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Abstract

This work aims to investigate the behaviour of the semi-crystalline alumina added to the aluminosilicates rich in amorphous and
crystalline silica during the geopolymerization. Waste fired brick and metakaolin used in this work are rich in amorphous silica
and quartz, respectively. Bauxite calcined at 600 °C was used as a semi-crystalline alumina source. The calcined product was
added to each aluminosilicate with mass ratios calcined bauxite/metakaolin or calcined bauxite/waste fired brick equals 0, 0.1,
0.2, 0.3 and 0.4. Geopolymer pastes were obtained by adding sodium waterglass to each composition. The hardened pastes were
cured at room temperature for 28 days before characterization. The compressive strengths of the geopolymer materials when the
mass ratios of calcined bauxite/metakaolin are ranging from 0 to 0.3 increase from 36.33 to 55.09 MPa and drop from 55.09 to
43.19 MPa when that mass ratios increase from 0.3 to 0.4. Whereas those from waste fired brick decrease from 47.81 to
19.91 MPa with increasing the mass ratios. The spectra of the energy dispersive X-ray analysis of geopolymer materials from
metakaolin and the one from waste fired brick without addition indicate the formation of Si-rich geopolymer networks. Whereas
the one from waste fired brick after the addition of semi-crystalline alumina are mainly composed of Al-rich geopolymer
structures. It can be concluded that the semi-crystalline alumina added to the metakaolin spread in the network of the final
products while this alumina does not react with amorphous silica contained in the structure of waste fired brick during the
geopolymerization.
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1 Introduction

Highlights

* Calcined bauxite was added to metakaolin and waste fired brick using
different massratios.

* Each obtained powder was used to prepare geopolymer using sodium
waterglass fromrice husk ash.

* The strengths of the geopolymers from metakaolin increase from 36.33
to 55.09 MPawhen the mass ratios increase from 0 to 0.3.

* The strengths drop from 55.09 to 43.19 MPa when that mass ratios
decrease from 0.3to 0.4.

* The strengths of geopolymers from waste fired brick from waste fired
brick decreasewith increasing that mass ratios.
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Geopolymer material which was introduced by Davidovits in
1978 is an inorganic polymer generally obtained at room or
slightly elevated temperature [1]. Nevertheless, a synthesis of
the literature showed that the temperature of the curing
geopolymer material depends on the reactivity of the alumi-
nosilicate source and also on the chemical reagent used.
Tchakouté et al. [2] used a semi-adiabatic test to estimate the
temperature of the reaction medium after adding sodium
waterglass to metakaolin. They reported that the temperature
of the reaction medium that entails the formation of
geopolymer gel is about 38 °C. So, an exothermic reaction
occurs during the synthesis of the geopolymer materials. It is
worth noting that this exothermic reaction is different to the
curing temperature. The chemical ingredient denoted hardener
generally used for the preparation of geopolymer material is
sodium waterglass with a molar ratio SiO,/Na,O equal to 1.5
[3]. For the past few years, several researchers used
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Table 1 Chemical compositions
of kaolin (Dib,), bauxite (BaX),
rice husk ash (RHA) and waste

fired bricks (WB) in wt%. LOI:

Loss on Ignition at 1000 °C for

4h

Fig. 1 X-ray pattern of rice husk
ash, RHA. C denote peaks of
cristobalite
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Samples Dib, Melele etal.  BaX (Tchamba RHA Meleleetal. WB (Beleuk a Moungam
Oxides [26] et al. [25] [26] etal. [27]
Na,O <0.10 / / /
MgO 0.10 / 0.28 0.323
AlLOs 25.40 58.10 0.58 22.50
SiO, 59.60 1.00 93.20 60.98
P,05 0.078 0.17 / 0.331
SO; <0.02 0.07 / /
K,0 0.32 / 3.05 0.932
Ca0 0.18 0.08 0.57 0.104
TiO, 2.21 2.40 0.03 1.728
Cr,03 / 0.06 / 0.0251
Fe,03 2.14 5.54 2.20 9.635
ZnO / 0.03 / 0.019
SrO / 0.05 / 0.0049
7ZrO, / 0.08 / 0.06185
MnO / 0.75 1.78 0.138
V,05 0.0398
Rb,O 0.0044
CuO 0.008
NiO 0.0106
LOI 10.25 31.67 1.2 3.10
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Fig. 2 X-ray patterns of kaolin, 14000 a
Dib,. Kaol, I, Kf, A and Q denote
peaks of kaolinite, illite, K- Q
feldspars, anatase and quartz, 12000 :(
respectively
10000
8000 |
6000 |
Eﬁ Kaol Kaol
= 4000
A Dib2
Kaol
2000 | Kaol
Q
\l_) 1 Kf| | [irf
1200+ a
Q
1000
800+
600
MK-Dib2z
400+ T
A Q g Q
200 ' I ‘ ¢ 1 N
E 1
| P / KF Q a cQa
o . . : .
10 20 30 40 50 60 70 80

