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1. Introduction

This report presents the findings of the literature review expected of Task 1 within the scope
of the FCT Project ECI-COM/29196/2017- “Recycled inorganic polymer concrete - Towards
a cement-free and fully recycled concrete (RInoPolyCrete)”. The main aim of this literature
review is to demonstrate the influence of using municipal solid waste incinerator bottom ash

(MIBA) as solid precursor on the performance of alkali-activated materials (AAM).

The construction industry is one of the economic sectors with the highest environmental impacts,
in terms of extracted natural resources, energy consumption and emissions released into the bio-
sphere. The sector’s materials with the highest environmental impact is cement, since it is one of
the most widely used construction materials in the World and releases a considerable amount of
carbon dioxide during its production. To reduce the use of this material, it has been suggested that
by-products, such as sewage sludge ash, biomass ash or MIBA should be used as partial cement
replacement. Techniques such as alkali activation of waste aluminosilicate precursors have also
been considered as a viable alternative for the complete substitution of cement in the production of
mortars and concrete. One of such wastes is MIBA. In the case of Portugal, about five million
tonnes of municipal solid waste (MSW) are produced every year, in which around one million
metric tonnes are incinerated [1]. Valorsul's MSW incineration unit produces around one hundred
thousand metric tonnes of MIBA per year, treating most of Lisbon's MSW. There is insufficient
demand for this material and, as a result, most of it is deposited in huge heaps, reshaping signifi-
cantly the landscape of Mato da Cruz landfill, in Lisbon’s outskirts. Additionally, given the scarcity
of outlets for MSW ashes, there is significant scope for developing value-added applications for

them. These issues can be overcome with their alkali-activation to produce new binding systems.
2. Chemical and physical characteristics of MIBA

Alkali activators, such as sodium hydroxide and sodium metasilicate, react with amorphous

Al03 and SiO; present in the solid precursor, resulting in a solid inorganic polymer showing
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properties comparable to those of hydrated cement. It is widely known that the chemical com-
position of the precursor has a considerable influence on the performance of its resulting AAM.
Some of this report’s authors have collected significant amount of data in a previous study [2].
The findings showed that SiO> usually is the predominant component, followed by CaO, Al.O3
and Fe>O3, P2Os, MgO, and K>O with average contents of 37%, 22%, 10%, 8%, 3%, 3%, 2%,
2% and 1%, respectively. However, there was a notable scatter, which can be explained by the

considerable variability of MSW.

Figure 1 presents the ternary diagram SiO; - CaO - Al,O; of MIBA of 187 samples. Most of the
samples are divided between the “pozzolanic regions” and the “latent hydraulic”. Apart from lime-
stone, cement and ground granulated blast furnace slag (GGBS), MIBA has higher CaO content
than other SCM (e.g. coal fly ash, brick feedstock, silica fume and natural pozzolan). Nevertheless,
the oxide composition is indicative of the materials’ contents, but not of its pozzolanicity/reactivity,
since many of its phases are crystalline. Furthermore, most of MIBA’s aluminium-containing
phases are likely to be in its purest metallic form, which is known to have corrosion reactions in
alkali environments. It has been suggested that MIBA can be defined as a silica-based powder due
to its high SiO> content coming from discarded soda-lime-silicate glass [3]. Concerning the Si/Al
and Na/Al ratios, it has been reported that these must be in range of 1.8-2.5 and 0.9-1.2, respec-

tively, for optimum performance since the presence of Al is detrimental [4, 5].

According to the database made by Dhir et al. [2], ranges for the specific gravity and moisture
content of MIBA were identified as 2.24-2.78% and 12-18%, respectively. MIBA particles
have irregular and angular shape with a porous microstructure that forms during the incinera-

tion process due to the formation of gasses (Figure 2).

After incineration, MIBA present particle size distribution like that of “all-in” aggregates.
However, previous studies have shown that, after being submitted to a milling process, MIBA

can present a particle size distribution similar to that of Portland cement [6-9].
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Figure 1 - Ternary diagram (SiO; - CaO - Al,O3) of MIBA [2]

Figure 2 - SEM images of MIBA particle (a) 2000 and (b) 5000 x (Chen et al., 2016)
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3. Performance of MIBA-based alkali-activated materials

3.1. Fresh state performance

In comparison with OPC pastes, the setting times of alkali-activated pastes made with untreated
MIBA are likely to be much higher [10, 11]. However, the setting time can be lowered by
treating MIBA by exposure to high temperatures (Figure 3). In some cases, the setting time of
the alkali-activated paste is very short. In the study of Garcia-Lodeiro ef al. [12], a hybrid
cement was manufactured by blending 40% of alkali activated MSW ashes and 60% of OPC.
About 5% of sulphate-bearing compounds (Na2SO4 and CaSO4) were added to the mix to con-

trol the system’s setting.
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Figure 3 - Effect of thermally treated and untreated MIBA on the setting time of pastes [10]

