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A B S T R A C T

The purpose of this study was to investigate the best ratio of waste foundry sand (WFS), fly ash (FA), and electric
arc furnace slag (EAF slag) for the production of geopolymer bricks. In this research study, WFS, FA, and EAF slag
were mixed at the ratio of 70:30:0, 60:30:10, 50:30:20, and 40:30:30 with 8M sodium hydroxide (NaOH) and
98% purity sodium silicate (Na2SiO3) with a ratio of Na2SiO3/8M NaOH ¼ 2.5. The mixtures were compacted in 5
cm � 5 cm x 5 cm molds and cured at an ambient temperature for 28 days. Then, their compressive strength was
analyzed. The results showed that the geopolymer bricks with the highest compressive strength were those mixed
at the 40:30:30 ratio, with a compressive strength of 25.76 MPa. The strongest bricks were also analyzed using the
leaching test to ensure the production involved non-hazardous materials. To compare the environmental impacts
of geopolymer bricks and concrete bricks, their effects on climate change, ozone depletion, terrestrial acidifica-
tion, human toxicity, terrestrial ecotoxicity, and fossil fuel depletion were examined from cradle to grave using
SimaPro 8.0.5.13 software. The results of the life cycle assessment (LCA) from cradle to grave showed that the
environmental impact of geopolymer brick production was lower in every aspect than that of concrete production.
Therefore, geopolymer brick production can reduce environmental impact and can be a value-added use for in-
dustrial waste.
1. Introduction

Increasing amounts of industrial by-products and waste materials, as
well as a lack of landfill space, will become even greater environmental
issues. Managing solid waste by-products and materials by repurposing
them has therefore become an attractive alternative form of disposal
(Siddique and Singh, 2011).

Waste foundry sand (WFS) is a by-product of both ferrous (iron and
steel) and nonferrous (copper, aluminum, and brass metal) castings
production, and WFS is used for molding and casting operations with
high-quality silica sand (Siddique et al., 2010; Siddique and Noumowe,
2008). In 2015, approximately 100,000 tons of WFS were disposed of in
Thai landfills (HSM, 2015). WFS can be made into many alternative
forms that could be added to concrete, asphalt, and pavement and used in
the construction of highway bases, retaining structures, and landfill liners
(Gürkan et al., 2018; Siddique et al., 2010). Because no one has yet
).
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studied the production of geopolymer brick fromWFS, it may be possible
to produce pavement brick fromWFS with geopolymerization technique.

Geopolymer is created from the chemical reaction (geo-
polymerization) between aluminosilicate materials, which are industrial
by-products, and alkaline activators. Alkaline activators are commonly a
mix of sodium or potassium hydroxide and liquid sodium or calcium
silicate (Hadi et al., 2018). Two phases of geopolymer gel network for-
mation occur when aluminosilicate materials react with the alkaline
activators, producing sodium aluminosilicate hydrate gel (NASH) and
calcium silicate hydrate (CSH) (Li et al., 2010). These two gel networks
have different functions in the geopolymer production. NASH is a
tetrahedral network of SiO4 and AlO4 with shared oxygen atoms, creating
a three-dimensional structure. CSH is the major binding phase in
alkali-activated materials, and it is like a polymer. Thus, CSH can
enhance the compressive strength of geopolymers. WFS contains high
amounts of silica and lacks alumina and calcium. It is therefore necessary
arch 2020
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to add several waste materials that contain alumina and calcium to form
geopolymers and to enhance their compressive strength.

Fly ash (FA) is a by-product of coal-fired electric power stations.
Approximately 10,000 tons of coal ash has been produced per day by the
Electricity Generating Authority of Thailand (EGAT) in Mae Moh, Lum-
pang Province, resulting in approximately six thousand tons of FA, an
amount that continuously increases. SiO2, Al2O3, and Fe2O3 are the major
parts (50–70% by weight) of Class C lignite FA coming from EGAT. FA
can be used as a partial substitute for soil aggregate for groundwork
construction, groundwork reparation, and the construction of pavement
layers (EGAT, 2018). Furthermore, if the chemical composition of FA has
a high percentage of silica (60–65%), alumina (25–30%), and magnetite
(6–15%), it is possible to use FA as a geopolymer binder to form NASH
(Arulrajah et al., 2016; Fang et al., 2018; Phummiphan et al., 2018). FA
could also create new products for use in the manufacture of cement,
building-material concrete, and concrete admixtures.

