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Abstract

This work aims to investigate the coexistence of the poly(phospho-siloxo) networks and calcium phosphates on the com-
pressive strengths of the acid-based geopolymers obtained at room temperature. Waste fired brick and phosphoric acid were
used as an aluminosilicate and chemical reagent, respectively. Calcium aluminate hydrate was prepared by mixing calcium
hydroxide from the calcined eggshell and calcined bauxite. Calcium silicate hydrate was obtained by the mixture of rice
husk ash and calcium hydroxide. The molar ratios CaO/Al,O5 and CaO/SiO, in the calcium aluminate and calcium silicate
hydrates are equals to 1.0. The X-ray patterns of the acid-based geopolymers indicate the broad hump structure between 18
and 38°(20). In addition to this broad band, those from the mixture of calcium sources show the reflection peaks of monetite
and brushite. The compressive strength of the reference is 56.43 MPa. Those obtained with the addition of 10, 20, 40 and
50 g of calcined eggshell are 30.15, 22.85, 21.16 and 13.47 MPa, respectively. The ones from calcium aluminate hydrate
are 32.62, 31.58, 17.83 and 16.33 MPa, respectively. Whereas those containing calcium silicate hydrate are 44.02, 42.71,
40.19 and 18.59 MPa, respectively. This work demonstrates that the formation of calcium phosphates in the structure of
the acid-based geopolymers decreases the poly(phospho-siloxo) chains and therefore reduces their compressive strengths.
The moderate addition of calcium silicate hydrate reduces slightly the compressive strengths of the acid-based geopolymers
which can be comparable to the one of CEM II 42.5R.
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1 Introduction

Geopolymer material is a class of semi-crystalline inorganic
polymer with a three-dimensional structure constituted of
poly(sialate-siloxo) or poly(phospho-siloxo) chains. This
material is obtained from the chemical reactions between a
semi-crystalline aluminosilicate source and alkaline reagents
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(sodium or potassium waterglass) or acid reagents (humic
or phosphoric acids). Several researchers reported that the
semi-crystalline aluminosilicates used for the preparation
of this inorganic polymer could be natural raw materials
such as kaolin [1] and volcanic ash [2-6], industrial by-
products such as fly ash [7, 8] and ground granulated blast
furnace slag [9] and synthetic material like metakaolin [10].
Among these raw materials, ground granulated blast fur-
nace slag and fly ash denoted fly ash class C has approxi-
mately 40 and 20 wt% of calcium oxide, respectively [11].
Geopolymer networks obtained in an alkaline reagent from
both latter raw materials indicated the coexistence of the
calcium silicate hydrate (CSH) and/or calcium aluminate
silicate hydrate (CASH) and the poly(sialate-siloxo) network
in their structures. According to the findings work of Yip
et al. [12], CSH and/or CASH present in the structure of
the geopolymer material acts as filler or micro-aggregate
and enhance its strength. Mabah et al. [13] and Tchakouté

@ Springer


http://orcid.org/0000-0002-6278-8943
http://crossmark.crossref.org/dialog/?doi=10.1007/s10904-021-01949-8&domain=pdf

3302 Journal of Inorganic and Organometallic Polymers and Materials (2021) 31:3301-3323

et al. [14] used semi-crystalline CSH as an additive for the
preparation of (Ca, Na)-geopolymer cements. These authors
reported that the incorporation of 10 wt% of this calcium
source enhances the compressive strength of the geopoly-
mer cement. Mackenzie et al. [15] reported that the amor-
phous calcium silicate used as an additive includes in the
geopolymer network and Tchuenté et al. [16] concluded that
the compressive strengths of the specimens decrease with
increasing the amorphous calcium silicate hydrate content
in the geopolymer mortars. Yip et al. [11] used different
crystalline calcium silicate sources such as Ordinary Port-
land cement, ground granulated blast furnace slag, wollas-
tonite, hornblende, tremolite, prehnite and anorthite con-
taining 64.70, 43.00, 47.50, 21.39, 22.57, 25.77 and 15.43
wt% of CaO, respectively, as additives to metakaolin for
producing geopolymer cements. They reported that the sub-
stitution of metakaolin by 20 wt% of any calcium silicate
source provides higher compressive strength value. Tcha-
kouté et al. [17] used calcium phosphates such as brushite
and hydroxyapatite as additives for producing geopolymer
cements using sodium waterglass as chemical reagent.
The reported that geopolymer cements containing 2 wt%
of hydroxyapatite and 6 wt% of brushite provide higher
compressive strengths. This indicates that the presence of
calcium phosphate compounds in the structure of geopoly-
mer cements from alkaline medium improve their compres-
sive strengths. Gualtieri et al. [18] investigated the thermal
properties of the acid-based geopolymer foams by in situ
XRPD and Rietveld refinements using limestone as pore
forming agent. They reported that f-Ca;PO, is formed in
the structure of the non-heated geopolymer. These authors
did not say anything concerning the compressive strength.
Apart geopolymer cement, other polymers such as poly(p-
anisidine) nanocomposites have been prepared by Boutaleb
et al. [19]. Up to now, no previous work does not investi-
gate the behaviour of calcium phosphate compounds in the
structure of acid-based geopolymers. Many researchers used
metakaolin [20-22] and laterite [23, 24] as aluminosilicates
for the production of the acid-based geopolymers. To obtain
the hardened acid-based geopolymers, these authors cured
the fresh paste at 60 °C in an oven for 24 h. According to
Davidovits [25], geopolymer material obtained in an acidic
medium requires an energy gradient which favours quickly
the formation of the hardened material. In order to avoid
the energy gradient during the synthesis of the acid-based
geopolymers, it would be interesting to use an aluminosili-
cate source able to produce specimens which can be handled
after maintained at room temperature of the laboratory and
demoulded after 24 h.

