly ash. The activator solutions were placed in the mixing
bowl, and fly ash (with or without MSWI ashes) were added
and mixed in the mixing bowl for 30 s at low speed. After

that, the sand (with or without MSWI ashes) was added to
the mix and mixes for 30 s at low speed. The mixing speed
increased to high speed and the mixing continues for 120 s.
At this point, the flow table test was conducted, followed by
15 s mixing at high speed. The prepared binder was used
to cast specimens with dimensions of 5 cm X5 cmX5 cm
and 4 cm X4 cm X 16 cm to perform the compressive and
flexural strength tests, respectively. All geopolymer mortar
specimens were cured at a fixed temperature of 80 °C and
for a duration of 24 h. After curing, the specimens were
tested according to the procedures mentioned in the follow-
ing section.

Test procedures
Mechanical strengths

The mechanical behavior of alkali-activated binder with
MSWI ashes was investigated through compressive and flex-
ural strength tests according to the ASTM C109 and ASTM
C348 standards, respectively. The specimens were loaded
until failure with loading rate of 1.3 kN/s and 0.044 kN/s
for compression and flexural tests, respectively. The aver-
age strength value of three tested specimens for each mix
was reported.

Workability

Effect of MSWI ashes on the workability of the alkali-acti-
vated binder was investigated using flow table test according
to the ASTM C1437 standards. The average of four readings
for each mix was calculated and reported.

Density

The effect of MSWI ashes on the density of the produced
binder was determined according to the following procedure:
three 50 mm cubes for each mix design were placed in an
oven for 24 h at 110 °C. The specimens were removed from
the oven and cool in an ambient temperature for 2 h, and the
dry weight was recorded for all specimens. The oven dry
density was calculated by dividing the oven dry weight by
the volume of specimen. The average of three density values
of each mix were reported.

Thermal conductivity

Thermal conductivity of alkali-activated binder with vari-
ous dosages of MSWI ashes as either fly ash replacement
or sand replacement was examined using a hot disk thermal
constant analyzer machine. The sensor of the machine was
sandwiched between two-binder specimens, and then the
transient plane source (TPS) method was used to acquire
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the thermal conductivity data. The size of specimens was
40 mm X 40 mm X 80 mm, which was sufficient to cover the
full area of the sensor. The humidity condition was measured
and reported to be 55%RH during the thermal conductivity
test.

Water absorption

Water absorption of alkali-activated binder specimens was
measured according to the ASTM C1403. Three 50 mm
cubes for each mix design were placed in an oven for 24 h
at 110 °C. The specimens were removed from the oven and
cool in an ambient temperature for 2 h. The dry weight was
recorded for all the specimens, and then the binder speci-
mens were placed in a container. The specimens were par-
tially immersed in water with depth of 3+0.5 mm. The
binder specimens’ weight were recorded at 0.25 h, 1 h,4 h
and 24 h. After that, the weight was recorded on a daily basis
until there were no difference between the two successive
weightings.

Thermal stability

Thermogravimetric analysis (TGA) test was performed to
investigate the effect of MSWI ashes on thermal stability of
alkali-activated binder. Fragments extracted from selected
specimens were first grinded to a size of 45 um then tested
using Thermogravimetric Analyzer TGA 4000 PerkinElmer
device in the range of 30 °C and 730 °C. The mass loss in
the specimens was monitor with respect to the temperature.

Chemical composition analysis
The effect of MSWI ashes on the chemical composition of

the produced binder was examined using X-ray fluorescence
(XRF) technique. Small pieces were taken out from different

MSWIFA
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Fig.3 Flow table results of alkali-activated binder with MSWI ashes

location of the compression specimens, grinded to powder
that pass sieve with 150 um opening, and tested using JSX
3201M (Jeol) spectroscopy device.