Electric arc furnace slag (EAF slag), the residue of the production of
molten steel from scrap metal in the EAF is discharged and disposed of
in landfills when the melting of the EAF section is completed (Apitha-
nyasai et al., 2018); approximately one million tons have been added to
Thai landfills (HSM, 2015). Referred to Yi et al. (2012), EAF slag waste
can be managed by recycling as raw material in the construction and
building work with environment-friendliness such as aggregate, brick,
ceramic tile, and cement. Their research shows that EAF slag can
enhance the compressive strength property of geopolymer because of
CSH structures, forming by calcium oxide (CaO) content in EAF slag
(Zhang et al., 2016).

In this study, FA and EAF were used as raw materials to develop a
geopolymer binder to produce bricks; this use of FA and EAF could be a
low–environmental impact method of waste management. WFS was
mixed with different combinations of FA- and EAF-based geopolymers to
enhance the strength properties of WFS bricks for pavement applications.
This study examined the characteristics of these geopolymer bricks,
including their compressive strength, microstructure, mineralogical
phases, and infrared spectra. The geopolymer bricks with the highest
compressive strength were then tested for the leaching of heavy metals,
according to the toxicity characteristic leaching procedure (TCLP)
method. Life cycle assessment (LCA) was used to identify the environ-
mental impact of the bricks. The results of this study can be used to create
environmentally friendly solutions for industrial waste management.

2. Materials and methods

2.1. Raw materials

WFS was obtained from Kitagawa Co., Ltd. (Chonburi Province,
Thailand). FA was obtained from the Electricity Generating Authority of
Thailand (EGAT) (Mae Moh, Lampang Province, Thailand). EAF slag was
collected from the iron and steel industry at Siam Yamato Steel Co., Ltd.
in Rayong province, Thailand.

Before their use, WFS and EAF were crushed in a jaw crusher, roll
crusher, and ball mill, and the particles were passed through sieve No.
200 with a diameter of 75 μm to ensure the particles were the correct size
by vibrating screen. Because of its smaller size, FA was passed through
sieve No. 200 without crushing. Then, the characteristics of WFS, EAF,
and FA were analyzed by using methods mentioned in Apithanyasai et al.
(2018).
2.2. Preparation of alkaline solution

The alkaline solution is a mixture of 8 M sodium hydroxide (NaOH)
and 98% purity sodium silicate (Na2SiO3) with a ratio of Na2SiO3/8 M
NaOH ¼ 2.5 (Arulrajah et al., 2016). The alkaline solution was cooled at
room temperature for 24 h to decrease gas bubbles in the liquid before
use.
2

2.3. Preparation of geopolymer bricks

The proportion of FA in the total mix was fixed at 30% (Phummiphan
et al., 2018), while the EAF contents were varied to partially substitute
WFS from 0% to 30% (Fang et al., 2018), as shown in Table 1.

The geopolymer proportions shown in Table 1 were drymixed for two
minutes to ensure homogeneity, and then the alkaline activator was
added by shaking during three minutes of mixing. The weight ratio of
alkaline solution to mixed powder was set at 0.4 for all treatments. The
mixtures were compacted in a cube sample (5 cm � 5 cm � 5 cm), ac-
cording to standard test method ASTM C 109/C 109M (2014). Air bub-
bles were then removed from the mixtures using a vibration machine for
five minutes. The compact samples were de-molded after 24 h, imme-
diately wrapped with plastic sheets, and cured at room temperature for
28 days. Then, the compressive strength of the geopolymer bricks was
examined according to standard test method ASTM C 109/C 109M
(2014). The physical and chemical properties of the geopolymer bricks
were analyzed using methods mentioned in Apithanyasai et al. (2018).
2.4. Leaching of heavy metals

Using the TCLP method, the samples were crushed and were sieved
using a 9.5 mm standard sieve. Then, the TCLP extraction fluid was
examined by measuring the pH of the test sample (USEPA, 1992). The
samples were then extracted using the selected extraction fluid. The
samples had a solid-to-extraction fluid ratio of 1:20 and were placed in
centrifuge bottles. The samples were rotated at 30 � 2 rpm in a
rotator-mixer (Multi RS-60, BIOSAN) for 18 � 2 h. The extract was
preserved by adding nitric acid until its pH was <2. The extract was
separated from the solid phase by filtering it through a 0.7 μm glass fiber
filter. The extracted samples were analyzed for heavy metals using
inductively coupled plasma mass spectrometry.
2.5. Life cycle assessment (LCA)

The goal of LCA in this study was to compare the environmental life
cycle impact of geopolymer bricks made of WFS, FA, and EAFwith that of
concrete bricks. The scope of this study was from cradle to grave,
covering the period from materials acquisition to the production of
geopolymer bricks to the disposal of construction and demolition waste
in landfills. The functional unit was defined as the geopolymer bricks
needed to fill one square meter of pavement.