phosphoric acid for the synthesis of acid-based geopolymers
[4-11]. These researchers are reported that the main phase
present in the network is poly(phospho-siloxo) and the mech-
anism has been tremendously described by Davidovits [12].
Whereas, those prepared in the alkaline condition depend on
the molar ratio Si/Al in the network. For example, when the
molar ratio Si/Al in the network is 1.0, the main phase is
called poly(sialate). For the molar ratios, Si/Al equals 2.0
and 3.0, the main amorphous phases which are prevailing
in the structures of the final products are poly(sialate-
siloxo) and poly(sialate-disiloxo), respectively. The prop-
erties of the geopolymer materials prepared in alkaline me-
dium and acidic medium (phosphoric acid) depend on the
raw aluminosilicate used [10, 13]. The findings work of
Bewa et al. [13] indicates that the presence of higher iron
oxide, amorphous silica and quartz content in the raw alu-
minosilicate material affect positively the compressive
strengths of acid-based geopolymers. In the same way,
Banenzoué et al. [10] reported that the pure aluminosilicate
material is not suitable for the synthesis of acid-based
geopolymer materials. It is worth mentioning that the alu-
minosilicate sources generally used for the synthesis of

2 Theta

geopolymer materials are composed of the amorphous
phases associated with crystalline minerals. The amor-
phous phase is mainly constituted of silica and alumina
associated with sometimes amorphous iron oxide and so
on. The crystalline phases which to go with the amorphous
phase or glass phase generally observed depend on the raw
aluminosilicate used. The raw aluminosilicate sources
could be a by-product of the metallurgical industry and
thermal power plants such as blast furnace slag and fly
ash, respectively. It exists also natural materials like vol-
canic scoria, laterite, kaolin, etc. In order to increase the
reactivity of certain materials, for example, kaolin was cal-
cined at about 700 °C [14] and laterite or indurated laterite
was heated at about 600 °C [15]. Concerning the natural
aluminosilicates, all the Cameroonian territory is constitut-
ed of deposits of kaolins [16], laterites [17] and volcanic
scoria [18, 19]. Bewa et al. [13] reported that there are
aluminosilicate sources that are rich in amorphous silica
and others rich in crystalline silica. Silica is among the
most common mineral in the earth’s area. This mineral is
also denoted silicon dioxide [20] and it can have an amor-
phous and crystalline structure. The most common form of
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Fig. 3 X-ray patterns of bauxite Gi q
(BaX) and calcined bauxite Gi
(CBaX). K, Gi, Q, A and H 1400 -
denote peaks of kaolinite,
gibbsite, quartz, anatase and
hematite, respectively
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crystalline silica generally present in the aluminosilicate
material is called quartz. It is important to note that this
quartz is nearly chemically inert contrary to the amorphous
one which has a great reactivity for example in the alkaline
solution. This could be related to the fact that quartz fea-
tures a lower hydroxyl group (OH) content. Whereas, the
amorphous ones like silica fume, precipitated silica and

silica from crops products such as rice husk ash, sugarcane
bagasse ash and wheat husk ash have a huge hydroxyl
groups content [21-23]. It is important to note that the
achievement of the amorphous silica from these crops ma-
terials depend on the calcination temperature. Concerning
bauxite, Nguimatsia and Yongue [24] reported that bauxite
was found in the Western region of Cameroon more

Table 2 Mixed design of the

geopolymer materials from Samples ID  Metakaolin (g) ~ Calcined bauxite (g) ~ Chemical reagent (g)  Calcined bauxite/metakaolin
metakaolin

GMKO 250 0 187.5 0

GMK25 250 25 187.5 0.1

GMK:50 250 50 187.5 0.2

GMKT75 250 75 210.8 03

GMK100 250 100 2275 04
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Table 3 Mixed design of the

geopolymer materials from Waste Samples Waste fired brick Calcined bauxite Chemical reagent  Calcined bauxite/waste fired
fired brick D (€3] (€3] (€3] brick

GWBO0 250 0 187.5 0

GWB25 250 25 2275 0.1

GWBS50 250 50 2275 0.2

GWBT75 250 75 210.8 03

GWBI100 250 100 2275 04

specifically in the locality of Fongo Tongo. Little deposit
of this alumina ore is found as well in the locality of
Nkongsamba in the Littoral region of Cameroon. The huge
deposit is located at Minim-Martap in the department of
Vina in the Adamawa region of Cameroon [25] which
could be among the most important in the world. This
has been confirmed by the company Canyon Resources
which estimates about 900 million tonnes of bauxite with
about 250 million tonnes of ““ very high grade ” bauxite at
the Minim-Martap. Another alumina source is red mud
which is bauxite residue (waste) that originated in the
processing of bauxite into aluminium [26]. The investiga-
tion of the influence of alumina in geopolymerization has
been done by several researchers. For example, Le et al.
[27] investigated the role of active silica and alumina in

geopolymerization by varying the molar concentration of
NaOH. They reported that the active oxides can partici-
pate in the geopolymer reactions, i.e. silicon atoms can be
linked by a “bridging” oxygen (Si-O-Si) to form indepen-
dent polymer chains, while aluminum atoms can only re-
place silicon atoms in Si-O-Si polymer chains to form Si-
0O-Al [27]. Zidi et al. [28] studied the influence of Al,O;
nanoparticles on the mechanical, structural and thermal
properties of geopolymers. They concluded that the addi-
tion of Al,O5 nanoparticles to alkali-activated geopolymer
materials induces more nucleation sites leading to the for-
mation of more sialate bonds in the system. Phoo-
ngernkham et al. [29] concluded that the incorporation
of nano-alumina has a more effective influence on the
structural and mechanical properties of geopolymer