Tang et al. [8] mixed treated MIBA with cement at a ratio of 3:7 to produce hybrid alkali-acti-
vated mortar. They concluded that, relatively to conventional mortar (170 mm), the use of MIBA
led to a decrease of the mortar’s flowability (160-169 mm). Regarding the heat of hydration, the
same authors showed that the maximum heat release rate of MIBA pastes was 20% to 30% lower

than that of the cement paste.
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3.2. Mechanical performance

According to the results of previous studies [10, 11, 13, 14], the average strength of alkali-
activated paste containing MIBA was 2.3 MPa. For this reason, several attempts have been
made to overcome this issue. Chen et al. [13] showed that increasing the mixing time (15, 30,
60 and 120 minutes) generally resulted in higher compressive strength (Figure 4). Mixing the
alkaline solution with the precursor for 60 minutes was found to be optimum in terms of com-
pressive strength and porosity, as it would potentiate the metallic aluminium’s reaction and
reduce the existence of hydrogen-filled voids in the resulting mortars. Furthermore, the authors
used sodium hydroxide solution as an activator with molar concentration varying from 2 M to

16 M and concluded that 8 M was the optimum concentration.
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Figure 4 - Effect of liquid to solid ratio and mix duration of the strength of alkali-activated MIBA paste [13]

Galiano et al. [14] produced alkali-activated pastes with a constant composition of FA and
MIBA, and various contents of OPC, lime, water, potassium hydroxide, sodium silicate, potas-

sium silicate, kaolin, metakaolin and GGBS. The compressive strength of the samples varied
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between 1 MPa and 9 MPa. The authors suggested that lime should be incorporated in such

mixes due to the higher potential for strength development.

Qiao et al. [10, 11] produced alkali-activated pastes made with untreated and thermally treated
MIBA (heated up to 880 °C). In both cases, the macro-porosity was considered one of the reasons
for achieving low-strength samples (up to 2.8 MPa). This increase in porosity was due to the for-
mation of hydrogen gas from the reaction of aluminium under high pH conditions (Al + 20H™ +
2H,O - Hz + AI(OH)y). To overcome this issue, the authors proposed a new method to obtain
higher strength (13-15 MPa) by pressing the samples. A similar technique (preparing alkali-acti-
vated MIBA samples with a load of 5 MPa) was used in the study of Rozek ef al. [15], wherein
higher strength was achieved. In their study, the CaO/SiO2 molar ratio was modified to 0.83 by
using silica (as grained quartz) or calcium oxide (pure) as partial replacement of precursor (un-
treated MIBA). The modification method increased the strength of alkali-activated MIBA sample
from 24 MPa to 75 MPa. However, the samples were pressed at 5 MPa to eliminate the air bubbles

and then subjected to hydrothermal treatment under saturated-steam pressure at 180 “C for 10 hours.

Zhu et al. [16, 17] studied the characteristics of pastes made with MIBA, water glass and sodium
hydroxide. The average compressive strength of the samples was 3 MPa. The authors concluded
that the samples comprised 30% of C-S-(A)-H and other polymer gels. The same authors in an-
other study [18] demonstrated increased strength in alkali-activated pastes (~70 MPa), by in-
creasing the Si02/NaxO ratio of the activating solution from 0 to 1.2. The solution made with
water glass (Merck; H20 65%, Si02 27% and Na;O 8%), sodium hydroxide (14 M), salicylic
acid (Sigma-Aldrich; purity > 99%), hydrochloric acid (Sigma-Aldrich; concentration 37 wt.%)

and methanol (Merck; purity > 99.9%) were used in the chemical extractions.

Kim and Kang [19] focused the effect of sodium hydroxide molarity, particle size of MIBA and
liquid/solid ratio on the compressive strength of alkali-activated MIBA, which was previously vit-

rified. The strength increased with decreasing size of precursor and increasing molar concentration
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(up to 20 M). The optimum liquid/solids ratio was 0.13. Similarly to the study of Rozek ez al. [15],
the samples were pressed (316 kg/cm?) to obtain high strength.

Wongsa et al. [20] studied the possibility of incorporating MIBA as a replacement material for
FA type C (high calcium) to produce alkali-activated mortar. According to the pore size distri-
bution results, porosity, compressive strength and SEM, the incorporation at 20% of MIBA
with FA is optimum to be used as a precursor for alkali-activated mortar. However, the strength

of the mortar with 40% of MIBA was higher than that of the control mortar.