The life cycle inventory data on the optimal ratio of materials to make
geopolymer bricks, which was 40%WFS, 30% FA, and 30% EAF slag, was
determined by a lab-scale experiment on a five-cubic centimeter sample.
Life cycle inventory shows the material and energy flow (input and
output) at every stage of the life cycle of geopolymer bricks, from raw
materials acquisition to disposal. This process can be divided into two
parts: 1) LCA of raw materials acquired to create geopolymer bricks with
a compressive strength of 25 MPa, as shown in Table 2, and 2) LCA of
concrete bricks with a compressive strength of 25 MPa strength whose
data is available in the ecoinvent database of SimaPro*. These concrete
bricks included Quebec concrete (CA-QC) composed of cement (237 Kg),
water (164 Kg), gravel (950 Kg), sand (940 Kg), and FA (18 Kg), and
North American concrete (RoW) composed of cement (204 Kg), water
(160 Kg), gravel (1009 Kg), sand (925 Kg), and FA (36 Kg), as shown in
Table 3. There are seven steps in the production of geopolymer bricks:
diesel production, alkaline solution processes, material preparation,
geopolymer processes, transportation, utilization, and disposal of mate-
rials at the landfill, as shown in Figure 1.

The life cycle assessment study was carried out using SimaPro
8.0.5.13 software from the National Metal and Materials Technology
Center. The results were expressed in six categories of impact, which
were climate change, ozone depletion, terrestrial acidification, human
toxicity, terrestrial ecotoxicity, and fossil fuel depletion.



Table 1. Geopolymer formulations.

Name WFS (wt. %) FA (wt. %) EAF (wt. %)

WFS70 70 30 0

WFS60 60 30 10

WFS50 50 30 20

WFS40 40 30 30

Table 2. The inventory data of each life cycle stage of 1 m2 geopolymer brick.

Item Unit The inventory data

Alkaline solution process Material preparation process Geopolymer processes Transportation process Utilization process Disposal