Fig. 4 X-ray patterns of waste 1000

fired brick (WB) and metakaolin Q
(MK-Dib,). I, K, Kf, A and H
denote peaks of illite, kaolinite,
K-feldspar, anatase and hematite,
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Fig. 5 Infrared spectra of waste 0.9

fired brick (WB) and metakaolin
(MK-Dib,)
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materials than nano-silica. Zheng et al. [30] and Duxson
et al. [31] reported that lower Si/Al ratio results in a larger
surface area of geopolymer beneficial for adsorption ca-
pacity. Tchakouté et al. [32] compare the compressive
strengths of geopolymer cement from metakaolin and
volcanic ash using amorphous alumina as a supplemen-
tary Al source. They concluded that 20 and 40% of
Al,O5 lead to 18.1 and 32.4% increases in the compres-
sive strengths of geopolymer cements from metakaolin
and volcanic ash, respectively. The findings work of
Bewa et al. [13] indicated that waste fired brick and
metakaolin used in the present work contain a higher
amorphous silica and quartz content, respectively. The
properties of the geopolymer materials from the addition
of semi-crystalline alumina on these aluminosilicates are
not yet elucidated.

The main target of this work is to investigate the behaviour
of the semi-crystalline alumina added to the aluminosilicates
rich in amorphous and crystalline silica during the
geopolymerization process. The hardener used as an alka-
line reagent in this work is a sodium waterglass from rice
husk ash containing a molar ratio SiO,/Na,O equal to 1.6.

@ Springer
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The behaviour of the semi-crystalline alumina added to
the aluminosilicates rich in amorphous and crystalline sil-
ica during the geopolymerization process is investigated
by the measurement of the compressive strengths. The
structural properties have been studied using X-ray dif-
fractometry and infrared spectroscopy. The quartz and
amorphous phases content has been also estimated. The
microstructure has been monitored using the scanning
electron microscope coupled with the energy dispersive
X-ray analysis.

2 Materials and Experimental Methods
2.1 Materials

The aluminosilicates rich in silica used in this investigation are
waste fired brick and kaolin. The alumina and silica sources
are bauxite and rice husk ash, respectively. Waste fired brick
has been provided by the Local Materials Promotion
Authority (MIPROMALO) situated in the Centre region of
Cameroon. Kaolin was harvested from Dibamba in the
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Fig. 6 X-ray diffractograms of 3000
geopolymer materials from
metakaolin (GMKO0, GMK75 and
GMK100) and quartz. I, C, Kf, A Ommrt
and H denote peaks of illite, G;aKoz
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Littoral region of Cameroon. Bauxite was collected from
Mini-Martap in the Adamawa region of Cameroon. Rice
husk ash was provided by Upper Nyoung Valley
Development Association (UNVDA). This company is
situated in Ndop in the Department of Ngoketundjia,
Region of North-West (Cameroon). The silica source
with white colour has been calcined in the open air
for 4 h by UNVDA before being ground in small pieces.
Once collected, waste fired brick, kaolin and bauxite were
first dried in air for 24 h and then broken into small pieces
using a hammer. Each piece of waste fired brick, kaolin,
bauxite and rice husk ash were pulverized separately in
the ball mill (MGS, Srl) for 45 min. The resultant powder
of each material was sieved through 125 pm and the ob-
tained powders of waste fired brick, kaolin, bauxite and
rice husk ash were denoted WB, Dib,, BaX and RHA,
respectively. The powders of kaolin and bauxite were
transformed to metakaolin (for kaolin) and semi-
crystalline alumina (for bauxite) by the calcination at
700 °C (for 4 h) and 600 °C (for 2 h), in order to obtain
the powders, denoted MK-Dib, and CBaX, respectively.
The heating and cooling rate of 5 °C/min are maintained
during the calcination of these materials. NaOH pellet was

2 Theta

provided by the laboratory-grade granules (96 wt%,
Sigma Aldrich, Italy). The chemical compositions of ka-
olin (Dib,), rice husk ash (RHA), bauxite (BaX) and
waste fired brick (WB) have been reported in Table 1. It
is important to mention that kaolin and rice husk ash have
been described by Melele et al. [33]. The X-ray pattern of
rice husk ash (RHA) is displayed in Fig. 1 and those of
kaolin (Dib,) is presented in Fig. 2. The X-ray patterns of
bauxite (BaX) and calcined bauxite (CBaX) are depicted
in Fig. 3. Bauxite and waste fired brick have been studied
by Tchamba et al. [25] and Beleuk a Moungam et al. [34],
respectively. The bauxite and semi-crystalline alumina is
already described by Moudio et al. [35]. Commercial
quartz from Fluka was used as reference crystalline
silica.

2.2 Experimental Methods
2.2.1 Preparation of Sodium Waterglass from Rice Husk ash
Sodium waterglass containing a molar ratio SiO,/Na,O equal

to 1.6 has been prepared using rice husk ash and sodium
hydroxide. For its preparation, water was added to the sodium

@ Springer
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3000

Fig. 7 X-ray diffractograms of
geopolymer materials from waste
fired brick (GWBO0 and
GWBI100) and quartz. I, C, K, A
and H denote peaks of illite,
cristobalite, kaolinite, anatase and
hematite, respectively
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hydroxide pellet in order to obtain sodium hydroxide solution.
The whole was mixed with rice husk ash. The mixture was
heated for about 1 h at 100 °C using a magnetic stirrer to
obtain sodium waterglass.