Heavy metals concentrations

The total concentration of the heavy metals in the MSWI
ashes and binder specimens was measured by inductively
coupled plasma-Optical Emission (ICP-OES). Acid diges-
tion followed by ICP-OES were used for samples elemen-
tal analysis. The digestion was optimized using 0.26 g of
sample, 6 ml of HCI, 2 ml of HNO;, and 2 ml of HF using
microwave digestion system (MARS 6). ICP-OES was then
conducted for elemental analysis using Optima 7300 DV
(PerkinElmer).

Experimental results and discussion
Workability

Effect of MSWI ashes on the workability of alkali-activated
binder was examined using flow table test. The spread diam-
eter values of different binder mixes are plotted in Fig. 3.
The effect of MSWIFA on the workability of the binder was
more pronounced in the case of using it as sand replacement
than fly ash replacement, as shown in Fig. 3a. For fly ash
replacement approach, using 5% replacement ratio increased
the workability of the binder by 17%. Any further replace-
ment of the fly ash with MSWIFA up to 20% reduced the
workability of the binder to be close to the control mix. In
the case of sand replacement approach, using 5% replace-
ment ratio increased the workability of the binder by 22%.
Binder with 10% MSWIFA as sand replacement owned
similar workability of the control mix. Increase the replace-
ment ratio to be 15% clearly reduced the workability by 18%

MSWIBA

25

10 4

Spread diameter (cm)

— = — FA replacement

0 T T T T
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—a— Sand replacement
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compared to the control specimen. It is good to mention that
specimen with 20% sand replacement ratio showed flash set-
ting during mixing process, thus the spread diameter could
not be measured.

The effect of MSWIBA on the workability of the binder
is shown in Fig. 3b. It is clear in the figure that both
approaches; sand and fly ash replacement; showed similar
effect on the workability of the binder. Replacement 5%
of either fly ash or sand content by MSWIBA marginally
increased the workability of the control mix by 3%. After
that, the workability of the binder decreased by 10% and
18% with increasing the MSWIBA content to be 20% for fly
ash replacement and sand replacement approaches, respec-
tively. This reduction might be ascribed to (1) the high water
adsorption of the MSWI ashes [22]. The water absorption of
the fly ash, MSWIFA, and MSWIBA used in this study was
equal to 1.15%, 5%, and 4%, respectively. Or (2) the irregu-
lar shape and rough surface of the MSWI ashes [23, 24].

Density

Figure 4 shows the density of the alkali-activated binder
with different dosages of MSWI ashes as either fly ash or
sand replacement. It was noted that incorporating the ashes
in the binder insignificantly affected its density. The density
of the control specimen was equal to 1.92 g/cm?. The density
of specimens with different dosages of either MSWIFA or
MSWIBA located within 5% of the control specimen. The
slight reduction in the density due to the incorporation of
the MSWI ashes could be attributed to the lighter specific
gravity and porous nature of the ashes [22].

Mechanical strengths

Effect of incorporating MSWI ashes as either fly ash replace-
ment or sand replacement on the mechanical strengths of
alkali-activated binder is discussed in this section. The
strength values combined with the reduction ratios and
the standard deviation values are summarized in Table 4.
The compressive strength of alkali-activated binder with-
out MSWI ashes (control specimen) equals to 40.93 MPa.
Replacement up to 10% of the fly ash content with MSWIFA
marginally reduced the compressive strength of the binder
by 5%. Any more replacement of the fly ash with MSWIFA
caused clear reduction in the compressive strength, the
reduction reached up to 46% compared to the control speci-
men in the case of 20% replacement ratio. Similar results
were reported in the literature [4, 5]. On the other hand,
replacement 5% of the fly ash content with MSWIBA mar-
ginally reduced the compressive strength of the binder
by 3%. Any more replacement caused clear reduction
in the compressive strength. The reduction reached up
to 35% compared to the control specimen in the case of

@ Springer
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Fig.4 Density of alkali-activated binder with different dosages of
MSWI a FA, b BA as either fly ash or sand replacement