Inputs

WFS kg - 28.8 - - - -

FA kg - 21.6 - - - -

EAF slag kg - 21.6 - - - -

NaOH kg 2.04 - - - - -

Na2SiO3 kg 20.80 - - - - -

Diesel kg - 5.81 - 0.85 - 0.85

Brick unit - - - 400 400 -

Sand kg - - - - 40 -

Water l 6.36 - 15 - 10 -

Electricity kWh 5.1 3.91 0.16 - - -

Air pollution

NOx kg - 1.03 � 10�4 - 1.49 � 10�5 - 1.49 � 10�5

CO kg - 1.32 � 10�5 - 1.92 � 10�6 - 1.92 � 10�6

NMVOC kg - 5.00 � 10�6 - 7.28 � 10�7 - 7.28 � 10�7

SOx kg - 9.41 � 10�6 - 1.37 � 10�6 - 1.37 � 10�6

TSP kg - 4.00 � 10�6 - 5.83 � 10�7 - 5.83 � 10�7

PM10 kg - 4.00 � 10�6 - 5.83 � 10�7 - 5.83 � 10�7

PM2.5 kg - 4.00 � 10�6 - 5.83 � 10�7 - 5.83 � 10�7

Pb kg - 1.60 � 10�11 - 2.33 � 10�12 - 2.33 � 10�12

Cd kg - 1.20 � 10�12 - 1.75 � 10�13 - 1.75 � 10�13

Hg kg - 2.40 � 10�11 - 3.50 � 10�12 - 3.50 � 10�12

As kg - 6.00 � 10�12 - 8.74 � 10�13 - 8.74 � 10�13

Cr kg - 4.00 � 10�11 - 5.83 � 10�12 - 5.83 � 10�12

Cu kg - 4.40 � 10�11 - 6.41 � 10�12 - 6.41 � 10�12

Ni kg - 1.60 � 10�12 - 2.33 � 10�13 - 2.33 � 10�13

Se kg - 2.20 � 10�11 - 3.20 � 10�12 - 3.20 � 10�12

Zn kg - 5.80 � 10�9 - 8.45 � 10�10 - 8.45 � 10�10

Benzo(a)pyrene kg - 3.80 � 10�10 - 5.54 � 10�11 - 5.54 � 10�11

Benzo(b)floranthene kg - 3.00 � 10�9 - 4.37 � 10�10 - 4.37 � 10�10

Benzo(k)fluoranthene kg - 3.40 � 10�10 - 4.95 � 10�11 - 4.95 � 10�11

Indeno(1,2,3-cd)pyrene kg - 3.00 � 10�10 - 4.37 � 10�11 - 4.37 � 10�11

Table 3. The inventory data of 1 m3 geopolymer brick and 1 m3 concrete bricks.

Item Unit The inventory data

Geopolymer brick Quebec concrete North America concrete

WFS kg 567 0 0

FA kg 432 18 36

EAF kg 432 0 0

NaOH kg 41 0 0

Na2SiO3 kg 416 0 0

Cement kg 0 237 204

Gravel kg 0 950 1009

Sand kg 0 950 925

Water l 427 164 169
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Figure 1. Life cycle inventory of geopolymer bricks.
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3. Results and discussion

3.1. Characteristics of waste foundry sand (WFS), fly ash (FA), and
electric arc furnace slag (EAF slag)

3.1.1. Chemical composition
The chemical compositions of WFS, FA, and EAF slag analyzed by

using an X-ray fluorescence spectrometer (Bruker model S8 Tiger) were
shown in Table 4. The results found that the major component of WFS
was SiO2 (83.6 %), and Al2O3 (2.91 %) and CaO (0.417%) were its minor
components. FA had major components, including SiO2 (32.9%), Al2O3
(17.8%), and CaO (18.8%), while Fe2O3 (12.4 %), CaO (19.4%), and
Fe2O3 (32.7%) were the major components of EAF slag.

3.1.2. Particle sizes
The results of particle sizes of WFS, FA, and EAF analyzed by a laser

particle distribution analyzer (Malvern Mastersizer 3000) showed their
4

average particle sizes (d50) were 66.9, 11.2, and 127.0 μm, respectively,
as shown in Figure 2.

3.1.3. The mineralogical phase
The mineralogical phases of WFS, FA, and EAF were analyzed by XRD

(D8 Discover). The results showed that only the major crystalline phase
of WFS was quartz (SiO2). The major mineralogical phases of FA were
quartz (SiO2), potassium aluminum silicate (K(AlSi2O6)) and lime (CaO),
and its minor mineralogical phases were maghemite-C (syn-Fe2O3), he-
matite (alpha-Fe2O3), and magnetite (syn-Fe3O4). EAF's major mineral-
ogical phase was Wüstite wuestite (FeO), and its minor phases were
fayalite (Fe2þ2SiO4) and bredigite (syn-Ca14Mg2(SiO4)8), as shown in
Figure 3.

3.1.4. Microstructures of the raw materials
The microstructures of WFS, FA, and EAF were identified using a

scanning electron microscope (Jeol JSM-6480LV). As shown in Figure 4,



Table 4. The chemical composition of waste foundry sand (WFS), fly ash (FA), and electric arc furnace slag (EAF slag).

Oxides Content (wt. %)

WFS FA EAF

SiO2 83.6 32.9 11.8

Al2O3 2.91 17.8 5.83

CaO 0.417 18.8 19.4

Fe2O3 1.71 12.4 32.7

SO3 628 (ppm) 4.53 0.205

MgO 0.994 2.33 3.63

K2O 0.526 2.18 291 (ppm)

Na2O 0.368 1.95 519 (ppm)

TiO2 727 (ppm) 0.418 0.528

P2O5 231 (ppm) 0.232 0.311

Cl 156 (ppm) - 244 (ppm)

BaO 0.0 (ppm) 0.118 0.191

SrO 25.2 (ppm) 0.109 531 (ppm)

MnO 250 (ppm) 922 (ppm) 5.33

As2O3 - 285 (ppm) -

V2O5 0.0 (ppm) 268 (ppm) 0.121

Cr2O3 0.124 172 (ppm) 2.28

ZnO 443 (ppm) 163 (ppm) 70.6 (ppm)