This work deal to study the coexistence of the calcium
phosphates and poly(phospho-siloxo) networks on the com-
pressive strength of the acid-based geopolymers obtained
at room temperature. Waste fired brick was used in this
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investigation as an aluminosilicate source. In order to avoid
the energy gradient during the preparation of the acid-based
geopolymer, Bewa et al. [26] showed that the obtained
fresh paste of the acid-based geopolymer from waste fired
brick hardened at room temperature of the laboratory and
demoulded after 24 h. The coexistence of the calcium phos-
phate compounds and poly(phospho-siloxo) networks in the
structure of the acid-based geopolymers were examined by
measuring their compressive strengths. The X-ray diffrac-
tometry was performed in order to identify the calcium phos-
phates and the poly(phospho-siloxo) chains in the structure
of the acid-based geopolymers. The functional groups and
morphologies were monitored using the infrared spectros-
copy and scanning electron microscopy, respectively.

2 Materials and Experimental Procedures
2.1 Materials

Waste fired brick provides by the Local Promotion Materi-
als Authority (Mipromalo) was used as an aluminosilicate
source in this investigation. This company is located in
the Centre region of Cameroon. The chicken eggshells
(calcium carbonate source) were harvested from nearby
restaurant in Yaounde situated in the Centre region of
Cameroon. This calcium-rich waste was washed with tap
water and dried in air. Bauxite was collected in Minim-
Martap in the Adamawa region of Cameroon. Rice husk
ash denotes RHA with white colour was provided by the
Upper Nun Valley Development Authority (UNVDA) situ-
ated in Ndop in the North-West region of Cameroon. One
collected, waste fired brick and bauxite were broken using
a hammer whereas dried chicken eggshells were broken
with hand into smaller pieces. The fragments of waste fired
brick, bauxite, pieces of chicken eggshells and rice hush
ash were finely crushed separately for 30 min in the ball
mill (MGS Srl) and sieved at 80 pm in order to get dif-
ferent smaller powders of each sample. The fine powders
of waste fired brick, bauxite and chicken eggshells were
denoted WB, BaX and Eggshell, respectively. The fine
powders of eggshell and BaX were separately calcined
in the electric programmable furnace (MGS Srl) at 900
and 600 °C, respectively for 2 h using a heating and cool-
ing rate of 5 °C/min. The obtained calcined powders of
eggshell and BaX were denoted Eggshell_900 and CBaX,
respectively. Waste fired brick was already characterized
by Bewa et al. [26]. They reported that this aluminosili-
cate-rich waste is constituted of around 61 wt% of sili-
con dioxide and has only approximately 8 wt% of quartz.
Chicken eggshell and rice husk ash were characterized
by Mabah et al. [13] and bauxite was characterized by
Tchamba et al. [27]. The chemical compositions of these
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Table 1 Chemical compositions of waste fired brick (WB), rice husk
ash (RHA), eggshell, eggshell-900 and bauxite (BaX), wt%

Samples WB RHA Eggshell  Eggshell-900 BaX
Oxides

Na,O / / 0.136 / /
MgO 0.323 0.28 0.855 0.961 /
Al,O4 22.50 0.58 0.233 0.24 58.10
SiO, 60.98 9320 0.243 0.373 1.00
P,04 0.331 / 0.476 0.491 0.17
SO, / / 0.206 0.326 0.07
K,O 0.932 3.05 0.071 / /
CaO 0.104 0.57 / 96.355 0.08
CaCO; / / 93.166 / /
TiO, 1.728 0.03 / / 2.40
Cr,04 0.0251 / / / 0.06
Fe,04 9.635 2.20 0.085 0.11 5.54
ZnO 0.019 / / / 0.03
SrO 0.0049 / 0.288 / 0.05
710, 0.06185 / / / 0.08
Others 0.2008 1.78 / / 0.75
LOI 3.10 1.2 / / 31.67

LOI loss on ignition

raw materials are given in Table 1. The chemical reagent
with molar concentration 10 M was prepared by a dilution
of a commercial phosphoric acid with 85 wt% of purity
and the specific gravity equal to 1.69. It was provided by
Sigma Aldrich, France.