20% replacement ratio. The reduction in the mechanical
strengths of alkali-activated binder due to fly ash replace-
ment with MSWI ashes could be attributed to the different
mineral compositions between the fly ash and the incin-
eration ashes, as shown in Table 1. Compared to fly ash,
MSWIFA and MSWIBA contain very less amount of SiO,
and Al,O5, which contribute to the mechanical strengths of
the alkali-activated binder [5, 17, 25]. The low reactivity of
the MSWI ashes compared to the fly ash could be another
reason beyond the reduction in the compressive strength of
the binder specially for high replacement ratio [4]. Figure Sa
shows that for fly ash replacement, using MSWIFA is bet-
ter than MSWIBA. On contrary, for sand replacement, it is
better to use the MSWIBA than the MSWIFA especially
for replacement ratio more than 10%, as shown in Fig. 5b.
However, for small replacement ratio (5%), both ashes
showed neglected reduction in the compressive strength of
the binder, as shown in Table 4. In addition, the results show
that it is better to use the MSWIFA as fly ash replacement
rather than sand replacement (Fig. 5¢), whereas it is better
to use the MSWIBA as sand replacement rather than fly ash
replacement, as shown in Fig. 5d. These results could be
attributed to the fact that the size of the MSWIBA particles
is closer to the size of the sand particles, whereas the size of
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Table 4 Mechanical strengths

Flexural Std
strength (MPa)

Std Reduction (%) Reduction (%)

Sample ID Compressive
results strength (MPa)
Control 40.93
FA-F-5 40.68
FA-F-10 38.90
FA-F-15 27.70
FA-F-20 22.24
Control 40.93
BA-F-5 39.54
BA-F-10 32.79
BA-F-15 27.13
BA-F-20 26.57
Control 40.93
FA-S-5 41.30
FA-S-10 28.71
FA-S-15 21.09
FA-S-20 7.79
Control 40.93
BA-S-5 39.81
BA-S-10 35.03
BA-S-15 33.34
BA-S-20 30.59

0.71 0.59 0.01

0.06 0.55 0.01 8
0.06 5 0.44 0.01 26
1.09 32 0.34 0.02 42
0.31 46 0.24 0.00 59
0.71 0.59 0.01

0.36 3 0.55 0.02 7
0.13 20 0.48 0.04 19
0.76 34 0.28 0.02 53
0.32 35 0.29 0.03 52
0.71 0.59 0.01

0.49 -1 0.38 0.01 36
0.48 30 0.36 0.01 39
0.17 48 0.30 0.03 50
0.23 81 0.14 0.03 76
0.71 0.59 0.01

1.26 3 0.59 0.05 0
1.49 14 0.53 0.01 10
0.52 19 0.39 0.02 35
1.35 25 0.39 0.03 35

the MSWIFA particles is closer to the fly ash particles [26],
as shown in Fig. 1. When the gradation is appropriate, the
cemented materials has relatively dense microstructure and
superior structural performance [27, 28]. In addition, the
size of the particles involved in the mix has a great effect
on the strength of the cementitious binders, where the size
of the sand particles affects the number and the size of the
voids through the matrix as reported in many literatures [23,
29].

The flexural strength of alkali-activated binder with-
out MSWI ashes (control specimen) equals to 0.59 MPa.
The results show that using small dosages (5%) of either
MSWIFA or MSWIBA as fly ash replacement caused mar-
ginal reduction to the flexural strength of the binder by 8%
and 7%, respectively, as shown in Fig. 6a. The reduction
increased with increasing the dosages of the MSWIFA
and MSWIBA to reach up to 52% and 59% of the flexural
strength of the control specimens for replacement ratio of
20%, as cleared in Table 4. For sand replacement approach,
using 5% of MSWIBA did not affect the flexural strength
of the binder, as shown in Fig. 6b. Increasing the dosage
to be 10% reduced the strength by 10%. Further increase in
the MSWIBA content caused clear reduction in the flexural
strength to be 35% in the case of 20% replacement ratio. On
contrary, MSWIFA is not good to be used as sand replace-
ment, since using small dosages (5%) caused significant
reduction in the flexural strength of the binder by 36%, as
shown in Table 4.

