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Abstract

High cost has been pointed among factors that limit the promotion of geopo-
lymers. To contribute to the reduction of the use of costly industrial sodium
silicate in activators for geopolymers, a gel obtained with RHA and concen-
trated sodium hydroxide was used in the present study to develop an alkaline
activator with 8 M NaOH and to produce geopolymers with crushed fired clay
bricks wastes (FCBW). Characteristics of the gel were compared to that of
commercial sodium silicate which was also mixed with 8 M NaOH in the ratio
1:1 to produce geopolymers. Chemical and mineralogical analyses were done
on raw materials. Fourier Transformed Infrared Spectroscopy (FTIR) was
done on the gel, commercial sodium silicate and products. Biaxial four point
flexural strength, bulk density, water absorption and scanning electron mi-
croscopy (SEM) tests were also done on products. Results showed that
RHA-NaOH alkaline activator has good potential in consolidating FCBW
powder through geopolymerization process which gave products that had
characteristics not far from that when the commercial sodium silicate was
used. The gel obtained by mixing RHA and NaOH can contribute to the re-
duction of the use of costly commercial sodium silicate in the production
process of geopolymers. However, appropriate filtration process is needed for
the RHA-NaOH gel to reduce its impurities as undissolved entities, which will
consequently contribute to improve the flexural strength, the density and the
microstructure of its products which were low compared to when commercial
sodium silicate was used.
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1. Introduction

Concrete is the most used material worldwide in construction because of its
multiple technical advantages [1]. However, the production of Portland cement
which is one of its components leads to the emission of significant quantities of
greenhouse gases [2]. That is why, for decades, researchers have been developing
substitutes to Portland cement. Binders made from activated aluminosilicates by
alkaline solution also called geopolymer represent an attractive alternative [3]
[4]. The term “geopolymer” was first used in 1972 by Joseph Davidovits [4].
Geopolymers are assimilated to mineral polymers exhibiting good mechanical
properties, good resistance to high temperature and to acid attack. Geopolymers
are used in their pure state, charged or reinforced and they are applied where
traditional materials (metals, ceramics, organic polymers) do not yield satisfac-
tory results especially in the industrial sector such as foundry, metallurgy, civil
engineering, waste management and aviation industry [5]. The geopolymeriza-
tion’s reaction is done at temperatures close to the ambient between an alumi-
nosilicate material and an alkaline silicate solution [5] [6]. The commonly used
aluminosilicates are metakaolin [7] and fly ash [8]. In recent years, for environ-
mental concerns, by-products, containing alumina and silica were also increa-
singly used. They can be volcanic ash [9] and ceramic wastes [10]. The conven-
tionally used alkaline activator is a mixture of sodium (NaOH) or potassium
(KOH) hydroxide with sodium (Na,SiO;) or potassium (K,SiO;) silicate [11].
The constituents of these alkaline solutions are manufactured products. Sodium
silicate, for example, is currently obtained industrially by melting sand with so-
dium carbonate at high temperature between 1300°C - 1500°C [12] [13]. This
manufacturing process consumes large amount of energy and produces consi-
derable air pollutants such as dust, nitrogen oxide and sulfur oxide [13]. For
geopolymers to be a viable alternative and industrially interesting, many tech-
nological issues must be overcome, especially research on low cost activators. In
this direction, Zivica developed alkaline activators based on silica fume [14]. In
the same manner, agro-industrial by-products have been the subject of several
investigations regarding the manufacture of sodium silicate [4]. Thus, sodium
silicate can be obtained by reacting concentrated aqueous sodium hydroxide
with siliceous products derived from agricultural by-products such as sugar cane
bagasse [15] and rice husk [12]. Rice husk (RH) is an important residue derived
from rice paddy that represents about 20% of its mass [16]. Hence, it leads to se-
rious environmental pollution issues derived from its disposal. RHA contains
more than 60% of silica [12] [13]. The nature of this silica depends on the burn-
ing temperature. It is reported that between 500°C - 700°C, the silica in RHA
remains amorphous [17] and very reactive in the presence of alkaline solutions.
RHA has been widely used in many construction and civil engineering applica-
tions [18] [19] [20].