2.2.2 Synthesis of Geopolymer Materials
Geopolymer materials were synthesized by adding firstly

metakaolin or waste fired brick to calcined bauxite. The
mass ratios of the raw materials (calcined bauxite,

T T T T T

30 40 50 60 70 80

2 Theta

metakaolin and waste fired brick) designed as calcined
bauxite/metakaolin or calcined bauxite/waste fired brick
are equal to 0, 0.1, 0.2, 0.3 and 0.4. The prepared sodium
waterglass was added to each aforementioned mixture and
blended for about 5 min to obtain the fresh pastes of
geopolymer materials for each composition. The obtained
fresh pastes were moulded in the cubic moulds (40 mm)
and vibrated for about 2 min using a vibrating table. The
moulded pastes were covered with plastics and left in the
laboratory for 24 h before demoulding. Afterwards, the

Table 4 Amorphous and

crystalline phase contents (wt%) Specimens GMKO GMK75 GMK100 GWBO0 GWB100
Quartz (wt%) 50 57 37 31 32
Other crystalline phases (Wt%) 14 1.6 19 28 22
Total crystalline phases (wt%) 64 58.4 56 59 54
Amorphous phases (Wt%) 36 41.6 44 41 46

@ Springer
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Fig. 8 Infrared spectra of 1.8 1011
geopolymer materials from

metakaolin (GMKO0, GMK75 and

GMK 100) and quartz 1.6

1.4-/\:\‘ 2

792

Absorbance (arb. units)

1400 1636

demoulded specimens were maintained at room tempera-
ture of the laboratory for 28 days before testing their
compressive strengths. Geopolymer materials from the
mass ratios calcined bauxite/ metakaolin equals to 0,
0.1, 0.2, 0.3 and 0.4 are denoted GMKO0, GMK25,
GMKS50, GMK75 and GMK100, respectively. Whereas
those from these mass ratios calcined bauxite/waste
fired brick are called GWB0, GWB25, GWB50,
GWB75 and GWBI100, respectively. The mixed design
of the geopolymer materials from metakaolin and waste
fired brick have been reported in Tables 2 and 3,
respectively.

2.2.3 Methods of Characterisation of Raw Materials
and Metakaolin-based Geopolymer Cements

The behaviour of the semi-crystalline alumina added to the
aluminosilicates rich in amorphous and crystalline silica dur-
ing the geopolymerization process was assessed by measuring
their compressive strengths. The structural properties of the
geopolymer materials have been investigated on the powders
using an X-ray diffractometer and infrared spectrometer

1500

2000 2500 3000 3500 4000

Wavenumber (cm'1)

apparatus. The microstructure has been studied by the obser-
vation of the fragments on the geopolymer materials using a
scanning electron microscope (SEM). The spectra of different
zones of the selected specimens were recorded using the EDS
analysis during the observation of fragments on the
microscope.

The compressive strengths of the prepared geopolymer ma-
terials were measured on an automatic hydraulic press with a
250 kN capacity (Impact Test Equipment Limited, UK KA20
3LR) according to the DIN 1164 standard using a loading rate
kept constant at 0.500 MPa/s. The fragments of the selected
compositions such as GMK0, GMK75, GMK 100, GWBO0 and
GWBI100 after compressive strengths testing were collected.
One part was used for SEM observations and the others were
finely ground in a porcelain mortar. The obtained powders
were used for registering their X-ray diffractograms and infra-
red spectra.

The X-ray patterns of the selected geopolymer materials
and quartz were performed on a Bruker D8 Advance equipped
with LynXeye XE T detector detecting CuK«1,2 in Bragg
Brentano geometry. The range between 5 and 80° (20) was
measured for 1 h per sample in steps of 0.01°. The crystalline
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Fig. 9 Infrared spectra of 1.4
geopolymer materials from waste

fired brick (GMKO0, GMK75 and
GMK100) and quartz
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phases present in the structure of each specimen were identi-
fied using X’Pert HighScore Plus software. Opus-Software
was used to calculate the intensities. They were done by sim-
ply making 1st baseline correction to get the total intensity
(subtract instrumental scattering) = S(tot), the baseline cor-
rection by subtracting the amorphous and instrumental part
(S(Cryst) and finally integrating the intensity of all Quartz
peaks (S(Qz).

S(amorphous) = S(Tot) — S(cryst) and S(cryst) = S(Qz) + rest.

The infrared spectroscopy analysis of the selected
geopolymer materials were determined using the KBr method
where about 200 mg of KBr was mixed with around 1 mg of
the sample. The whole was mixed in an agate mortar and
pressed at 100 kN using a hydraulic press (ENERPAC
P392, USA). The obtained pellets were used to record the
spectra with the resolution of 2 cm~ ' and 16 scans using a
Bruker Vertex 80v. The data were collected using OPUS
software.