Thermal insulation capacity

Effect of MSWI ashes on the thermal insulation capacity
of alkali-activated binder was investigated using thermal
conductivity test. The results are presented in Fig. 7. It
is clear that sand or fly ash replacement with small dos-
ages of MSWIFA (up to 10%) slightly affected the ther-
mal insulation capacity of the binder. No changes in the
thermal conductivity were monitored in the case of fly
ash replacement, whereas insignificant increase by 6%
and 4%, where noticed in the case of 5% and 10% sand
replacement, respectively. For high replacement ratio,
significant reduction in the conductivity was noticed
especially for sand replacement. Maximum reduction
was equal to 21% in the case of 15% sand replacement.
On contrary, clear enhancement in the thermal insulation
capacity of the alkali-activated binder was noticed in the
case of MSWIBA incorporation as either fly ash or sand
replacement. Figure 7b shows that presence of MSWIBA
reduced the thermal conductivity of the binder for all
replacement ratios and for both fly ash and sand replace-
ment. The reduction in the conductivity values in the case
of fly ash and sand replacement started at 17% and 14%,
respectively, for 5% replacement ratio and increased up
to 34% and 29% in the case of 20% replacement ratio.
Similar results reported in the literature [30, 31]. It was
also noted that specimens with MSWIBA owned lower
thermal conductivity than those with MSWIFA. This could
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Fig.5 Compressive strength of alkali-activated binder with MSWI ashes

be attributed to the high porosity and low density of the
BA compared to the FA [32].

Water absorption

Effect of MSWI ashes on the water absorption capability of
the alkali-activated binder was investigated, and the results
are presented in Fig. 8. It was noted that the presence of
MSWTI ashes in the binder increased its water absorption
capability. This result attributed to the higher water absorp-
tion of the MSWI ashes compared to both fly ash and sand
[23]. For both approaches (fly ash and sand replacement), the
increase in the water absorption was clear in the specimens
with MSWIFA, as shown in Fig. 8a, b, but it was insignifi-
cant in the specimens with MSWIBA, as shown in Fig. 8c,
d. In addition, the water absorption capability increased
with increasing the MSWI ashes dosages. Similar results are
reported in the literature [5, 33]. Specimens with MSWIFA
showed higher water absorption capability than those with
MSWIBA due to the facts that the MSWIFA owned smaller
particle size and higher surface area than MSWIBA. Finally,
it was noted that all specimens reached the plateau stage
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with constant absorption after 24 h, reflected the high rate
of absorption of the binder at early ages.

Thermal stability

Specimens with best mechanical strength results (5%
replacement ratio) were selected to perform the TGA test to
compare the replacement approach for both MSWI ashes.
Thermogravimetric (TGA) profiles and their corresponding
derivative function (DTG) curves of the selected alkali-acti-
vated binder specimens are presented in Fig. 9. The figure
gives an indication about the effect of adding MSWTI ashes
to the binder as either fly ash or sand replacement on the
weight loss of the specimens when exposed to elevated tem-
perature up to 730 °C.

Figure 9 reveals that all TGA curves could be divided
into four stages. Stage one (S1) was located between 0 to
120 °C. The weight loss in this stage was associated with the
evaporation of the free water presented on the surface and
porosity of the specimens [34, 35]. The second stage (S2)
was located between 120 to 230 °C. The weight loss in this
stage could be attributed to the evaporation of the chemically
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Fig.6 Flexural strength of alkali-activated binder with MSWI ashes

bound water [34, 36], or was associated with the presence
of NASH gel [37]. After the second stage, the rate of the
weight loss stabilized between 230 to 630 °C (S3). Another
weight loss was captured between 630 and 730 °C (S4). This
weight loss could be attributed to the dehydroxylation and
recrystallization of geopolymer specimens [35].