The aim of this study is to investigate the properties of geopolymer products
obtained by the alkali-activation of FCBW powder with an alkaline solution ob-

tained by mixing RHA, sodium hydroxide and water. Raw materials and products
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were characterized using the following analytical methods: X-Ray Diffraction
(XRD), X-Ray Fluorescence (XRF), Fourier Transform Infra-Red Spectroscopy
(FTIR), Bi-axial Four Point Flexural Strength and Scanning Electron Microscopy
(SEM). Bulk density and water absorption tests were also done on hardened

products.

2. Materials and Experimental Procedure
2.1. Materials Used in Study

A large amount of broken fired clay bricks considered as waste is obtained after
firing activities, transportation or construction with this material [21]. The sam-
ple of FCBW used was collected from the fired bricks factory of the Local Mate-
rials Promotion Authority (MIPROMALO), in Yaounde (Cameroon). This fac-
tory has a yearly brick production of 3750 tons of fired bricks with 17% of
breaks. A small amount of this waste is crushed at the factory as chamot and the
huge part dumped in open fields, causing damage to the land and serious dis-
posal problems. The as-received FCBW were pulverized at 500 pm in an indus-
trial crusher and divided into two parts: the first was kept as it was and the
second was ball milled to increase its fineness and sieved completely at 200 pm
before use.

RHA is from RH collected from a rice milling factory in Ndop, a locality si-
tuated in the North-West region of Cameroon. In this factory, the husk is treated
as a waste material and burned in open-air, causing damage to the environment
due to fine particles and greenhouse gas emissions. A sample of the husk was
thoroughly washed to remove dust and other solid particles then dried in the
oven at 105°C for 24 hours. The dried husk was then burned at 700°C for 2
hours in a muffle furnace at the heating rate of 10°C/min. When cooled, the ash
was ball milled and sieved completely at 80 um. The chemical analysis of RHA is
indicated in Table 1.

PROLABO’s company, laboratory grade sodium hydroxide pellets (purity
99%) were used to prepare solutions with distilled water. Commercial sodium si-
licate (SiO,/Na,O = 3.00 molar ratio; SiO, = 26.50 wt%, Na,O = 8.70 wt% and
pH = 11.7) with bulk density of 1.34 at 20°C, provided by Ingessil, Verona, Italy

was also used.

2.2. Experimental Procedure

2.2.1. Synthesis of RHA-NaOH Gel

The RHA-NaOH gel was prepared based on equation 1 with the aim to obtain a
molar ratio of SiO,/Na,O = 3.00 (x = 3) as in the commercial sodium silicate and
using the SiO, content of RHA that is 93.2%. The calculation shows that 193.1g
of RHA should be mixed with 200mL of NaOH 10 M to obtain the gel. In prac-
tice with the aim of obtaining a significant amount of the gel, these quantities
were multiplied by five. Unfortunately the synthetized gel was too viscous. Dis-

tilled water was added in the gel to adjust its density similar to that of the
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Table 1. Chemical composition of FCBW and RHA.

Oxides (%) FCBW RHA
Sio, 60.98 93.2
Fe,0, 9.635 0.196
K,O 0.932 3.045
MgO 0.323 0.278
ALO, 225 0.584
Ca0 0.104 0.565
TiO, 1.728 0.033
P,0; 0.331 0.498
MnO 0.138 0.129
ZnO 0.019 0.0085
Rb,0 0.0044 0.0131
CuO 0.008 0.005
Na,0 - 0.0829

NiO 0.0106 -
Cr,0, 0.0251 .
SO 0.0049 -
V,05 0.0398 -
ZrO, 0.06185 -
SO, - 0.0844
cl - 0.0733
Br - 0.0034
LOI 3.1 1.2

commercial sodium silicate. The final gel was kept in a container with a lid to

avoid contact with air.