Huang et al. [21] produced alkali-activated mortar and focused on the active components of the
precursor. The percentage of SiO, (MIBA) and CaO (ground blast furnace slag) were high. The
compressive strength of the samples was low due to the low active silica content, which affects
the growth and formation of C-A-S-H and C-S-H. To overcome this issue, the authors incorpo-
rated a constant amount of sodium hydroxide and various amounts of liquid and solid sodium
silicate. The compressive strength increased with increasing amount of solid sodium silicate up
to 0.13 (sodium silicate/precursor mass ratio). Additionally, the strength of the mortars could
further increase with the use of the liquid sodium silicate (up to 0.27). Higher percentages of
sodium silicate may negatively affect the strength of alkali-activated mortars because they may
provide activated sodium and silica in excess, which causes the precipitation of magadiite (with
large quantities of active sodium, C-A-S-H decreases because the active sodium consumes large

quantities of active aluminium and as a result form N-A-S-H gels).

Huang ef al. [22] mixed both sodium hydroxide (4.8 M) and sodium silicate (2.6 M) as alkaline
solution to produce standard mortar samples by using MIBA and GGBS. The strength of the
samples was between 28 MPa and 53 MPa, depending on the curing method (natural, standard
room, seal, steam and soaking curing). The authors showed that the standard and soaking curing
methods were not suitable for strength development of the AAM because both curing methods

leach out free alkali and OH", and other beneficial elements. Therefore, the authors concluded
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that the best curing method for the AAM is seal curing because most of the beneficial substances

of the samples remain.

Garcia-Lodeiro et al. [12] produced mortar by blending 40% MSW ashes and 60% OPC. The
strength of the mortar was about 33 MPa.

Xuan et al. [23] studied the mechanical behaviour of concrete made with both alkali activated
MIBA and glass. The strength of samples was between 1 MPa and 10 MPa. The incorporation
of glass did not show a promising result. However, the concrete mix containing 20% of glass

exhibited low thermal conductivity.

Similar to the compressive strength, the tensile strength of alkali-activated pastes (0.6-2.8 MPa)
and mortar (0.2-0.65 MPa) containing MIBA is normally low [10, 24].

3.3. Durability performance

Most of the literature focused on the microstructure (e.g. density, porosity and air voids) of
alkali-activated samples made with MIBA. Other essential durability properties have not been

studied yet (Table 1).

Chen et al. [13] studied the dry density of alkali-activated paste made with MIBA. The authors
reported that the lower density (600-1000 kg/m?) of the sample is related to the hydrogen gas
from the reaction between the precursor’s aluminium fraction and the alkaline solution. In addi-
tion, the authors studied the effect of liquid to solid ratio and mix duration on the dry density and
porosity of the samples. The results show that the density increases with increasing the mixing
time (Figure 5). Further details regarding the issue of Al can be seen in the study of Song et al.
[7]. Figure 5 also shows that the dry density of the samples increases with decreasing liquid to
solid ratio. The authors reported that higher liquid to solid ratio not only increases porosity but

also accelerates the rate of hydrogen gas.
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Table 1 - Studies related to alkali-activated construction materials made with MIBA

Tests
g
| - “é
:i’u 2 é > =
t:, P
5 . £ :E 2
) e 2 . © > B 0 )
> 5 2 5 L2 T ZF B £ = <]
o3 & £2o0 332wz £ 2 Z
g Z s SESEBEERSSEE g
1 Zhuetal [18] Paste X - X - X - - - - - - NMR ©
2 Rozek et al [15] Paste X X X X X X X - - - - Raman spectra
3 Zhuetal [17] Paste X - X - X X X - - - - -
4 Giro-Paloma et al. [3] Paste - X X X X X - - X - TGA '
5 Chenetal [13] Paste X X X X X - X - - - - -
6 Zhuetal [16] Paste X - - - X X X - - - - NMR ¢
7 Songetal. [7] Paste X - X X - - X - - - - Hydrogen generation; Shrinkage
8 Kim and Kang [19] Paste X - X X - - - - - - - -
9 Lancellotti et al. [25] Paste - X X X X - - X - - - EDS ¢
10 Krausova et al. [26] Paste - X X X - - X - - X - -
11 Galiano et al. [14] Paste X X - - - - - - - X - -
12 Onori et al. [27] Paste X X X X X X TAG
13 Qiao et al. [10] Paste X - X X - X - - X - - Release of gas
14 Qiaoetal. [11] Paste X X X X - - X - X - - -
15 Huang et al. [21] Mortar X - X X X - - - - - - Active silica content; EDS ¢
16 Huang et al. [22] Mortar X X X X X - - - - X - -
17 Liu et al. [28] Mortar X - X - - - X - - - - Release of gas
18 Wongsa et al. [20] Mortar X - X X X - X - - - - -
19 Tang et al. [8] Mortar X X X X - X - X - - X MALCBA "; Flow of mortar mix
20 Garcia-Lodeiro et al. [12] Mortar X X X X - - - - - X -
21 Jing et al. [24] Mortar - X X X - - X - - - X -
22 Penilla et al. [29] Mortar - - X X X - - - - - - -
23 Xuan et al. [23] Concrete X - X X X X X X - - - EDS ¢