It is clear in Fig. 9a, b that the total weight loss of the fly
ash-based geopolymers did not exceed 8%, which agreed
with the literatures [38, 39]. It is also clear that the effect of
the fly ash replacement on the total weight loss of the binder
was more pronounced than the sand replacement for both
types of the ashes, as shown in Fig. 9a, b.

In addition, the first peak in the DTG curves of alkali-
activated binder with MSWIFA got higher and wider than
that of binder with MSWIBA, as shown in Fig. 9c. This
result could be attributed to the following two reasons. (1)
The fact that specimen with 5% MSWIFA as sand replace-
ment contains more calcium (Ca) atoms than specimen with
5% MSWIBA as shown later in the XRF results; therefore,
it can hold pore water more strongly [34]. Knowing that
presence of Ca in the geopolymer gel is helpful in holding
the pore water through the formation of new phases [40]. (2)

Replacement ratio (%)

(d)

The fact that specimen with 5% MSWIFA as sand replace-
ment absorb more water compared to specimen with 5%
MSWIBA as shown in the previous section. Thus, evapora-
tion of more free water from the specimen would take place,
which caused more increase in the mass loss.

Chemical composition and heavy metals
concentrations

XRF test was conducted to determine the chemical com-
position of alkali-activated binder with various dosages
of MSWI ashes as either fly ash or sand replacement. The
results are summarized in Table 5. It is clear in the table
that the main oxides presented in the control specimens
are Si0,, CaO, Al,0O;, and Fe,05. These oxides come from
the fly ash that used as source material in the binder mix
design, as shown in Table 1. Clear reduction in the silica
content was noted for specimens with both MSWIFA and
MSWIBA. The reduction was more significant in the case
of sand replacement than fly ash replacement. The reason
beyond that could be attributed to high silica content in the
sand used to prepare the mix (silica sand). On contrary, clear
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Fig.7 Thermal conductivity of alkali-activated binder with different
dosages of MSWI a FA, b BA as either fly ash or sand replacement

increase in the alumina was noted specially for sand replace-
ment specimens, this could be due to the high content of
aluminum oxides in the MSWI ashes.

Since some of the heavy metals were observed in the
binder by the XRF analysis, ICP-OES analysis was carried
out to investigate the total concentration of these metals in
alkali-activated binder with MSWI ashes. The traced ele-
ments include Cu, Cr, Mn, Ni, Zn, and Pb. The results are
presented in Table 6. The concentrations of Zn, Mn, and Cr
were the highest among all other traced metals in the binder
specimens. However, their concentrations showed different
tendency with the increase of MSWI ash content. With the
increase of the MSWI ash replacement ratio, the concentra-
tion of Cr tended to decrease, whereas the concentration of
Zn tended to increase. The variation in the heavy metals
concentration within the binders may indicate to possible
migration of some of these metals into the binder during
the geopolymerization process. The migration of these
metals depends on the replacement ratio. The literatures
reported that the heavy metals either transferred from the
incineration ashes into the alkali-activated binder, physically

@ Springer

tion products [5, 41].

On the other hand, leaching of heavy metals is a major
concern for any potential application of MSWI ashes in
construction industry. Due to the material’s potential appli-
cations, further research into the mobility of these met-
als through a leaching procedure is highly recommended.
However, many published literatures proved the ability of
the alkali-activated composites to stabilize and immobilize
the heavy metals through the geopolymerization process [5,
17-19], thus reduced the leaching amount of the toxic metals
to be within the limits.

Recommendation and future work

Investigating the effect of MSWI ashes on the durability of
alkali-activated binders is an essential, as it affects the deci-
sion to incorporate these wastes in the construction industry.
In this regards, it is recommended to investigate the effect
of these ashes on dry shrinkage, sulfate acid resistance, and
chloride permeability of the binders. In addition, compre-
hensive study should be conducted to investigate the varia-
tion in the chemical composition of the ashes with time and
waste source.