XSiO, +2NaOH — Na,0(Si0, ) +H,0 (1)

2.2.2. Preparation of Activators and Formulation of
Geopolymer Samples

-Preparation of activators

To obtain the alkaline activators used in the geopolymer formulations, the
commercial sodium silicate and the RHA-NaOH gel were each mixed with a so-
lution of NaOH8M in 1:1 volume ratio. The alkaline activator solutions were
named S1, for that having the commercial sodium silicate and S2 for that having
the RHA-NaOH gel.

-Formulation of geopolymers

Three series of geopolymers were formulated with 100, 105, 110, 115 and 120
g of FCBW powder mixed with 60 mL of S1 or S2:
- Series A is a mix of unsieved FCBW powder and S1;

540

K2
e
o2

0% Scientific Research Publishing



L. M. Beleuk a Moungam et al.

- Series B is a mix of sieved FCBW powder and S1;
- Series C is a mix of sieved FCBW powder and S2.

The obtained pastes were molded in 8 cm diameter and 3 cm thickness cylin-
drical plastic moulds and stored in room temperature for 24 h. After, specimens
were removed in molds and kept at ambient temperature for 28 days before

testing.

2.2.3. Characterization of Raw Materials

Chemical and mineralogical analyses were done on raw materials using respec-
tively a Bruker (S4 PIONER) wave lengths dispersive (WD-XRF) Spectrometer
and a Bruker D-8 Advance Diffractometer model operating with a CuKa radia-
tion source (\ = 1.5418 A) and using an acceleration voltage of 40 kV and cur-
rent of 40 mA. The 20 diffraction angle was scanned from 5°C to 60°C, at a rate
of 0.02°C/min. Interpretation of mineral phases was carried out using EVA

software (Diffracplus).

2.2.4. Characterization of Gels and Products
The characterization methods of gels and products included:

-Fourier Transform Spectrophotometry using the Attenuated Total Reflection
(ATR) method using brukerIFS66v equipment was performed on RHA-NaOH
gel and commercial sodium silicate then, geopolymer samples underwent Fouri-
er Transformed Infrared Spectroscopy (Avatar 330 FTIR, Thermo Nicolet), ana-
lyzing their surfaces and their bulk areas. A minimum of 32 scans between 4000
and 400 cm™" were averaged for each spectrum at intervals of 1 cm™.

-Bi-axial four-point flexural strength testing which measures the biaxial flex-
ural strength of hardened samples through the piston on the three balls test. Ac-
cording to Jihwan et al [22], this test was preferred compared to the uni-axial
bending test because thin plates structures such as structural materials for
building and construction are subjected to multi-axial stress states due to their
complex loading configuration and the geometry structures. The biaxial flexural
strength test has an advantage in that it is capable of generating constant equi-
axial flexural stress within the area of the loading ring, which is necessary and
useful for the investigations of the stochastic nature of the strength of a brittle
material. The stress inside the loading ring is identical in all directions, which

were modified and Equation (2) was developed for the maximum biaxial flexure

2 2
Umaxzw"r 1+2In(3j +(1_Vj 1—b—2 a_z (2)
4t b 1+v 2a° JR

where P is the ultimate sustained load, a, is the radius of the support ring, b is

strength (o,,,,):

the effective radius of contact of the loading ball on the specimen, R is the spe-
cimen radius, ¢ is the specimen thickness and v is the Poisson’s ratio. Kirstein
and Woolley in Jihwan et al [22] claimed that this solution should approx-
imately be independent from the number of supporting balls, so it can be ap-

plied to axi-symmetric but also to non-strictly axi-symmetric testing drying con-
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figurations. Figure 1 gives the schematic display of the four point bending
strength equipment used.

-Bulk density of samples was determined according to the American standard
ASTM C830-00 [23]. Density values were averages of five experimental results
and errors reported as standard deviation from means.

-Water absorption (w) test was carried out by immersing the specimen in wa-
ter at ambient temperature for 24 h and comparing the humid weight (mh) to
the dry weight (md) of specimens after they were dried for 24 h at 105°C ac-
cording to Equation (3).

w=""M 100 3)
My

-Scanning Electron Microscopy (SEM) investigations were conducted on a
Jeol, mod. 5500 coupled to an EDS probe iXRF system using backscattered elec-
tron (BSE). Secondary Electron (SE) imaging was used to study the specimens,
which were collected from pieces obtained after the biaxial flexural strength test.
The fresh fractured pieces were gold coated to ensure conditions of viability for

analytical purposes.