@ Springer
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The selected fragments of geopolymer materials after
gold/palladium-coating were used for the micrograph
image observations coupled with microanalysis using
energy dispersive X-ray analysis (EDS). The observation
of the selected fragment of the microscope was done on
a LEICA EM ACE600 with an acceleration voltage of
20.0 kV.

3 Results and Discussion
3.1 Characterisation of Starting Materials
3.1.1 X-ray Patterns

The X-ray powder diffractograms of waste fired brick (WB),
metakaolin (MK-Dib,) and quartz as reference are reported in
Fig. 4. Both X-ray patterns display the peaks of illite, anatase
and quartz. In addition to these crystalline minerals, the main
peak of K-feldspar is observed on the diffractogram of
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Fig. 10 Micrography images of
the selected geopolymer materials
(GMKO0, GMK75, GMK100,
GWBO0 and GWB100)
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Fig. 11 Microanalysis investigation (EDS) of the selected geopolymer materials (GMKO0, GMK?75, GMK100, GWB0 and GWB100)

metakaolin, whereas, the one of waste fired brick indi-
cates the peaks of hematite and residual kaolinite. The
broad peaks of hematite observed at about 33.12 and
35.62 °(20) could be related to the presence of semi-
crystalline hematite [13]. Both diffractograms likewise il-
lustrate the broad hump structure between 15 and 38 °(20)
corresponding to the formation of metakaolinite (amor-
phous aluminosilicate phase) in the structure of waste
fired brick and metakaolin [13, 31].

3.1.2 Infrared Spectra

Figure 5 illustrates the infrared spectra of waste fired
brick (WB), metakaolin (MK-Dib,) and quartz as refer-
ence. The absorption bands situated at 470 and 459 cm™
! on the spectra of waste fired brick and metakaolin, re-
spectively, are assigned to the bending vibration modes of

@ Springer

siloxane (Si-O-Si) bonds [36]. The band that appears at
538 cm~ ' on the spectrum of waste fired brick is associ-
ated with the vibration modes of Fe-O of hematite. This
corroborates the X-ray diffractogram of WB which shows
the peaks of hematite. The absorption bands at 696 — 695
and 799 — 797 cm™ ' indicated the presence of quartz
[37]. Those at 915, 3626 and 3701 cm™ ' on the spectrum
of waste fired brick are attributed to the residual kaolinite.
The presence of kaolinite is confirmed by the appearance
of the main reflection peak of kaolinite at around 12.2°
(20) on the XRD pattern of WB (Fig. 5). The absorption
bands with low intensity at about 1643 and 3458 cm '
observed on the spectrum of waste fired bricks are attrib-
uted to the vibration modes of H-O-H and O-H of water
molecules and silanol groups, respectively. It can be seen
that the main absorption bands at 1083 cm~ ' for
metakaolin and 1084 cm™ ' for waste fired brick are
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narrow and broad, respectively. Compared to the spec-
trum of quartz, it is obvious that the narrow main band
observed on the spectrum of metakaolin could be attrib-
uted to the higher quartz content and the broad one on the
spectrum of waste fired brick is assigned to the higher
amorphous phase content. Regarding the chemical com-
position of metakaolin and waste fired brick reported in
Table 1, it can be seen that metakaolin and waste fired
brick contain 59.60 and 60.98 wt% of silicon dioxide
(Si0,), respectively. The combination of the chemical
compositions and the infrared spectra results of these
raw materials leads us to conclude that metakaolin is rich
in crystalline silica (quartz) and waste fired brick is rich in
amorphous silica. The higher quartz content in the

structure of metakaolin is also confirmed by the higher
intensities of the absorption bands that appear at 459,
695 and 797 em~ ' (Fig. 5). It is important to indicate
that the absorption band values present on the spectra of
MK-Dib, and WB have been described by Melele et al.
[31] and Bewa et al. [13], respectively.

3.2 Characterisation of Geopolymer Materials

3.2.1 X-ray Diffractograms, Crystalline and Amorphous Phases
Content

Figures 6 and 7 display the X-ray patterns of the selected
geopolymer materials from metakaolin (GMKO0, GMK?75

@ Springer
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and GMK100) and waste fired brick (GWB0 and GWB100),
respectively, with quartz reference. The diffractograms of all
geopolymer materials show the peaks of illite, anatase, hema-
tite, cristobalite and quartz. The cristobalite presented on the
X-ray patterns of geopolymer materials is come from sodium
waterglass indicating that this mineral does not dissolve in an
alkaline medium during the preparation of sodium waterglass
from rice husk ash. The presence of hematite in the structure
of geopolymer materials from metakaolin after addition to the
semi-crystalline alumina comes from calcined bauxite. In ad-
dition to these minerals, those from metakaolin indicate the
peaks of K-feldspar while those from waste fired brick exhibit
the peak of residual kaolinite. Besides these crystalline phases,
the X-ray patterns present the broad hump structure between
20 and 40 ° (20) corresponding to the formation of the binders
in the structure of the final products. The presence of
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crystalline and amorphous phases in the structure of
geopolymer materials indicate that these inorganic poly-
mers are semi-crystalline materials.