2.2 Experimental Procedures

2.2.1 Preparation of Semi-crystalline Calcium Aluminate
Hydrate and Calcium Silicate Hydrate

In order to prepare the semi-crystalline calcium silicate
hydrate and calcium aluminate hydrate, the powder of
Eggshell 900 (CaO) was mixed mechanically with dis-
tilled water for around 5 min in the porcelain mortar to
obtain gel of Ca(OH),. The prepared gel was separately
mixed with rice hush ash and calcined bauxite for 30 min
using a rapid ball mill in order to have the gel of semi-
crystalline calcium silicate hydrate and calcium aluminate
hydrate with molar ratios CaO/SiO, and CaO/Al,O5 equal
to 1.0. These homogeneous and Ca(OH), gels were dried
in an electric oven (GenLabPrime) at 80 °C for 24 h. The
different agglomerated specimens obtained were sepa-
rately crushed in a rapid ball mill for 30 min to get the
powders of semi-crystalline calcium silicate hydrate and
calcium aluminate hydrate named CS et CA, respectively.
Calcined eggshell, semi-crystalline calcium silicate and

calcium aluminate hydrates were used in this work as cal-
cium sources.

2.2.2 Synthesis of acid-Based Geopolymer Cements
Containing Calcium Phosphates

Acid-based geopolymer cements without or containing cal-
cium phosphates were prepared by mixing separately phos-
phoric acid solution to the powders of waste fired brick,
the mixture of waste fired brick and calcined eggshell or
semi-crystalline calcium silicate hydrate or semi-crystalline
calcium aluminate hydrate. It is worth to mention that the
mixture of waste fired brick and Eggshell_900, waste fired
brick and CS, waste fired brick and CA were obtained by
the addition of 10, 20, 40 and 50 g of Eggshell_900 or CS
or CA to 100 g of waste fired brick. Each whole mixture of
the material was blended mechanically in a porcelain mor-
tar for about 5 min and each fresh paste was moulded in
the cubic moulds with the dimension of 40 x40 x40 mm.
The moulded samples were cured at room temperature for
24 h, demoulded and sealed in the plastic bag for 28 days at
2542 °C with 68% of humidity. The acid-based geopolymer
from the powders of waste fired brick and phosphoric acid
was denoted GPWBA (called reference). Those obtained
from the addition of 10, 20, 40 and 50 g of Eggshell_900
to 100 g of waste fired brick were labelled GWBEg10,
GWBEg20, GWBEg40 and GWBEg50, respectively. Those
from 100 g of waste fired brick and 10, 20, 40 and 50 g
of CS were called GWBCS10, GWBCS20, GWBCS40 and
GWBCS50, respectively. The ones from 100 g of waste fired
brick and 10, 20, 40 and 50 g of CA were called GWBCA10,
GWBCA20, GWBCA40 and GWBCASO, respectively.

2.3 Methods of Characterisation of Starting
Materials and Acid-Based Geopolymer Cements

The coexistence of calcium phosphates and poly(phospho-
siloxo) networks were studied by the determination of
the compressive strengths, mineralogical compositions
and the functional groups in the structures of the acid-
based geopolymers. The compressive strengths of each
specimen were measured according to PR EN/ISO 679
standard using an automatic hydraulic press (Impact
Test Equipment Limited, UK KA20 3LR) with a 250
kN capacity. They were measured on the cubic moulds
maintained for 28 days at room temperature of the labora-
tory. The compressive strengths were determined using a
loading rate kept constant at 0.50 MPa/s. All tests were
done on the three parallel specimens and the arithmetic
mean value was adopted as the final value of the compres-
sive strength and standard deviation of each composi-
tion. After measuring the compressive strength, the frag-
ments of the selected samples were used to observe the
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morphology of the final products. Others samples were
finely pulverized in the ball mill and used to determine
the mineralogical compositions and functional groups
present in the structure of the obtained specimens.

The mineralogical compositions of bauxite, calcined
bauxite, semi-crystalline calcium aluminate hydrate,
semi-crystalline calcium silicate hydrate and the selected
acid-based geopolymers were performed on a X-ray dif-
fractometer named Bruker D4. The X-ray pattern of each
specimen was recorded using CuKa radiation at 40 kV
and 40 mA between 5 and 80° (20) for 7 h in steps of
0.03°. The crystalline phases present in the structure of
each sample were identified using X’Pert HighScore Plus
software.

The functional groups were evaluated using KBr
method on an infrared spectrometer denoted Bruker Ver-
tex 80v. The infrared spectrum of each sample was regis-
tered with a resolution of 2 cm™! and 32 scans using the
pellet prepared by the addition of about 200 mg of KBr to
around 1 mg of BaX or CBaX or CS or CA or the selected
acid-based geopolymers.