3. Results and Discussions

3.1. Characteristics of Raw Materials

The chemical composition of raw materials is presented in Table 1. It appears
that RHA contains great amounts of silica (93.20%) and small amounts of other
elements considered as impurities. FCBW contains high level of SiO, (60.98%)
and AlL,O; (22.50%), which are essential for alkali-activation.

The mineralogical composition of RHA is given at Figure 2. XRD pattern of
RHA shows a broad band between 15° and 30°, 20 diffraction angle, which
doesn’t corresponds to a defined peak, thereby indicating the amorphous nature
of the material [24]. Peaks quartz are observed at 20°92' and 26°72' as impurities.

XRD patterns of FCBW (Figure 3) indicated the presence of an amorphous

material which could be metakaolin developed during the firing process of clay

1 |

Figure 1. Schematic display of the bi-axial four-point flexural strength equipment.
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Figure 2. X-Ray Diffraction Pattern of RHA showing the amorphous nature of the ma-
terial.
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Figure 3. X-ray diffraction pattern of FCBW.

bricks. The presence of crystalline phases such as mullite, quartz, calcite and va-
terite, indicated that the firing temperature of bricks favored the crystallization
of a part of metakaolin into mullite which is obtained after 1000°C [25]. Iron
oxide (Fe,0,), rutile (TiO,) and ilmenite (FeTiO;) were also present as minor

phases.

3.2. Characteristics of Commercial Sodium Silicate and
RHA-NaOH Gel

Results of FTIR spectroscopy using ATR performed on RHA-NaOH gel and
commercial sodium silicate are presented in Figure 4. The characteristic peaks
of commercial sodium silicate are represented in RHA-NaOH gel. The OH vi-
bration band is observed at 3300 cm™ for commercial sodium silicate whereas
that from RHA-NaOH gel appeared at 3200 cm™'. The bending of water mole-
cules is identified at 1620 cm™ in the commercial sodium silicate and at 1630

cm™ in RHA-NaOH gel. The common peak of sodium silicate solutions which is
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Figure 4. FTIR Spectra of commercial sodium silicate and sodium silicate from RHA.

characterized by the asymmetric stretching of Si-O-Si bonds of the structural
units on the ATR-FTIR spectra appears in the region 850 - 1200 cm™ [26] [27].
This band is observed at 997 cm™ for commercial sodium silicate and at 1000
cm™ for RHA-NaOH gel, indicating the predominance of Q2 units. This can be
justified by the fact that the first solutions appear more depolymerized. The
weak peak at about 1100 cm™ is attributed to Q3 units. This peak is more pro-
nounced on the FTIR spectra of commercial sodium silicate compared to the
one from RHA-NaOH gel. This implies that commercial sodium silicate con-

tains more reactive silica than RHA-NaOH gel.

3.3. Characteristics of Products

3.3.1. FTIR Analysis

FTIR spectra of series A, B and C are shown in Figure 5. Results of the products
with 100 and 105 g of FCBW powder were not obtained because of the efflores-
cence phenomena. All FTIR spectra of the geopolymer matrices with S2 and
various amount of FCBW presented common features compared to those from
S1 at the same conditions in the range of 3387 - 3462 cm™" and 1637 - 1662 cm™".
These corresponding bands are attributed respectively to the stretching and
bending vibrations of O-H bonds, which result from the water molecules that
are present either on absorbed surfaces or entrapped in the 3D polymeric struc-
ture cavities [28] [29] [30]. The absorption bands appearing in the region 1404 -
1419 cm™ are attributed to the asymmetric stretching vibration of carbon dio-
xide molecules CO,, which are found in all FTIR spectra samples and probably
due to unreacted Na* from alkaline solution which was carbonated by CO, from
ambient air. However, the influence of both nature of used alkaline activators
and amount of precursor materials on Si-O-T (where T = Si, Al) vibrations, were

investigated. In fact, the concerned band is ascribed to the formation of
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Figure 5. FTIR Spectra of geopolymers for series A, B and C.