The amount of the crystalline and amorphous phases
contained in the structures of geopolymer materials, GMKO,
GMK?75, GMK 100, GWB0 and GWB100, are presented in
Table 4. It was observed that geopolymer materials, GMKO,
GMK75 and GMK 100 have 36, 41.6 and 44 wt% of amor-
phous phase content, respectively. The quartz content in the
aforementioned geopolymer materials are 50, 57 and 37 wt%,
respectively. Whereas, those from waste fired brick GBWO0
and GBWBI100 are 41 and 46 wt% of amorphous phases,
respectively, and 31 and 32 wt% of quartz content, respective-
ly. The specimens from metakaolin contain a higher quartz
content compared to those from waste fired brick. It seems
that the amorphous phases content increase with increasing
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the mass ratios of calcined bauxite/metakaolin and calcined
bauxite/waste fired brick. This could be related to the growing
of the binder when the mass ratios of calcined bauxite/
metakaolin and calcined bauxite/waste fired brick increase.
The quartz content in the structure of geopolymer materials
from waste fired brick is nearly the same value while the ones
from metakaolin increase from 50 to 57 wt% when the mass
ratios are ranging from 0 to 0.3. The increase of the quartz
content could be related to the addition of calcined bauxite to
metakaolin because the X-ray patterns of calcined bauxite
show some peaks of this mineral (Fig. 3). The increasing of
the mass ratios of calcined bauxite/metakaolin from 0.3 to 0.4
entails a decreasing the quartz content (from 57 to 37 wt%).
This could indicate that some quartz particles involve in the
geopolymerization process according to the findings work of
Bewa et al. [13].

fe 0o
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3.2.2 Infrared Spectra

Figures 8 and 9 depict the infrared spectra of geopolymer
materials from the selected mass ratios calcined bauxite/
metakaolin and calcined bauxite/waste fired brick, respective-
ly associated with quartz. The adsorption bands ranging from
461 to 443 cm~ ! on the spectra of GMKO0, GMK75,
GMK 100, GWB0, GWG100 and the quartz reference are as-
cribed to the bending vibrations modes of Si-O bonds. The
bending one of Fe-O on the spectra of GWB0 and GWB100
(Fig. 9) that appears at 535 cm~ ' confirms the presence of
hematite observed on the X-ray patterns (Fig. 7). The absorp-
tion bands appear at 685 and 792 cm™ ' on the infrared spectra
of GMKO0, GMK75 and GMK 100. Those observed at 692 and
771 cm™ ! on the spectra of GWB0 and GWB100 are com-
pared to the spectrum of quartz. It can be seen that these bands
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are attributed to the stretching vibration modes of Si-O bonds
of quartz. The bands that appear between 859 and 857 cm™ !
on the spectra GMKO0, GMK75, GMK 100 and GWG100 are
assigned to the bending vibration modes of silanol groups (Si-
OH). This band does not appears on the spectrum of GBW0
entailing the higher degree of polycondensation reaction. The
main absorption band appears at 1011 cm™ ' on the spectra of
GMKO0, GMK75 and GMK 100, 1015 ¢cm~ ' on the spectra of
GWBO0 and GWB100. These bands that belong to the asym-
metrical and symmetrical vibration modes of siloxane (Si-O-
Si) and sialate (Si-O-Al) bonds appear at 1083 and 1084 cm™ '
on the spectra of metakaolin (MKDib,) and waste fired brick
(WB), respectively (Fig. 4). This is due to the formation of 3D
dimensional geopolymer materials [28]. The shift of these
main bands compared to the ones of metakaolin and waste
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fired brick (Fig. 4) could be ascribed to the replacement of
Si in Si-O-Si by Al leading to the formation of sialate bonds
(Si-O-Al). According to Zidi et al. [28], this replacement of-
fers more nucleation sites. The slight band at 918 cm™ ' which
is ascribed to the stretching vibrations of Al-OH bonds is
observed on the spectrum of GWB100 leading to the low
degree of geopolymerization process. This could indicate that
the semi-crystalline alumina added to the waste fired brick
does not take part in the geopolymerization process. The low-
er degree of the polycondensation reaction could also be con-
firmed by the higher intensity of the absorption band that
appears at 1388 cm™ ! on the spectrum of GWB100 compared
to the one of GWBO. This band belongs to the C-O 0of Na,COj3
like the one ranging from 1433 to 1400 cm™ ' on the spectra of
GMKO, GMK75 and GMK100. The bands at 1636 and
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3426 cm™ ! are recorded to the bending and stretching vibra-
tion modes of H-O-H and -OH bonds of water molecules,
respectively. Those with the lowest intensity that appear at
3618 and 3686 cm~ ' on the spectra of GWBO and
GWBI00 are assigned to the residual kaolinite.

3.2.3 Micrography Images and Energy-dispersive X-ray
Investigations

The micrography images of the selected geopolymer materials
(GMKO0, GMK75, GMK 100, GWB0 and GWB100) are illus-
trated in Fig. 10. It can be observed that the micrographs of
GMKO, GMK?75, GMK100 and GWBO0 are compacts and
they have a homogeneous structure. The homogeneous struc-
ture of GMKO0, GMK75 and GMK100 could be ascribed to
the particles of quartz embedded in the matrix and therefore

act as filler. Whereas the homogeneous one of GWBO could
be related to the formation of a higher siloxane chain content
in the network due to the presence of the higher amorphous
silica content as emphasized by the FTIR and XRD investiga-
tions. Similar observations were noted by Tchakouté et al.
[32] and Zidi et al. [28]. However, when the mass ratio cal-
cined bauxite/waste fired brick is 0.4, the fibres appear in the
structure of the final product. The appearance of the fibres in
GWBI100 (Fig. 10) could be due to the agglomeration of the
excess semi-crystalline alumina content.