The micrography images with X100 and X1000 mag-
nifications of the fragments of the reference acid-based
geopolymer and those containing 10, 20 and 40 g of each
calcium source after gold-coating were observed using a
JEOL JSM-6390A Scanning Electron with an acceleration
voltage of 30.0 kV.

3 Results and Discussion

3.1 Characterization of Raw Materials and Calcium
Sources

The X-ray patterns and infrared spectra of chicken eggshell
and calcined eggshell are presented in Figs. 1 and 2, respec-
tively. They are already discussed by Mabah et al. [13].

3.1.1 X-ray Patterns

The X-ray patterns of waste fired brick (WB) and rice husk
ash (RHA) are displayed in Fig. 3. Those of bauxite and
calcined bauxite are depicted in Figs. 4 and 5 illustrate the
X-ray patterns of semi-crystalline calcium silicate hydrate
(CS) semi-crystalline calcium aluminate hydrate (CA) and
calcium hydroxide. The X-ray patterns of waste fired brick
and rice husk ash indicate the halo diffractions between 15
and 35°(20) and ranging from 15 to 45°(20), respectively.
These halo diffractions correspond to the presence of amor-
phous aluminosilicate phase and amorphous silica in the
structure of waste fired brick and rice husk ash, respectively.
In addition to these amorphous phases, the one of waste fired
brick shows the reflection peaks of illite, quartz, anatase,
hematite (broad peaks) and the residual peak of kaolinite.
Whereas the one of rice husk ash indicates the reflection
peaks of cristobalite. The X-ray patterns of bauxite (BaX)
and calcined bauxite (CBaX) depicts in Fig. 4 present the
peaks of gibbsite only on the X-ray pattern of BaX, kaolinite,

Fig. 1 X-ray patterns of 3000 .
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Fig. 2 Infrared spectra of eggshell and calcined eggshell (Eggshell_900)

hematite, anatase and the lower reflection peaks of quartz.
In addition to these crystalline phases, the diffractogram of
calcined bauxite shows a slightly broad hump structure in
the range 18-53°(26) belongings to the amorphous alumina
and the trace of metakaolinite. It also indicates the broad
peak at around 67°(20) corresponding to the amorphous
alumina. The X-ray patterns of the semi-crystalline calcium
silicate hydrate and semi-crystalline calcium aluminate
hydrate reported in Fig. 5 indicate the reflection peaks of
calcium hydroxide which are compared to the pattern of the
portlandite [Ca(OH),] obtained by adding distilled water
to the calcined eggshell (CaO). The X-ray pattern of semi-
crystalline calcium silicate hydrate reported also the peaks
of cristobalite and the broad band situated between 18 and
45°(20). This broad band corresponds to the amorphous
phase contained in the structure of the semi-crystalline cal-
cium silicate hydrate. In addition to the reflection peaks of
calcium hydroxide, the X-ray pattern of the semi-crystalline
calcium aluminate hydrate indicates the peaks of calcium
aluminum oxide carbonate hydrate (CaAOC) and calcium
aluminum oxide hydrate (CAOH) associated with quartz,
anatase and hematite. The formation of CaAOC could be
ascribed to the carbonation of CA. The amorphous alumina
is observed at around 35.96, 42.63, 55.26 and 67.47°(20)
and the broad amorphous phase between 20 and 52°(20).

3.1.2 Infrared Spectra

The infrared spectra of waste fired brick and rice hush
ash illustrate in Fig. 6 indicate the absorption bands at
470 and 792-799 cm™! corresponding to the bending and
stretching vibration modes, respectively, of the siloxane
(Si—0O-Si) bonds of amorphous silica. The bands at 620
and 1199 cm™! on the infrared spectrum of rice husk ash
are ascribed to the bending and stretching vibration modes,
respectively of Si—O-Si bonds of a-cristobalite [28]. The
one at 1098 cm™! is ascribed to the stretching vibra-
tion modes of amorphous silica. The absorption band at
1640-1643 cm™! observed on both spectrums is ascribed
to the stretching vibrations of H-O-H of water molecules.
The one at 538 cm™! on the infrared spectrum of WB is
ascribed to the bending vibration modes of Si—-O-Al
with Al in VI-fold coordination. The absorption bands at
696 and 780 cm™~! observed on the infrared spectrum of
WB is attributed to the stretching vibrations of Si—-O-Si
of quartz [29]. Those with low intensities at 915, 3626
and 3701 cm™! on the spectrum of waste fired brick are
ascribed to the stretching vibration modes of AIV'-O cor-
responding to the residual kaolinite. The presence of the
trace of kaolinite is confirmed by the appearance of the
main reflection peak of kaolinite at around 12.22°(26) on
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Fig.3 X-ray patterns of rice husk ash (RHA) and waste fired brick (WB). C, I, K, A, Q and H denote the reflection peaks of cristobalite, illite,