@ XRD - X-rays Diffraction; ®* SEM - Scanning Electron Microscope; ¢ Ft-IR - Fourier transform infrared spectroscopy; ¢ XRF - X-rays Fluo-
rescence; * NMR is a powerful characterization technique to identify chemical structure of amorphous gel and has been used to analyse cement
and geopolymer nano-structures; ' TGA - Thermogravimetric analysis; ¢ EDS - Energy Dispersive X-Ray Spectroscopy " MALCBA - Metallic
aluminium content of bottom ash samples (Metallic Aluminium (A1°) Quantification.

Figure 6 shows the relationship between the dry density, porosity, and compressive strength of
the pastes. The results show that there is a strong relation between strength and both porosity
and density of the samples. Therefore, it is important to solve the issue of hydrogen formation

in order to obtain high strength sample.

Qiao et al. [11] obtained alkali-activated MIBA with a bulk density of 2000 kg/m> by pressing
the sample. Rozek et al. [15] also showed the advantage of pressing technique in terms of a

denser microstructure (2350 kg/m?). Jing et al. [24] showed a relationship between bulk density,
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tensile strength with the compaction pressure on the alkali-activated mortars with MIBA and

confirmed the necessity for a pressing technique.
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Figure 5 - Influence of liquid to solid ratio and mix du- Figure 6 - Relationship between microstructure
ration on density of alkali-activated MIBA [13] and strength of the alkali-activated MIBA [13]

Zhe et al. [16, 18] showed that the dry density of alkali-activated paste containing MIBA was
low (900-1100 kg/m?) due to hydrogen formation.

Krausova ef al. [26] mixed various ratio of glass powder (10-30%) with MIBA and then ther-
mally treated with different temperatures. The results showed that the incorporation of 10% glass
powder with and without thermal treatment (700 “C/1h) was optimum for higher dry densities.
The authors also showed that the water absorption increased as the temperature increased. How-
ever, the effect of temperature on specific gravity depended on the incorporation ratio of MIBA.
The SEM images showed that the samples’ porosity without heat treatment was lower than that

of those with the treatment. This means that the thermal treatment is not a proper approach to

10
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eliminate the gas generated due to the oxidation of Al. In addition, the water absorption rate

sharply decreased with increasing waste glass powder and heat treatment.

Wongsa et al. [20] compared the porosity, air voids, capillary pores and gel pores of cement
and alkali-activated mortar (Figure 7). According to the mentioned characteristics and SEM,
the incorporation at 20% of MIBA with FA is optimum to be used as a precursor for alkali-

activated mortar because it increases the homogeneity and density.

128 -+ 97 96 90 88

N Porosity

(%)

M Air void
@ Capillary porse
O Gel pores

Cement replaced with MIBA (%) Fly ash replaced with MIBA (%)
Cement mortar Geopolymer mortar

Figure 7 - Effect of MIBA on the micro structure of cement and geopolymer mortar [20]
3.4. Microstructure

Apart from the toxicity and compressive strength of AAM containing MIBA, their microstructure
(e.g. XRD, SEM, FT-IR and XRF) is also one of the properties that researchers focused on (Table
1). Giro-Paloma et al. [3] performed SEM analysis on alkali activated MIBA paste and reported
a low-density microstructure in spite of the presence of inorganic polymers. Additionally, there

were unreacted MIBA particles even though the samples were cured for 15 days.

Qiao et al. [10] also confirmed that alkali-activated MIBA pastes usually are a low compacted

11
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granular material with diminutive evidence of hydration. Additionally, the authors showed an
extensive evidence of hydration-products particularly C-S-H gel and denser microstructure for
the samples made with thermally treated MIBA. The same authors [11] showed that the air
bubbles caused by hydrogen gas can be eliminated by mixing thermally treated MIBA with
10% of hydroxide calcium. SEM showed that, unlike coal FA particles (smooth glassy spheri-
cal surface), MIBA particles are irregular and rough because of low incineration temperatures

(~800 °C) that are under the melting temperature of the majority of the minerals [13].