aluminosilicate gel. These mainly included the asymmetric stretching of Si-O-Al
and Si-O-Si bonds at ~1000 cm™ [31] [32] and the Al-O vibrations at ~520 cm™.
The variation of FCBW contents from 110 to 120 g gives rise to a shift of Al-O
bands from 530 to 542 cm™" for A, 525 to 538 cm™' for B and 538 to 536 cm™ for
C, relatively, which are higher than the common value observed with metakaolin
as starting material. This band shifts toward the higher wavenumbers in cases of
series A and B thus indicates less Al inclusions in their structure suggesting
more unreacted FCBW particles while a slight decrease of wavenumbers ob-
served in the case of series C can be related to the slow dissolution of FCBW
particles in S2. The absorption bands assigned to asymmetric stretching of
Si-O-Al and Si-O-Si bonds for specimens of series A, B and C appears respec-
tively at 1009, 999 and 1005 cm™" with 110 g of FCBW and at 1007, 1003 and 989
cm™" with 120 g of FCBW. This suggests that a geopolymerisation reaction took
place with both alkaline activators S1 and S2 in the presence of FCBW powder.

3.3.2. Bi-Axial Four-Point Flexural Strengths

The bi-axial four point flexural strengths of geopolymer specimens of the three
series A, B and C, are shown in Figure 6. The values of flexural strengths of the
FCBW based geopolymers using S2 can be compared with the ones obtained
with S1 at different amount of FCBW. Specimens of series B present values of
strength ranging from 7.5 to 10 MPa, with a maximum at 9.3 MPa, which cor-
respond to an amount of FCBW of 105 g. However, for series C, the strength in-
creases with the amount of FCBW added, but remains lower than those of series
B (ranging from 4 to 7 MPa), thus indicating that an addition of FCBW in the
matrix gel will improve the flexural strength. As confirmed by FTIR spectra,
commercial sodium silicate has Q2 and Q3 while RHA-NaOH gel contains only

Q2 species thus conferring less available and reactive silica particles in latter. In
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Figure 6. Bi-axial four point flexural strength of FCBW-based geopolymers: series A, B
and C as a function of FCBW added.

accordance with Bernal ef al [33], specimens of series C, which were prepared
with S2 at different amount of FCBW, contain undissolved silica particles due to
a partial dissolution of some reactive phases present in RHA, delaying in general
the kinetic rate of reaction of geopolymerization. Thus the unreacted silica par-
ticles act as coarse aggregates in the matrix influencing directly the shift of the
flexural strength towards slightly lower values. Moreover, flexural strength val-
ues of specimens of series A (ranging from 4 to 5 MPa) are the lowest. This is
coherent with their coarsening microstructure observed due to the unsieved as-
pect of FCBW used.

3.3.3. Bulk Density

The variation in bulk density as a function of FCBW content in various series of
gepolymers is presented in Figure 7. The trend of curves is similar to that of
flexural strength. The result is in accordance with that obtained by Emdadi et al.
[34]. Decrease in bulk density is observed in specimens of series A and B, while
increase is observed in that of series C. The less poly-condensation process in
geopolymers with RHA-NaOH activator yielded to more unreacted solids that
acted as fillers in the mixture and caused increase in bulk density. Results re-
vealed that the change in densities is also influenced by the nature of alkaline ac-

tivator solutions.