kaolinite, anatase, quartz and hematite, respectively

the XRD pattern of WB. The wavenumber of the main
band of WB that appears at 1064 cm™! is ascribed to the
asymmetrical and symmetrical stretching vibration modes
of Si—O-Si and Si—O-Al bonds. The infrared spectra of
bauxite (BaX) and calcined bauxite (CBaX) are shown
in Fig. 7. The spectrum of BaX shows four absorption
bands at 3623, 3529, 3461 and 3382 cm™'. According to
Frost et al. [30], these bands are assigned to the stretch-
ing vibrations of hydroxyl groups (O—H) of gibbsite. The
absorption bands at 3699 and 3623 cm™' on the infrared
spectra of BaX and CBaX are attributed to the stretching
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vibration modes of hydroxyl groups (O-H) of kaolinite.
The presence of the kaolinite on the spectra of both sam-
ples and gibbsite on the spectrum of bauxite is consistent
with the X-ray patterns reported in Fig. 4. The infrared
spectra of BaX and CBaX indicate the absorption band
with the lowest intensity at about 1635 cm™' correspond-
ing to the bending vibration modes of water molecules
in the structure of both samples. It can be observed that
the absorption bands (3382, 3461 and 3529 cm™!) which
are previously attributed to the gibbsite on the infrared
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spectrum of bauxite (BaX) disappear on the spectrum of
calcined bauxite (CBaX). This leads to the formation of
a broad band at around 3491 cm™'. The disappearance
of these three bands is ascribed to the transformation of
gibbsite to amorphous alumina following Egs. (1) and (2).
This is also confirmed on the X-ray diffractogram of CBaX

by the disappearance of the reflection peaks of gibbsite

(Fig. 4).

AI(OH);
Gibbsite

AIOOH
Boehmite

+ H,O

ey

@ Springer



3308 Journal of Inorganic and Organometallic Polymers and Materials (2021) 31:3301-3323

800
el o 9f [en |en cH |cH
—— CH
—— ¢S
CH —— CA
4 T
(=) e 1)
600 - q 3 °
o © g
1]
Q ch 8| ©
o o
o g g
g1l 8 ©
8 % H|H CH © CH CH
> OA| |cH cH a
= CH
5 400 CH
E
c
¢ c
c
c
200 - s Vw
o -
10 20 30 40 50 60 70 80
2 Theta

Fig.5 X-ray patterns of portlandite (CH), semi-crystalline calcium
silicate hydrate (CS) and semi-crystalline calcium aluminum hydrate
(CA). CH, C, CaAOC, CAOH, Q, A and H denote the reflection

)

2A100H 475-550 °C ALO; + H,0
. _
Boehmite Amorphous
alumina
(@)

According to Frost et al. [29, 31], the absorption bands
at 1021, 968 and 912 cm™! on the spectrum of BaX are
attributed to the deformation vibration modes of O—H. The
bands at 803, 750, 663, 558 and 516 cm™! are attributed
to the stretching and bending vibrations of AlO,4 [32]. Pan
et al. [33] reported that the absorption band at 471 cm™!
observed on the infrared spectrum of calcined bauxite is
recorded to the stretching vibrations of sialate (Al-O-Si)
bonds. The one at 543 cm™! on the infrared spectrum of
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peaks of calcium hydroxide, cristobalite, calcium aluminum oxide
carbonate hydrate, calcium aluminum oxide hydrate, quartz, anatase
and hematite, respectively

CBaX records to the bending vibration modes of Al-O
bonds in the octahedral AlOg. The absorption bands at 795
and 1040 cm™! on the spectrum of CBaX are assigned to
the stretching vibrations of Al-O in the AlO, tetrahedra
and AIl-OH bonds, respectively [34]. Calcium hydroxide
(CH) prepared by mixing Eggshell_900 (CaO) and dis-
tilled water and semi-crystalline calcium silicate hydrate
(CS) present in Fig. 8 are already described by Tchakouté
et al. [14]. The infrared spectrum of the semi-crystalline
calcium aluminate hydrate (CA) reported in Fig. 8 indi-
cates the absorption bands at 874 and 1420 cm™"'. They are
ascribed to the vibration modes of C-O of carbonate ions
(CO32_) in the structure of the prepared semi-crystalline
calcium aluminate hydrate. This is consistent with the
apparition of the reflection peaks of calcium aluminum
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Fig. 6 Infrared spectrums of rice husk ash (RHA) and waste fired brick (WB)

oxide carbonate hydrate observed on the X-ray pattern
of CA. The band at 539 cm™ is assigned to the bending
vibrations of Al-O bonds in the AlO4 octahedral. The one
at 916 cm™ is recorded to the vibration modes of aluminol
groups (Al-OH) in the structure of the semi-crystalline
calcium aluminate hydrate. The presence of the bands at
1642 and 3472 cm™! confirms the formation of water mol-
ecules and aluminol groups. According to Zidi et al. [34],
the bands at 1040 and 1104 cm™! on the spectrum of the
semi-crystalline calcium aluminate hydrate are ascribed to
the vibration modes of Al-OH bonds. Baltakys et al. [35]
reported that the absorption band with higher intensity
at 3642 cm™! on the infrared spectrum of the prepared
semi-crystalline calcium aluminate hydrate and calcium
silicate hydrate is assigned to the vibration modes of O—-H
of calcium hydroxide or portlandite.