Giro-Paloma et al. [3] studied alkali-activated MIBA paste by FT-IR spectrum and showed a
peak at 1000 cm’!, related to Si-O-Al and Si-O-Si bonds. Similar findings were made in other
studies [25, 27]. Also, a peak at 875 cm™ was seen due to the presence of calcium carbonate.
Furthermore, Zhu et al. [17] showed that about 20% of the alkali-activated MIBA paste was C-
S-H and pirssonite. The authors also showed that the chemical structure of C-S-H in the MIBA
paste is similar to that of cement paste. However, the MIBA paste has a higher degree of silicate-
chains’ polymerization. According to XRD diffractograms, most of the crystalline phases in
MIBA particles are quartz, calcite, magnetite and hydroxyapatite. After alkali activation process,
other new peaks can be seen due to pirssonite C-(A)-S-H at 29° and 50°, and NaxCa(CO3)2-2H,0
at 34°, 35° and 17° (Figure 8). Additionally, Lancellotti ez al. [25] concluded that reactive Si/Al
ratio is an important parameter to be considered for a proper AAM formulation. Therefore, it is
essential to determine the quantity of both amorphous Si and Al bearing phases in the precursor
and the alkaline solutions. In addition, the same authors determined the quantity of potentially
reactive aluminosilicate (Al2SiOs) fraction in MIBA. The authors concluded that there is a sig-
nificant difference between the reactive Si/Al ratio of the MIBA-based AAM due to the variabil-
ity of crystalline and amorphous fractions with a different degree of reactivity. In addition, the
total Si/Al ratio of the sample was between 2.5 and 3.5. According to the study of Davidovits
[30], the physical characteristics of hardened geopolymer is significantly affected by the Si/Al

ratio, and the mixture can be used in concrete when the ratio is lower than three.

12
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Figure 8 - XRD diffractograms of MIBA and alkali-activated MIBA paste [17]

3.5. Toxicity

Regarding alkali activated MIBA pastes and mortars, toxicity is one of the most studied char-

acteristics (Table 1). Qiao et al. [11] and Garcia-Lodeiro ef al. [12] showed that the solidifica-

tion process of MIBA by alkali activation significantly decreases heavy metal leaching.

Chen et al. [13] concluded that both MIBA powder and alkali activated MIBA paste can be clas-

sified as non-hazardous waste materials at landfill based on the UK criteria. In addition, the con-

centration of the eluated metal parameters of MIBA powder are higher than the criteria of drink-

ing water standard, while the concentration decreased for all the metal parameters in alkali acti-

vated MIBA paste, except for Cu and Cr. Similar conclusion were obtained by Rozek et al. [15].

Jing et al. [24] decreased the leaching potential and porosity of the alkali activated paste made

with MIBA by using hydrothermal processing method under saturated steam pressure (1 MPa)

at temperature of 180 °C for 12 hours.
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According to the study of Krausova et al. [26], the results showed that the leaching rate of Cd
increased after the heat treatment of MIBA. The opposite occurred for Pb.

Galiano et al. [14] also concluded that the heavy metals present in FA and MIBA can be stabi-
lized with the use of alkali activation. Furthermore, Giro-Paloma et al. [3] showed that, apart
from As, all the other results for heavy metal leaching are lower than that of the standard

threshold specified for landfilling.

4. Final remarks

The applicability of MIBA as solid precursor in the production of AAM depends solely on its
chemical composition, which in turn depends on several factors related to the input MSW in
incineration plants. Even though these ashes may present adequate, albeit extremely variable,
amounts of silica and alumina, these are likely to be present in crystalline phases rather than
amorphous ones, which significantly affects the ashes’ reactivity. MIBA also typically presents
a significant amount of metallic aluminium, which is not fully removed during the ashes’ treat-
ment process after incineration (via Eddy current separation). This component is the single
most important factor negatively influencing the strength development of all AAM, via expan-
sive reactions (hydrogen formation) in the plastic state leading to considerable porosity. Sev-
eral methods have been proposed to eliminate these issues, by pressing the samples during
compaction, increasing the mixing time to potentiate hydrogen reactions, heat treating the ma-
terial, among others. Nonetheless, despite the aforementioned shortcomings, some have man-
aged to use MIBA as the sole binder in AAM and achieve considerable mechanical perfor-

mance, thus demonstrating its potential as an aluminosilicate precursor.
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