Nb2O5 - - 225 (ppm)

ZrO2 106 (ppm) 138 (ppm) 198 (ppm)

Rb2O 22.6 (ppm) 121 (ppm) -

NiO 152 (ppm) 90.4 (ppm) 0.0 (ppm)

CuO 52.0 (ppm) 82.4 (ppm) 113 (ppm)

CoO 0.0 (ppm) 0.0 (ppm) 0.0 (ppm)

Ag - 0.0 (ppm) -

Au 0.0 (ppm) 0.0 (ppm) 0.0 (ppm)

Hg 0.0 (ppm) 0.0 (ppm) 0.0 (ppm)

Figure 2. The particle size of the raw materials.
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the particle shapes of WFS and EAF looked similar to each other, with a
stone-shape morphology and few pores, while the FA particles had
spherical shapes.
3.2. Characteristics of geopolymer bricks made from waste foundry sand
(WFS), fly ash (FA), and electric arc furnace slag (EAF slag)

The cube specimens of the geopolymer bricks had a black color and
smooth surfaces, as shown in Figure 5. The specimens were tested to
determine their compressive strength (ASTMC 109/C 109M, 2014) using
5

an AMSLER automatic hydraulic testing machine with a maximum ca-
pacity of 20 tons. After the testing with the hydraulic machine, parts of
the fractured specimen were chosen and crushed by hand with a metallic
mortar and pestle. The ground powders were characterized by XRD (D8
Discover), Fourier transform infrared (Perkin Elmer, Spectrum One), and
scanning electron microscopy (Jeol JSM-6480LV).

3.2.1. Compressive strength of geopolymer bricks
The compressive strength of the geopolymer bricks after curing for 28

days is shown in Figure 6. The compressive strengths of WFS70, WFS60,



Figure 3. X-ray diffractometer (XRD) pattern of raw materials.

Figure 4. Microstructures of WFS, FA, and EAF.

Figure 5. The appearance of the geopolymer bricks.
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WFS50, andWFS40 are 18.93, 20.13, 22.92 and 25.76 MPa, respectively;
WFS40 obtained the highest compressive strength, and the compressive
strength of both WFS50 and WFS40 were above the requirements of
paving bricks (ASTM C902 1995) type II (>20.7 MPa).

As expected, decreasedWFS content, which ranged from 70% to 40%,
resulted in increased compressive strength. The increment in compres-
sive strength with lower WFS content could be attributed to the decre-
ment of the silicate content and the higher Ca and Al contents in the
geopolymer mixture. According to Davidovits and Orlinski (1988), the
ratio of SiO2 to Al2O3 in geopolymer gel should be in the range of 3.3–4.5.
In this experiment, the decrement of WFS from 70% to 40% decreased
6

the ratio of SiO2 to Al2O3 from 7.2 to 3.6, which falls into the range for
geopolymer gel. This affected the production of CSH gel because the
reactivity of SiO2 is higher than that of Al2O3 (Huseien et al., 2018). In
addition, increasing the Al and Ca content by adding FA at a proportion of
30% enhanced the production of CSH gel.

Adding EAF also increased the content of Ca, causing a higher rate of
formation of CSH gel, which reduces the porosity and condenses the
microstructure of the geopolymer mixture (Fang et al., 2018). It can be
concluded that increased EAF content, with its high CaO levels, caused
greater formation of CSH gel, which enhanced the bricks' compressive
strength.
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Figure 6. The compressive strength of geopolymer bricks.
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The compressive strength of geopolymer bricks at 28 days was found
to be the highest (25.76 MPa) with 30% EAF content and 30% FA
content.

3.2.2. Mineralogical phases of geopolymer bricks
The mineralogical phases of geopolymer bricks after curing for 28

days at an ambient temperature were identified using XRD analysis. The
geopolymers that formed after the alkaline-activation processes were
mainly amorphous but some were semi-crystalline. Semi-crystalline
phases were observed in geopolymer bricks because new phases formed
during the alkali-activation process, and crystalline phases were
observed because of unreacted raw materials, as shown in Figure 7.