Conclusions

The feasibility of using two types of municipality solid
wastes incineration ashes (MSWIA), namely, fly ash and
bottom in the production of sustainable alkali-activated
binder was investigated in this study. The incineration ashes
were incorporated in the binder mix as either fly ash or sand
replacement with five replacement ratios 0%, 5%, 10%, 15%,
and 20%. The produced binder were characterized in terms
of mechanical strengths, workability, density, water absorp-
tion, thermal conductivity, thermal stability, chemical com-
position, and heavy metals content. The main conclusion
of this study was that sustainable alkali-activated binder
with better thermal insulation capability could be produced
with small dosages (5%) of MSWI ashes without negatively
affecting the binder strengths, workability, density, and
water absorption. The following detailed conclusions could
be extracted from the experimental work presented in this
research:

1. To produce sustainable alkali-activated binder with
MSWI ashes, the incineration fly ash could be used to
replace 5% of the fly ash content, whereas the incinera-
tion bottom ash could be used to replace 5% of the fly
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ash content or 10% of the sand content without negative
effect on the mechanical strengths of the binder.

Small dosages of MSWI ashes (up to 10%) slightly
affected the workability of the alkali-activated binder,
whereas high dosages clearly reduced the workabil-
ity. The reduction was more pronounced in the case of
MSWIBA.

Incorporating MSWI ashes as either fly ash or sand
replacement insignificantly affected the density of the
alkali-activated binder.

MSWI ashes enhanced the thermal insulation properties
of the alkali-activated binder. The presence of MSWIBA
reduced the thermal conductivity of the binder for all
studied replacement ratios and for both fly ash and
sand replacement. Small dosages of MSWIFA slightly

affect the conductivity, whereas large dosages clearly
enhanced it.

Presence of MSWI ashes in the alkali-activated binder
increased its water absorption capability. The water
absorption capability increased with increasing the
MSWI ashes dosages. Specimens with MSWIFA
showed higher water absorption capability than those
with MSWIBA

The heavy metals presented in the MSWI ashes migrated
into the alkali-activated binder. The migration of these
metals depends on the replacement ratio. Investigat-
ing the mobility of these metals through a leaching
procedure is highly recommended before any potential
application of the incineration ashes in the construction
industry.
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Fig.9 TGA and DTG curves for
alkali-activated binder with 5%
MSWI ashes as sand or fly ash
replacement
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Table 6 H?avy 'metal . Sample Total concentration (mg/kg)

concentrations in alkali-

activated binder with MSWI Cu Cr Mn Ni Zn Pb

ashes
FA-F-0 14.79 234.7 252.6 13.05 54.61 15.73
FA-F-5 16.34 134.2 225.5 9.916 128.7 22.51
FA-F-10 21.32 108.5 236.1 10.38 208.6 32.56
FA-F-15 22.44 110.5 212.3 8.404 269.6 36.82
FA-F-20 26.62 76.31 206.8 8.194 373.5 45.24
FA-S-0 12.45 164.7 195.1 9.526 54.61 4.595
FA-S-5 24.06 91.12 230 9.937 128.7 29.25
FA-S-10 35.39 94.96 225.8 10.26 208.6 51.84
FA-S-15 28.52 51.85 146.8 6.454 269.6 49.13
FA-S-20 534 61.00 227.6 11.93 373.5 95.38
BA-F-0 252 163.6 244.6 10.75 93.48 17.7
BA-F-5 26.49 176.4 219.5 9.657 98.19 21.04
BA-F-10 126.4 47.1 267.2 12.78 209.4 33.8
BA-F-15 62.82 81.23 244.3 13.27 227.3 36.9
BA-F-20 102.4 59.67 252.9 13.24 340.2 472
BA-S-0 11.89 138.9 173.5 8.125 93.48 7.013
BA-S-5 51.43 102.4 190.8 14.94 98.19 21.61
BA-S-10 105.7 125.5 208.9 12.18 209.4 46.28
BA-S-15 101.9 78.79 199.1 10.23 227.3 53.59
BA-S-20 156.3 123.2 242.0 19.82 340.2 92.63
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