The spectra of the energy dispersive X-ray analysis (EDS)
of the selected geopolymer materials known as microanalysis
are collected at different zones on the micrograph images at
different scales (Fig. 11). It is important to note that the posi-
tion of the peaks observed on each spectrum indicates the
element and the intensity of each signal belongs to the
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concentration of each element. The image of GMKO observed
at 200 pum presents 4 points denoted 1, 2, 3 and 4. Whereas the
one at 20 pm displays 3 points (1 to 3). The spectra of the first
image (1, 2, 3 and 4) indicate that the geopolymer networks
are rich in silica and the image observed at 20 um presents the
same trend associated with quartz (point 1) embedded in the
geopolymer matrix. The spectra of GMK75 depicts 4 points (1
to4). Points 1 and 3 are geopolymer matrices containing some
grains of quartz (points 2 and 4) but point 3 contains a higher
aluminum content due to the semi-crystalline alumina added
to the metakaolin during the preparation of geopolymer mate-
rials. The spectra of GMK75 show that the semi-crystalline
alumina reacts with amorphous silica contained in the struc-
ture of metakaolin during the synthesis of geopolymer mate-
rials and therefore spreads in the networks. GMKY75 is
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composed of a Si-rich geopolymer network associated with
quartz embedded in the matrix. The absence of the zone rich in
the alumina could be related to the fact that alumina added
could be included in the network of geopolymer materials
forming more sialate bonds in the system [28]. The images
of GMK100 observed at 10, 25 and 100 um present also
different points. They indicate some spectra containing
geopolymer networks (10 um: point 1, 25 pum: point 2 and
100 pm: point 1) associated with Al-rich geopolymer network
(10 um: points 2, 3 and 4). The Al-rich geopolymer materials
have been observed at 25 um on points 1 and 3 and 100 pm on
points 2, 3 and 4. This confirms the heterogeneity of GMK100
and the agglomeration of the excess semi-crystalline alumina
in its structure. The spectra of GWBO show the images with
the scales equal to 100 um (points 1, 2 and 3) and 500 um
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(points 1, 2, 3 and 4). These spectra indicate the formation of
Si-rich geopolymer materials containing iron which spread in
their structures. The EDS spectra of GWB100 reported in
Fig. 11 show that the final products are mainly constituted
of Al-rich geopolymer materials associated with iron due to
the presence of hematite. It is as if the addition of semi-
crystalline alumina to the waste fired brick in the presence of
sodium waterglass would result in an agglomeration of iron
hydroxide on one side and the aluminate on the other. This
prevents these entities to include in the geopolymer network
during the polycondensation reaction and therefore could af-
fect negatively the compressive strength values. The image of
GWB100 observed at 25 pm indicates the higher intensity of
the peak of Na probably due to the lower dissolution of the
raw material (waste fired brick-calcined bauxite). This is con-
firmed by the higher intensity of the absorption band that

Full scale counts: 570

Point 3

Integral Counts: 56667

appears at 1388 cm™ ! on the infrared spectrum of GWB100
(Fig. 9) compared to the one of GWBO. The higher intensity of
the peak of Al observed on point 5 (GWB100) could confirm
the formation of Al-OH that appears on the spectrum of
GWBI100 at 918 cm~ ' (Fig. 9). It seems that the iron in the
structure of GWBO spread in the network while it is gathered
in the structure of GWB100 when the semi-crystalline alumi-
na was added to the waste fired brick. According to the EDS
results of GWB100, the fibres observed on the micrograph
images of GWB100 are assigned to the agglomeration of iron
oxide.

3.2.4 Compressive Strengths

The compressive strength values of the geopolymer materials,
GMKO0, GMK25, GMK50, GMK75 and GMK 100 using the

@ Springer
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mass ratios calcined bauxite/metakaolin equals to 0, 0.1, 0.2,
0.3 and 0.4, respectively, are displayed in Fig. 12 and those of
GWB0, GWB25, GWB50, GWB75 and GWB100 using cal-
cined bauxite/waste fired brick are presented in Fig. 13. These
figures show that the compressive strength values of
geopolymer materials GMKO0, GMK25, GMK50, GMK75
and GMK100 are 36.33, 48.44, 53.17, 55.09 and
43.19 MPa, respectively. Those of GWB0, GWB25,
GWB50, GWB75 and GWB100 are 47.81, 34.94, 24.69,
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23.77 and 19.91 MPa, respectively. It can be seen that the
compressive strength values of the geopolymer materials from
metakaolin increase from 36.33 to 55.09 MPa with the incre-
ment in the mass ratios calcined bauxite/metakaolin up to 0.3
and drop from 55.09 to 43.19 MPa when the molar ratio in-
creases from 0.3 to 0.4. This could be ascribed to the fact that
the aluminum atoms added in the system are replaced silicon
atoms in Si-O-Si in metakaolin during the geopolymerization
process leading to the formation of more sialate chains in the
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network [27]. The inclusion of more aluminum in the structure
of geopolymer materials from metakaolin is justified by the
lower wavenumber value of the main band which appears at
about 1011 cm~ ' compared to those from waste fired brick
which appears at 1015 cm™ ' (Figs. 8 and 9). According to
Milkev [38] and Riischer et al. [39], the inclusion of aluminum
in the structure of geopolymer materials from metakaolin
compared to those from waste fired brick could be related to
the higher dissolution of metakaolin and therefore leading to
the formation of more cross-linking geopolymer networks.
The increase of the compressive strengths from 36.33 to
55.09 MPa of the geopolymer materials from metakaolin
could also be assigned to the regular distribution of semi-
crystalline alumina in their networks during the polyconden-
sation process. The decrease of the strength of geopolymer
materials from metakaolin could be related to the formation
of Al-rich geopolymer in some zones. The obtained results are
in agreement with the findings work of Fernandez-Jimenez
et al. [40], De Silva et al. [41] and Fletcher et al. [42]. These
authors reported that the compressive strength of the Al-rich
geopolymer material is lower. This result is also confirmed by
the EDS results which present some spectra with higher inten-
sity of Al (image 10 pm, points 2 and 4). Even though the
compressive strengths of geopolymer materials from
metakaolin decrease from 55.09 to 43.19 MPa, the one