The XRD patterns shown in Figure 7 illustrate that the major phases
of the geopolymer brick samples were semi-crystalline CSH phases
(WFS60, WFS50, and WFS40) due to the increasing amount of CaO in
EAF slag at 10%, 20%, and 30 % in WFS60, WFS50, and WFS40,
respectively. This semi-crystalline phase positively affects the forma-
tion of amorphous geopolymer and enhances the bricks' compressive
strength. CSH, which consists of a three-dimensional amorphous
aluminosilicate network called a geopolymer gel, had peaks at (2θ) ¼
37.0o, 42.7o, and 55.3o.

Quartz mineral (SiO2) was a major crystalline phase of WFS70, and
CSH was not observed due to the absence of CaO content in EAF slag and
the high amount of SiO2 in WFS, which led to unreacted geopolymer gel;
however, the SiO2 phase occurred in all brick samples and had unreacted
phases after the alkaline-activation process in geopolymer brick
preparation.

3.2.3. Microstructure of geopolymer bricks
SEM images of original FA and FA after reaction with an alkaline

solution are shown in Figure 8 (a) and (b), respectively. The surface of
original FA was smooth, but when the mineral melted during coal com-
bustion, fly ash particles were formed with a crystalline phase at the core
and a glassy phase of silica and alumina at the surface layer (Chindap-
rasirt and Rattanasak, 2017), as shown in Figure 8 (b). This glassy phase
had an influence on the geopolymerization because of the high solubility
of the alkaline solution. When FA particles interacted with the alkaline
solutions, the surface of FA was attacked, and the reaction products of
CSH and aluminosilicate (geopolymer) compounds formed around the
FA particles shown in the XRD patterns.

The microstructure of geopolymer bricks with different ratios of raw
materials (WFS70, WFS60, WFS50, and WFS 40) after curing at an
ambient temperature for 28 days were characterized by SEM, and the
images are shown in Figure 9. The SEM investigation can help to better
understand the morphologies of the formed geopolymer composites.

SEM images in Figure 9 shows that the morphology of the formation
of the new geopolymer phase was entirely different compared with the
starting materials (Figure 4). The alkaline activation of the WFS and FA
led to dissolution of the aluminosilicate materials, which produced a
7

tetrahedral polymer that is connected with others forming three-
dimensional chains (Zawrah et al., 2016). The SEM images show that
geopolymer gels are exhibited in the whole sample of the new geo-
polymer phase, of which the microstructure was uniform with some
crystals in the gel matrix.

As shown in the SEM micrographs in Figure 9 (a), the uncompleted
geopolymerization reactions in the specimens caused the non-reaction of
raw materials exhibited in the WFS70 specimen confirmed by the XRD
analysis in Figure 7. The SEM micrographs for the WFS60, WFS50, and
WFS40 specimens in Figures 9 (b), (c), and (d) show that these samples
containing 10%, 20%, and 30% EAF slag, respectively, were more
compact and massive and less porous than WFS70, which had 0% EAF
slag. Moreover, the SEM shows that some large particles entered the
matrix and partially reacted during the alkaline activation process, which
describes that the distribution of particle size has an influence on the
geopolymerization completion. During the geopolymerization process,
particles with smaller size completely reacted and dissolved, while par-
ticles with larger size partially reacted. Referred to Zhang et al. (2016),
the particle size and specific surface area of the beginning raw materials
play the major role on the reactivity and on the properties of derived
geopolymer due to their influence on the extent and rate of geo-
polymerization reaction.

The formation of additional CSH with fibrous structure morphology
in the geopolymer gel network shown by the SEM micrograph enhanced
the density of these specimens microstructure. Consequently, the other
calcium-rich semi-crystalline components were formed by the geo-
polymer reaction increased by the proportion of EAF slag, which could be
the improved structure and greater strength of the geopolymer (Zhang
et al., 2014).

3.2.4. Leaching of heavy metals from WFS40
The geopolymer brick WFS40, which had the highest compressive

strength, was tested for different types of heavy metals (As, Cr, Cu, Mn,
Pb and Zn) according to the TCLP method with select extraction fluid #2
pH ¼ 2.88 � 0.05 (prepared by diluting 5.7 ml of CH3COOH with water
to 1 L), and the results are shown in Table 5. The test results showed that
heavy metal concentrations in geopolymer bricks are lower than TCLP
limits. Because the leaching concentrations of heavy metals in the TCLP
extracts are lower than TCLP limits, this brick can be classified as non-
hazardous waste.
3.3. Life cycle assessment (LCA)

The LCA of geopolymer bricks made of 40% WFS, 30% FA, and 30%
EAF slag, which had a compressive strength of 25 MPa, is presented in
this section. The LCA was used to determine the life-cycle impact of these
bricks from cradle to grave. The impact categories included climate
change, ozone depletion, terrestrial acidification, human toxicity,
terrestrial ecotoxicity, and fossil fuel depletion.

