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Abstract

This study aimed to investigate the effect of Titanium Dioxide TiO, (anatase and rutile) on mechanical and microstructural
properties of meta-halloysite based geopolymer mortars namely GMHA and GMHR series. Meta-halloysite received 2.5,
5.0, 7.5 and 10 wt% of anatase or rutile as addition before calcination and geopolymerization. The raw materials and the
end products were characterized using XRD, FTIR, ESEM and MIP analyses. The flexural strength increases from 6.90 to
9.13 MPa and from 6.90 to 12.33 MPa for GMHA and GMHR series respectively. The cumulative pore volume decreases
from 102.2 to 84.2 mm?g~' and from 102.2 to 51.3 mm? g~' for GMHA and GMHR products respectively. Both matrices
present micrographs with very low capillaries pores and fractured surfaces that confirmed the enhancement of the
mechanical properties. It was concluded that TiO, in both forms is beneficial for the reduction of porosity and densifica-
tion of geopolymer matrices. Rutile enabled more compact and denser geopolymer structure compared to anatase. The
aforementioned results showed the efficiency of both fine TiO, particles to improve the geopolymer network significant
for its durability.
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1 Introduction

Sustainable use of natural resources in the field of con-
struction and building materials gained great attention
in recent years. But in building industries, the most com-
monly used construction material is concrete. Ordinary
Portland Cement (OPC) is conventionally used as the pri-
mary binder to produce concrete. However, the produc-
tion of OPC contributes to 5-8% of global Carbon Dioxide
(CO,) emissions and releases of gases such as Nitrogen
Oxide (NOx) and Sulphur Oxide (SOx) responsible for the
greenhouse effect and acid rain [1]. The search for an inno-
vative technology, new, sustainable and environmentally
friendly materials is becoming a fundamental need. Geo-
polymers are green alternative to conventional cement
and concrete produced from the OPC and to reduce the
aforementioned problems of CO, emissions. Geopolym-
erization involves chemical reactions at low temperature
between an amorphous to semi-crystalline aluminosili-
cate material and silicate solutions under highly alkaline
conditions [2]. Its advantages are based on (a) low energy
consumption, (b) low CO, emissions in the preparation
process (curing at ambient temperature) [3], (c) the abil-
ity to withstand elevated temperature and fire, (d) acid and
salt resistance [4] and (e) an extensive range of available
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solid precursors such as metakaolin [5] and by products
such as volcanic ash [6] and fly ash [7]. As geopolymers
are seen as a material of future, its durability must to be
studied. Sustainability requires the development of stable,
low-polluting products with low environmental impact.
Numerous nano-particles (SiO,, Al,O; and TiO,) have
been successfully used as improvement agent in terms of
mechanical properties, microstructure as well as durabil-
ity of binder, mortar and concretes [8]. Titanium dioxide,
which is one of the mostly used, exhibits three polymorphs
namely anatase, rutile and brookite. According to Pelaez
et al. [9], anatase is made up of corner (vertice) sharing
octahedra which form (001) planes resulting in a tetrago-
nal structure. In rutile, the octahedral share edge at (001)
planes to give a tetragonal structure and in brookite both
edges and corners are shared to give and orthorhombic
structure. Anatase type is more widely used because of
its higher photocatalytic activity compared to the other
types of TiO, [9-11]. Compared to other nano-particles,
TiO, presents photocatalytic properties owing to its BET
surface and pore size distribution. When introduced in
cementitious matrices, it enhances their resistance to
chemical attacks, allowing the degradation or deteriora-
tion of atmospheric pollutants like NOx and SOx, resulting
in self-cleaning property [12-14]. Therefore, the presence
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of TiO, particles in geopolymer network would act as wall
protection to external attack related to their high surface
area and fine particles that could extend the geopolymeri-
zation rendering the structure less permeable. Beside the
depolluting ability of the materials added with TiO,, the
presence of titanium dioxide may also positively influence
their mechanical properties. Recently, Guzman-Aponte
et al. [15] investigated the influence of TiO, on physico-
mechanical properties of metakaolin-based geopolymer.
The authors found that a percentage of up to 10% TiO,
does not affect the mechanical properties of the geopoly-
mer, although it does reduce the fluidity and setting times
of the mixture indicating their participation into geopoly-
mer reaction. Similar observation was reported by Duan
et al. [16] who concluded through microstructural analysis
uncovers that the addition of nano-TiO, promotes the for-
mation of geopolymer and results in compact and dense
microstructure with less cracks.