3.2 Characterization of Acid-Based Geopolymer
Cements

3.2.1 X-ray Patterns

Figure 9 illustrates the X-ray patterns of the acid-based geo-
polymer cements prepared by adding 0, 10, 20 and 40 g of the
calcined eggshell (Eggshell_900) or calcium silicate hydrate
(CS) or calcium aluminate hydrate (CA) separately to 100 g of
waste fired brick powders. The X-ray patterns of all specimens
present the reflection peaks of illite, anatase, quartz, hematite
and the trace of kaolinite. These minerals are also observed
on the diffractogram of waste fired brick (Fig. 3). In addition
to these phases, the X-ray patterns of the specimens obtained
by adding 10, 20 and 40 g of Eggshell_900 (CaO) or CA indi-
cate the peaks of monetite (CaHPO,) and brushite (CaHPO,.
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2H,0). The formation of monetite and brushite on the X-ray
patterns of the acid-based geopolymers from the addition of
Eggshell 900 to waste fired brick is obtained according to
Eqg. (3). In addition to monetite, the ones obtained when CA
was added to the waste fired brick show the reflection peaks of
augelite [Al,(PO,). (OH);] which is ascribed to the dealumi-
nation of the semi-crystalline calcium aluminate hydrate in a

phosphoric acid solution (Eq. 4). The presence of monetite on
the X-ray patterns of the acid-based geopolymer cements when
CS was added to the waste fired brick powders is justified
by Eq. (5). And the presence of the additional silanol groups
could be assigned to the dissolution of the amorphous silica
from rice husk ash during the depolymerisation of the raw
materials (a mixture of waste fired brick and calcium silicate
hydrate).

Eggshell 900 (Ca0O) + 2H;POy ——» CaHPO, +  CaHPO.. 2H;0 3
Monetite Brushite
CA (Ca0. A0z H:0) + 2H3PO;4 » CaHPO4 +  |Al(POs). (OH)3) 5
(
Monetite Augelite
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CS (CaO0. SiO;. H:0) + H;POy —  CaHPO, + Si(OH)4 5)

Monetite

Silanol groups

It is worth to note that these calcium phosphate com-
pounds have clearly appeared on the X-ray patterns of the
specimens when 40 g of each calcium source was added
to waste fired brick powders. The X-ray patterns of the
specimens from the mixture of waste fired brick powders
and the semi-crystalline calcium silicate hydrate indicate
the main reflection peaks of cristobalite. This mineral is
observed on the X-ray pattern of rice husk ash (Fig. 3)
used for its preparation (Fig. 5). Beside these crystalline
minerals, the X-ray patterns of the different acid-based
geopolymer cements show the broad hump structure rang-
ing from 18 to 38°(28). This band appears in the range

15-32°(20) on the X-ray pattern of waste fired brick
(Fig. 3). This suggests the formation of the poly(phospho-
siloxo) network (amorphous phase) in the structure of
the phosphate-based geopolymer cements. The presence
of the poly(phospho-siloxo) network and calcium phos-
phates (brushite, monetite) and augelite imply the coexist-
ence of these compounds in the structures of the prepared
phosphate-based geopolymers. This indicates that during
the synthesis of the acid-based geopolymers, one part of
phosphoric acid reacts with the metakaolinite contained
in the structure of waste fired brick and others react with
calcium from different calcium sources added.
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3.2.2 Infrared Spectra

The infrared spectra of the acid-based geopolymer cements
prepared by adding 0, 10, 20 and 40 g of the calcined
eggshell (Eggshell_900): GPWBA, GWBEg10, GWBEg20
and GWBEg20 or semi-crystalline calcium silicate hydrate
(CS): GPWBA, GWBCS10, GWBCS20 and GWBCS20
or semi-crystalline calcium aluminate hydrate (CA):
GPWBA, GWBCA10, GWBCA20 and GWBCAZ20 sepa-
rately to 100 g of waste fired brick powders are depicted
in Fig. 10. The spectra of all acid-based geopolymer
cements indicate nearly the same absorption bands except