3.3.1. Environmental impact life cycle assessment (LCA) categories of
geopolymer bricks

The environmental impact of the processes of material acquisition,
production, utilization, and disposing of the geopolymer bricks made
from 40%WFS, 30% FA, and 30% EAFwas analyzed, and the distribution
of the environmental impact of each life cycle stage is presented in
Figure 10. The results can be explained as follows.

The main factors affecting climate change were the alkaline solution
preparation process and the material preparation process at 40.47% and
43.88%, respectively. The electricity used by the fume hood equipment
and the grinding and sieving machines as well as the air pollutants from
transporting raw materials contributed to this impact.

The main factor involved in ozone depletion was alkaline solution
preparation at approximately 97.36% because of the preparation of



Figure 7. X-ray diffraction patterns of geopolymer brick.

Figure 8. The microstructures of (a) origin FA and (b) FA after reacted with alkaline solution.
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sodium hydroxide and sodium silicate. Moreover, the fume hood's elec-
tricity use can have an ozone depletion effect.

The main factor involved in terrestrial acidification, human toxicity,
and terrestrial ecotoxicity was alkaline solution preparation at 46.04%,
80.84%, and 89.02%, respectively. The fume hood equipment's elec-
tricity use and the preparation of sodium hydroxide and sodium silicate
contributed to this impact. The material preparation process also
contributed to these categories due to the transportation of rawmaterials
and the grinding and sieving machines.

The main factor related to fossil fuel depletion was the material
preparation process (71.86%), followed by transportation (10.32%) and
disposal in a landfill (10.32%). These three processes contributed to fossil
fuel depletion through the combustion of diesel oil and the electricity
used by the grinding and sieving machines.
8

3.3.2. Comparison of environmental impact categories for geopolymer bricks
and concrete production

The environmental impact results of geopolymer brick production
and of concrete production are presented in Table 6, and the summary of
all categories is presented as a graph with a 100% total in Figure 11.

Geopolymer bricks made from 40%WFS, 30% FA, and 30% EAF were
compared with concrete bricks (*Quebec and **North American) with a
25 MPa compressive strength. The results showed that the effects on
climate change, ozone depletion, terrestrial acidification, human
toxicity, terrestrial ecotoxicity, and fossil fuel depletion of geopolymer
bricks were less than the effects of concrete bricks, as shown in Table 6.

The comparison was made between 1 m3 of geopolymer bricks with a
WFS: FA: EAF ratio of 40:30:30 cured at an ambient temperature and 1
m3 of Quebec and North America concrete bricks. The results of the



Figure 9. The microstructure of (a) WFS70, (b) WFS60, (c) WFS50, and (d) WFS40.

Table 5. The leaching of heavy metals from WFS40.

Heavy metal WFS40 (mg/L) TCLP limit (mg/L)

As 0.9620 5.0

Cr 0.0180 5.0

Cu 0.0050 Not given

Mn 0.2080 Not given

Pb <0.005 5.0

Zn 0.5350 Not given

S. Apithanyasai et al. Heliyon 6 (2020) e03697
environmental impacts showed that emissions from geopolymer bricks
were lower than North America concrete and Quebec concrete,
respectively.

The emissions between geopolymer production and ordinary Port-
land cement (OPC) production were studied (Duxson et al., 2007). The
40.47

97.36

46.04

43.88
38.94

5.07

5.07

0.00

100.00

Climate change Ozone depletion Terrestrial
acidification

Alkaline solution Materials p
Transportation Utilization

Figure 10. Environmental impacts a
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results showed that the emission of geopolymer bricks was lower than
that of OPC due to the calcination of the cement clinker in OPC that
required a large amount of energy.

The literature review has presented the comparison between geo-
polymer bricks and concrete bricks, as showed in Figure 11. Both types of
concrete bricks have different environmental impacts due to the amount
of cement. North American concrete consumed 204 kg of cement, and
Quebec concrete consumed 237 kg of cement; thus, Quebec concrete
used more energy consumption in the calcination of the cement clinker
than North America concrete. It can be concluded that concrete from
North America is lower than that of Quebec concrete in all environmental
impact categories.