In this study, thermally treated Halloysite (700 °C) and
a mix of potassium silicate and potassium hydroxide are
used as source of aluminosilicate and alkaline activators
respectively. According to the literature, geopolymers pre-
pared using K-containing activators have better high-tem-
perature resistant properties than those synthetized using
Na-containing activators [15, 17, 18]. Lemougna et al. [19]
also reported that the use of KOH in geopolymer synthe-
sis improves the degree of polycondensation and tends
to produce stronger matrixes resulting in high strength.
From the economical point of view, large production of
geopolymer activated by KOH and K,SiO; will be more
expensive compared to those activated by NaOH and
Na,SiO;. However, it is well known that the photocatalytic
action of TiO, is efficient in the presence of K* ions, so the
functionality of the matrices under study take advantage
to the economic aspect. Halloysite (Al,Si,Os(OH),-2H,0)
is a natural and abundant clayey material. It has the same
theoretical chemical composition as kaolinite except that
it contains additional water molecules between the lay-
ers and most commonly has a tubular morphology [20,
21]. On the contrary, kaolinite (Al,Si,O5(0H),) is a simple
layer aluminosilicate consisting of alternate layers of silica
and alumina in tetrahedral and octahedral coordination,
respectively [22] and typically occurs in platy form. Ther-
mal treatment of halloysite and kaolinite clays from 550
to 800 °C causes their dehydroxylation resulting respec-
tively in meta-halloysite and meta-kaolinite formation,
required for the geopolymer synthesis [5, 23]. However,
the additional water content to halloysite with respect to
kaolinite allows earlier decomposition and dehydroxyla-
tion conducing to meta-halloysite at lower temperature.
Kaze et al. [24] showed that calcined halloysite at 600 °C
is suitable for geopolymers with good mechanical prop-
erties and long-term durability. Zhang et al. [25] in their

investigation claimed that 700 °C appeared as optimal
calcination temperature of halloysite-clay that insured
high strength. Recently, Tchakounté et al. [26] produced
geopolymer binder from calcined halloysite and kaolinite
clays at 700 °C, consolidated with sodium alkaline solution.
The authors found that the obtained geopolymer binders
made of calcined halloysite developed dense structure
and high strength compared to that of metakaolin. This
was due to fine particles of calcined halloysite that easily
dissolve in alkaline solution producing a high quantity of
the binder phase.

The main target of the present work was to evaluate
and compare the influence of the addition of titanium
dioxide in anatase form and rutile form, at different con-
centration, on the physical and mechanical properties of
meta-halloysite based geopolymer. Before geopolym-
erization, the TiO, is added at various amount into alu-
minosilicate and the mix is calcined. The microstructural
properties of the hardened products and the pore sizes
distribution within the geopolymer composite were deter-
mined using Environment Scanning Electron Microscopy
(ESEM) and Mercury Intrusion Porosity (MIP) respectively.
In this first part of study, we focus on the influence of TiO,
(anatase and rutile form) on the microstructure, porosity,
densification and physico-chemical properties.

2 Materials and methods
2.1 Materials

Halloysite clay was collected from Balengou, a local-
ity situated in the West Region of Cameroon. The phys-
icochemical characterization of clay from Balengou was
already studied by Kaze et al. [24]. They found that the
main phases are Halloysite (Al,Si,O5(OH)), Quartz (SiO,),
Hematite (Fe,O;) and Anatase (TiO,). High purity ana-
lytical anatase and rutile (provided by a ceramic industry,
Modena, Italy) were used as an additive. The commercial
potassium silicate, namely KSil 385 (K,0/SiO, superior to
2.6), was provided by Ingessil s.r.l. Verona (Italy). Its chemi-
cal composition presents 9.11 wt% of K,O, 26.45 wt% of
SiO, and 64.44 wt% of H,O. The potassium hydroxide was
prepared from dried KOH (pellets; 85% purity), supplied by
Labkem, Barcelona, Spain. Tap water was used as a solvent.

The fine aggregates (fine sand) used in this study were
natural sand obtained from white kaolin. Kaolin is soaked
in water for 24 h until it settled out. Then, kaolin is washed
several times to separate the gravel and sand fraction from
the silt and clay fraction. Sand was dried in the oven at
105 °C for 24 h. The dried sand was then completely sieved
at 200 um to remove gravel and others particles.
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2.2 Methods
2.2.1 Preparation of solid precursors

The as-received clay from Balengou was oven-dried at
105 °C for 24 h to remove moisture. The dried clay was
crushed in a mortar and then completely sieved at 200 um.

The titanium dioxyde (anatase or rutile) was added and
uniformly mixed into the halloysite clay at four different
contents (0%, 2.5%, 5%, 7.5% and 10%). Each formulation
was calcined at 700 °C in a programmable electric furnace
(MGS s.r.l., Italy) for 4 h with a heating and cooling rate
of 5 °C min~". After calcination, each sample was left to
cool freely in the furnace. The resulting powder was kept
in a container to avoid its contact with air. The specimens
are labelled MHA2.5, MHA5, MHA7.5 and MHA10 for sam-
ples containing anatase and MHR2.5, MHR5, MHR7.5 and
MHR10 for samples containing rutile. MH samples without
TiO, (the reference) is used for comparison.