@ Springer

those of the main bands at about 1085 cm~!. The infra-
red spectra of the acid-based geopolymer cements show
the adsorption bands at 1634 and 3390 cm™! which are
assigned to the bending and stretching vibration modes
of O—H of water molecules and Si—-OH or P-OH bonds,
respectively. Those at 464 and 528 cm™! are assigned to
the bending vibrations of siloxane (Si—O-Si) and alumino-
phospho (Al-O-P) bonds, respectively [36, 37]. The pres-
ence of alumino-phospho bonds could be related to the
formation of the amorphous aluminium phosphate hydrate
(AIPO,-2H,O0) in the structure of the acid-based geopoly-
mers [14, 36] and augelite in the specimens obtained when
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Fig.9 (continued)

semi-crystalline calcium aluminate hydrate was added to
the waste fired brick. The bands at 694 and 777 cm™' are
ascribed to the stretching vibrations of siloxane (Si—O-Si)
bonds of quartz [29]. The absorption bands at about 796
and 908 cm™! are attributed to the stretching vibrations of
phospho-siloxane (Si—O-P) and P-OH bonds, respectively
[22, 36]. The band of the phospho-siloxane is superim-
posed with the one of quartz which appears at 799 cm™!

on the infrared spectrum of waste fired brick (Fig. 6).
The absorption band that appears at 1085 cm™! on the
spectra of GPWBA, GWBEg10, GWBEg20, GWBEg40,
GWBCA10, GWBCA20, GWBCA40 and those that
appear at 1087, 1088 and 1090 cm™' on the spectra of
GWBCS10, GWBCS20 and GWBCS40, respectively are
recorded to the formation of the poly(phospho-siloxane)
chains. By comparison to the spectrum of waste fired
brick (Fig. 6), these bands shift towards high frequencies
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Fig.9 (continued)

in poly(phospho-siloxane) binder. The shift is approxi-
mately 21 cm™~! for the GPWBA, GWBEg10, GWBEg20,
GWBEg40, GWBCA10, GWBCA20, GWBCA20 and
23, 24 and 26 c¢cm~! for GWBCS10, GWBCS20 and
GWBCS40, respectively. This demonstrates a change of
microstructure takes place during the depolymerisation
and polycondensation process resulting in the formation
of the new products with a different microstructure of the
one of waste fired brick. This is in agreement with the
X-ray patterns which show the displacement of the broad
band that appears in the waste fired brick at between 15
and 32°(20) (Fig. 3) towards higher °20 [18-38°(20)] on

@ Springer

the diffractograms of the acid-based geopolymer cements
(Fig. 9).

3.2.3 Compressive Strengths

Figure 11 presents the compressive strength values of the
acid-based geopolymer cements after adding 0, 10, 20, 40
and 50 g of calcined eggshell, semi-crystalline calcium alu-
minate hydrate and semi-crystalline calcium silicate hydrate
to 100 g of waste fired brick. This figure shows that the
compressive strength values of the specimens GPWBA,
GWBEg10, GWBEg20, GWBEg40 and GWBEg50 are
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Fig. 10 Infrared spectrums of the acid-based geopolymers

56.43, 30.15, 22.85, 21.16 and 13.47 MPa, respectively.
The ones of GWBCA10, GWBCA20, GWBCA40 and
GWBCAS5O0 are 32.61, 31.58, 17.83 and 16.33 MPa, respec-
tively. Those of GWBCS10, GWBCS20, GWBCS40 and
GWBCS50 are 44.02, 42.71, 40.19 and 18.59 MPa, respec-
tively. It can be seen that the compressive strengths of the
acid-based geopolymer cements decrease with increasing
the addition of any calcium sources used in this investi-
gation. The reduction of the compressive strengths when
calcium sources are added to the waste fired brick could
be related to the fact that one part of phosphoric acid solu-
tion reacts with calcium sources. Others react with alumina
owing to the dealumination of waste fired brick. The for-
mation of calcium phosphates such as monetite and brush-
ite when Eggshell_900, monetite and augelite when semi-
crystalline calcium aluminate hydrate, monetite and silanol
groups when calcium silicate are added to the waste fired
brick (Fig. 9) contributes to decreasing the amount of the

poly(phospho-siloxo) binder in the structure of the acid-
based geopolymer cements. The formation of the calcium
phosphate compounds with sponge-like structure [38] or
plate-like particles [39, 40] in the structure of the acid-based
geopolymers cannot bind to the poly(phospho-siloxo) chains
and not able to act as micro-aggregate like CSH. It was found
that the addition of the calcium sources in the structure of
the starting material during the synthesis of the acid-based
geopolymers affects negatively its compressive strength. By
contrary, when an aluminosilicate source was substituted by
calcium source for producing geopolymer cement using an
alkaline solution, the compressive strength increases up to
20 wt% of the addition of any calcium silicate [11, 12, 41]
owing to the formation of calcium silicate hydrate phase
which is responsible for the compressive strength devel-
opment. This could be assigned to the plate-like morphol-
ogy of CSH which tends to stack into agglomerates [42].
It appears that the compressive strengths of the acid-based
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Fig. 10 (continued)