Similarly, geopolymer bricks have the lowest environmental impact
values compared with both types of concrete bricks due to no use of
cement during production.
80.84
89.02

13.42
7.19

71.86

10.32

10.32

Human toxicity Terrestrial
ecotoxicity

Fossil depletion

reparation Geopolymer production
Disposal

ssessment for geopolymer bricks.



Table 6. Life cycle impact category for geopolymer bricks and concrete productions.

Impact category Geopolymer brick (25 MPa) Concrete production* (25 MPa) Concrete production** (25 MPa)

Climate change (kg CO2 eq) 1.41 100 59.6

Ozone depletion (kg CFC-11 eq) 7.00 100 74.7

Terrestrial acidification (kg SO2 eq) 2.87 100 62.8

Human toxicity (kg 1,4-DB eq) 2.96 100 71.3

Terrestrial ecotoxicity (kg 1,4-DB eq) 1.38 100 79.3

Fossil depletion (kg oil eq) 22.7 100 71.5

*, ** Database from Eco-Invent on SimaPro.
* Concrete, 25MPa (CA-QC) | concrete production 25MPa, RNA only | Alloc Def, U (Quebec) composed of Cement 237 Kg, Water 164 Kg, Gravel 950 Kg, Sand 940 Kg

and Fly ash 18 Kg.
** Concrete, 25MPa (RoW)| concrete production 25MPa, RNA only | Alloc Def, U (North America) composed of Cement 204 Kg, Water 160 Kg, Gravel 1009 Kg, Sand

925 Kg and Fly ash 36 Kg.

100.00 100.00 100.00 100.00 100.00 100.00
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Figure 11. Comparison of environmental impacts for geopolymer bricks and concrete bricks.
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4. Conclusions

This study focused on the potential use of industrial waste and
industrial by-products to produce geopolymer bricks. This article has
presented the results of an experiment investigating the use of WFS,
FA, and EAF slag to produce geopolymer bricks. The geo-
polymerization process for WFS, FA, and EAF slag with an alkaline
solution of NaSiO3/NaOH was successfully carried out to produce
geopolymer bricks. The optimal ratio of WFS:FA:EAF to make geo-
polymer bricks, which was 40:30:30, was tested for the leaching of
heavy metals using the TCLP method. Environmental impacts were
assessed using LCA. Based on the experimental results, the following
conclusions can be drawn:

1) The geopolymerization process of industrial waste, including WFS,
FA, and EAF slag, was successfully carried out to produce geopolymer
bricks after a curing time of 28 days at an ambient temperature. All
sample ratios were higher than the compressive strength re-
quirements of paving bricks (ASTM C902 1995) type II (>20.7 MPa)
except WFS70.
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2) The highest compressive strength was recorded at 25.76 MPa for
geopolymer specimen WFS40, which was composed of 40% WFS,
30% FA, and 30% EAF slag.

3) The formation of CSH gels can be attributed to the increased pro-
portion of EAF slag, the high CaO content of which reduces porosity
and condenses the microstructure of a geopolymer mixture to
enhance compressive strength.

4) Geopolymer brick can be classified as non-hazardous waste according
to the acceptable leaching concentrations of heavy metals in the
TCLP.

5) The LCAmethodology was used to evaluate the environmental impact
of geopolymer bricks from cradle to grave. The environmental im-
pacts of geopolymer bricks depend on the manufacturing stage of the
geopolymer. Almost all emissions may be attributed to energy con-
sumption in the alkaline solution process and fuel consumption in the
raw materials transportation process. The energy and fuel consump-
tion of machines also produces a high amount of air pollutants,
including CO2, CH4, N2O, and SO2.

6) The LCAs of 1 m3 of geopolymer brick with a WFS:FA:EAF ratio of
40:30:30 and of 1 m3 of Quebec and North American concrete brick
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were compared. The results showed that emissions from the pro-
duction of geopolymer bricks were lower than from the production of
North American concrete and Quebec concrete due to the calcination
of cement clinker during concrete production, which requires a large
amount of energy.

Therefore, geopolymer bricks can be used to reduce industrial waste
and add value to it as raw material to produce bricks using a more
environmentally friendly production process.
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