3.3.4. Water Absorption

Figure 8 shows the percentage (%) of water absorption of various series of geo-
polymers. For series B, values of water absorption range from 14.58% to 16.13%
corresponding respectively to a minimum and maximum absorption. Specimens
of series C have the highest values of water absorption ranging from 17.2% to

17.9%. Unreacted gel and undissolved silica contributed to increase water
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Figure 8. Water absorption of FCBW-based geopolymers: series A, B and C as a function
of FCBW added.

absorption geopolymer with RHA-NaOH activator. Compared to Figure 6, the
high water absorption of specimens of series C does not have a detrimental effect
on their flexural since no decrease in that property was observed. Explanation of
this behavior could be in the nature of bonds and geopolymerisation phases ob-
tained when RHA-NaOH activator is used compared to commercial sodium si-

licate.
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3.3.5. SEM Analysis

The micrographs shown in Figure 9 illustrate the microstructure of the geopo-
lymer made from fired clay brick wastes. In the alkaline media, the amorphous
fraction of the fired clay is dissolved to form aluminosilica oligomers that pro-
gressively polycondensed to 3D network with amorphous and porous structure.
This amorphous structure of geopolymer dominates the matrices of the series B
and C and can be explained by the fact that during the sieving of FCBW, a major
fraction of potential unreacted silica particles was removed. That increased the
content of the solid precursor that is going to be geopolymerized. This can justi-
fy the good homogeneous aspect of the micrographs with better compactness
which is the demonstration of the extent of geopolymerization. The gel-like
structure as observed is typical to that described in the literature [6] [9] for the
silica-rich based geopolymer cement. The gel itself is comprised of colloidalized,
globular units closely bonded together at their surfaces. Between the grains and
particles a nanostructured porosity exist which is characteristic of the gel from
the geopolymerization. The fractured surfaces of the micrographs give a clear
idea on the density and strength achieved by the series B and C. Low capillary
porosity and the absence of microcracks in those matrices are in agreement with
the phase evolution (Figure 8) confirming the good extent of polycondensation
and particles packing. The compactness of the microstructure is significant in B
with respect to C. This is linked to the level of solubility in the two alkaline acti-

vators. The absence of significant nanosized silica in S2 delayed in general the

x50 500 pm 20KV, 550,300~ 12.38 BES™

12:38 BES

10KV x50 500 im 12:24-SEI

Figure 9. Microstructures of geopolymers of series A, B and C.
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kinetics of the reaction of geopolymerization. The absence of these nanosilica
also increase the voids and enhance the coarsening of the microstructure. This
can be easily correlated with the mechanical strength (Figure 6).

The specimens of series A show more coarsening microstructure with respect
to those of series B and C. It can be noted that series A is produced with un-
sieved FCBW. This increases the silica fraction in the matrix, with the undis-
solved fraction acting as fine aggregates contributing to develop discontinuity
into the microstructure of the gel-like structure of geopolymer. Although the gel
in series B demonstrated a good adhesion as can be observed in Figure 9, the
high volume of capillary pores and the discontinuity created by the aggregates
are responsible for the less densification and relative low strength of series A.
This was evident as into the matrix of FCBW, the fraction of clayey minerals is
relatively low and only that clayey fraction can be responsible for the matrix
strengthening of the geopolymer composites. It is then evident that the appro-
priate microstructure that guarantee good strength, high density and low poros-
ity as in the case with series B with 105 g of solid precursor and with respect to
series C with 120 g of solid precursor, should consider the clayey/aggregates ra-
tio of the FCBW so that some adjustment in the processing or the composition
design can be done for the optimization of the characteristics of the final prod-

uct.

4. Conclusions

From the investigations carried out in the present study, the following conclu-

sions can be drawn:

¢ Geopolymer products can be obtained from crushed fired clay bricks waste
and RHA-NaOH solution;

¢ RHA-NaOH gel can be used as an alternative to commercial sodium silicate in
the geopolymerization process, to obtain geopolymer products with characte-
ristics which are similar or higher compared to commercial sodium silicate
when used, appropriate filtration process should be applied to RHA-NaOH
gel to reduce impurities as undissolved species. Study on the appropriate syn-
thesis method of RHA-NaOH gel that gives optimum reactivity of RHA
should also be made;

e RHA-NaOH gel contains less reactive silica than the commercial sodium sili-
cate;

e To better understand the characteristics of geopolymers with RHA-NaOH gel
and FCBW, more investigations should be done on the nature of bonds and

reaction products.
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