geopolymers after adding 10, 20 and 40 g of calcium silicate
hydrate to 100 g of waste fired brick are nearly the same
values (between 40 and 44 MPa). This could be ascribed to
the amorphous silica contains in the semi-crystalline cal-
cium silicate hydrate which produces the additional silanol
groups during the depolymerisation of the waste fired brick,
according to Eq. (5). These silanol groups condensed with
silicon-phosphate [Si-O-PO(OH),] during the polycon-
densation process forming more siloxane chains in the
network of poly(phospho-siloxane) and therefore maintain
its strength between 40 and 44 MPa. The drastically drop
of the compressive strength of the acid-based geopolymer
cement when 50 g of the semi-crystalline calcium silicate
hydrate was added to 100 g of waste fired brick could be
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assigned to the excess of monetite or silanol groups in the
network and probably low silicon-phosphate. The drasti-
cally reduction of the compressive strengths when 20 g of
the semi-crystalline calcium aluminate hydrate was added
to 100 g of the waste fired brick (from 31.58 to 16.33 MPa)
is assigned to the formation of the excess augelite which
reduces the poly(phospho-siloxo) chains. This impedes the
polycondensation process and therefore decrease strongly
the compressive strength.

3.2.4 Micrography Images

Figure 12 shows the micrography images of the selected
acid-based geopolymer cements at X100 and x1000
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magnifications. This figure indicates that the micrography
images of the phosphate-based geopolymer cements without
the addition of calcium source denoted GPWBA are com-
pact, homogeneous and denser microstructure with a smooth
surface. The denser matrix of this specimen could be related
to the well-connected of the poly(phospho-siloxo) parti-
cles. This is responsible for its high compressive strength
(56.43 MPa) indicating the higher degree of polycondensa-
tion compared to those obtained by the addition of calcium
sources to waste fired brick. The surface of the acid-based
geopolymer cements obtained by the addition of calcium
sources (Eggshell_900, CA and CS) to the waste fired brick

is roughed. This could be related to the formation of cal-
cium phosphates such as monetite and brushite which do
not form a homogeneous phase with the poly(phospho-
siloxo) networks, resulting in decreased the compressive
strengths of the acid-based geopolymers. This implies that
calcium phosphates are not connected to the poly(phospho-
siloxane) chains and therefore contribute to weakening the
structure of the final products. The microcracks observed in
the micrography images of the control acid-based geopoly-
mer (GPWBA) could be attributed to the formation of the
hard block of poly(phospho-siloxo) which withstood during
their contact with the driven testing machine. This withstand
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is related to the more condensed geopolymer structure and
justify the higher strength of control acid-based geopolymer
(56.43 MPa). Whereas, these cracks are more pronounced
in the micrography images of the specimens containing
calcium sources (Eggshell_900, CA and CS) owing to the
formation of different calcium phosphates formed in the
network which contribute to reduce of the poly(phospho-
siloxo) chains.

4 Conclusion

Semi-crystalline calcium silicate hydrate and semi-crystal-
line calcium aluminate hydrate with the molar ratios SiO,/
CaO and Al,05/CaO, respectively equal to 1.0 were pre-
pared using calcined bauxite as an alumina source, rice hush
ash as a silica source and calcined eggshell as a calcium
source. Calcined eggshell, the prepared semi-crystalline cal-
cium silicate hydrate and calcium aluminate hydrate were
added to the waste fired brick (aluminosilicate source) in
order to investigate the coexistence of the poly(phospho-
siloxo) networks and calcium phosphates formed in the
structure of the acid-based geopolymers obtained at room
temperature on their compressive strengths. It appears that
the X-ray patterns of the acid-based geopolymers using
calcined eggshell as calcium source indicate the reflection
peaks of monetite and brushite, those using semi-crystalline
calcium aluminate hydrate show the reflection peaks of mon-
etite and augelite. Whereas those from the semi-crystalline
calcium silicate hydrate present the peaks of monetite. The
additional silanol groups from the depolymerisation of the
semi-crystalline calcium silicate hydrate during the poly-
condensation process condenses with the silicon-phosphate
forming a three-dimensional poly(phospho-siloxo) networks.
The compressive strength of the acid-based geopolymers
from waste fired brick without added calcium sources is
56.43 MPa. Those of the specimens after added calcined
eggshell, semi-crystalline calcium aluminate and calcium
silicate hydrates are ranging from 13.47 to 30.15 MPa, 16.33
to 32.62 MPa and 18.59 to 44.02 MPa, respectively. It can be
seen that the compressive strengths decrease when calcium
sources should be added but remain higher (between 40.19
and 44.02 MPa) when 10, 20 and 40 g of semi-crystalline
calcium silicate hydrate was added to the waste fired brick.
Semi-crystalline calcium silicate hydrate provides acid-
based geopolymers with compressive strength comparable
to the Ordinary Portland cement CEM II 42.5 MPa. It can
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Fig. 12 Micrography images of the selected acid-based geopolymer cements
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be concluded that the formation of the calcium phosphates
in the structure of the acid-based geopolymers could reduce
the amount of the binder (poly(phospho-siloxo chains) and
therefore reduces the compressive strengths. Based on the
results obtained in this work, the aluminosilicate sources
used for the synthesis of the acid-based geopolymers must
not have high calcium oxide content.
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