48.44 |

GPMK25 GPMKS50 GPMK75 GPMK100

containing the highest amount of semi-crystalline alumina
(i.e. with molar ratio 0.4) is higher compared to the one pre-
pared without the addition of semi-crystalline alumina. This
could be ascribed to the inclusion of some semi-crystalline
alumina in the network of GMK100 and also be related to
the higher amorphous phase content in GMK100 (44 wt%)
compared to the one of GMKO which has 36 wt% of amor-
phous phase content (Table 4). The higher compressive
strength value of GWBO (47.81 MPa) regarding the one of
GMKO (36.33 MPa) could be related to the higher amorphous
silica in the waste fired brick compared to the one of
metakaolin. This amorphous silica contributes to increasing
the siloxane chains in the structure of geopolymer material
and therefore increase its compressive strength value [40].
This could be also be ascribed to the presence of Fe** in the
structure of waste fired brick which creates more nucleation
sites. Whereas, the compressive strengths of geopolymer ma-
terials from waste fired brick decrease from 47.81 to
19.91 MPa with increasing the mass ratios of calcined
bauxite/waste fired brick. The decreasing of the compressive
strength values of the geopolymer materials when semi-
crystalline alumina was added to the waste fired brick could
indicate that the semi-crystalline alumina added does not react
with amorphous silica contained in the waste fired brick dur-
ing the geopolymerization process. It appears that during the
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geopolymerization process from waste fired brick, the addi-
tional sialate bonds do not form and therefore, aluminum from
semi-crystalline alumina do not include in the network. The
lowest compressive strength of GWB100 is justified by the
presence of AlI-OH bonds in the network. This is due to the
lower dissolution of waste fired brick when semi-crystalline
alumina was added entailing the formation of octahedral Al at
very high Al content [43] that cannot be incorporated into the
gel network.

4 Conclusions

The main objective of this investigation was to study the be-
havior of the semi-crystalline alumina when it is added to the
aluminosilicate sources rich in quartz and amorphous silica
during the synthesis of the geopolymer materials. Based on
the experimental results reported, the following conclusions
are drawn:

* The combination results of the chemical composition and
the infrared spectra indicate that metakaolin and waste
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fired brick are aluminosilicate-rich in quartz and amor-
phous silica, respectively.

* The geopolymer materials from the mass ratios calcined
bauxite/metakaolin equals 0, 0.3 and 0.4 have 36, 41.6 and
44 wt% of amorphous phases and 50, 57 and 37 wt% of
quartz content, respectively. Those from the mass ratios
calcined bauxite/waste fired brick equals 0 and 0.4 have
41 and 46 wt% of amorphous phases and 31 and 32 wt%
of quartz content, respectively.

* The compressive strength values of the geopolymer mate-
rials from the mass ratios calcined bauxite/metakaolin
equals 0, 0.1, 0.2, 0.3 and 0.4 are 36.33, 48.44, 53.17,
55.09 and 43.19 MPa, respectively. Those from calcined
bauxite/waste fired brick are 47.81, 34.94, 24.69, 23.77
and 19.91 MPa, respectively.

* The micrograph images of the geopolymer materials are
compact and homogeneous structures.

* The spectra of the energy dispersive X-ray analysis of
geopolymer materials from metakaolin with different
mass ratios calcined bauxite/metakaolin and the one from
waste fired brick without adding the semi-crystalline alu-
mina indicate the formation of Si-rich geopolymer net-
works. The one from waste fired brick after addition of
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the semi-crystalline alumina with mass ratio calcined
bauxite/waste fired brick equal to 0.4 is mainly composed
of Al-rich geopolymer structures associated with iron.

It can be concluded that the semi-crystalline alumina added
to the metakaolin react with amorphous silica contained in the
structure of metakaolin during the preparation of geopolymer
materials and therefore entails the formation of additional
sialate bonds in the network. Whereas this semi-crystalline
alumina does not react with amorphous silica contained in
the waste fired brick during the geopolymerization entailing
the agglomeration of aluminum which lead to the formation of
more Al-rich geopolymer zones.
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