2.2.2 Preparation of the alkali-silicate activator

The alkaline solution used was a mixture of required
amounts of potassium silicate and aqueous solution of
potassium hydroxide (10 M). The silica modulus (Ms) or
molar ratio of SiO,/K,0 and H,0/K,0 were fixed at 1.55 and
13.27, respectively [27, 28]. This solution was prepared 1 h
before use to enable equilibration and cooling.

2.2.3 Preparation of the geopolymer mortars

Geopolymer pastes were obtained by mixing suitable pro-
portion of solid precursor and alkaline solution. The liquid/
solid mass ratio for all specimens was kept constant at 0.65
to allow good workability of the paste. The mortars were
obtained by mixing the slurry with aggregate (fine sand)
at a mass ratio (precursors-to-aggregate) of 1:1.

The fresh geopolymer mortar samples were rapidly cast
and full filling into molds of dimension 22x22x8 mm?,
The molded specimens were vibrated for 5 min to ensure
well distribution and to remove entrapped air bubbles.
Then, they are compacted and covered with a thin film
to prevent moisture loss during the setting. The geopoly-
mer mortars were left in sealed plastic at room tempera-
ture for 24 h before demolded and then storing at room
temperature until mechanical tested at 28-days (Fig. 1a).
The mix design of the different compositions was labelled
GMHA2.5, GMHA5, GMHA7.5, GMHA10 for geopolymers
mixed with anatase (GMHA series), GMHR2.5, GMHRS5,
GMHR?7.5 and GMHR10 for geopolymers combined with
rutile (GMHR series) and GMH for the reference.
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2.3 Characterization techniques
2.3.1 X-ray diffraction (XRD)

The X-Ray Diffraction data was collected using a Phillips
Analytical X-Ray instrument (PW3710) operating with a
CuKa, Ni-filtered radiation source (the wavelength was
1.5418 A) and using a current of 40 mA and an accelera-
tion Voltage of 40 kV. The XRD patterns were recorded in
the range of 5° to 70°, with a scanning rate of 2 s per step.

2.3.2 Fourier transformed infra-red spectroscopy (FTIR)

Fourier Transformed Infra-Red Spectroscopy (Avatar 330
FT-IR, Thermo Nicolet) was performed on selected samples
analyzing surface and bulk areas. A minimum of 32 scans
between 4000 and 400 cm™" was averaged for each spec-
trum with 1 cm™ resolution.

2.3.3 Three-point flexural strength

The flexural strength of the geopolymer samples was
measured in three-point bending configuration accord-
ing to ASTM C 1161 - 02c standard [29], using a universal
mechanical testing machine, type MTS 810, (MTS Systems
Corporation, Eden Prairie, MN, USA). The strength of each
specimens calculated as follow:

3PL
S= > bd? (1)
where S is strength (MPa), P the maximum applied load
indicated by the testing machine (N), L span length (mm),
b average width of specimen (mm) and d average thick-
ness of specimen.
In our specific test configuration, b=23 mm and
d=23 mm. The reported results were the average of four
samples.

2.3.4 Water absorption, bulk density and apparent
porosity

The Water absorption (Wa) analysis was conducted by
immersing the specimen in water at ambient temperature
for 24 h and comparing the Wet Weight (Ww) to the Dry
Weight (Dw) according to Eq. (2):

Wa(%) = Ww-=DwW)_ 1o

0 ()

Bulk density and apparent porosity of the geopolymer
samples were determined following the ASTM standard
(C373-88 (2006) using an analytical balance (Gibertini-Italy)
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Fig. 1 a Photograph of geopol-
ymer samples, b XRD analysis
of anatase and rutile, ¢ particle
size distribution of anatase,

d particle size distribution of
rutile, e particle size distribu-
tion of halloysite, f SEM image
Ti,O particles
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2.3.5 Environmental scanning electron microscopy (ESEM)

The ESEM analysis (Model Quanta 200, FEIl, and Hillsboro,
OR, USA) was performed at low vacuum on fractured
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pieces collected from mechanical test. The specimens
were preliminarily gold coated with 10 nm thick gold layer.

2.3.6 Mercury intrusion porosity (MIP)

The MIP constituted by an Autopore IV 9500, 33000 psia
(228 MPa) covering the pore diameter range from approxi-
mately 20-0.001 pm having two low-pressure ports and
one high-pressure chamber was used for the pore’s
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analysis. Pieces collected from the mechanical test were
used to prepare specimens of ~ 1 cm? of volume for the
MIP.

3 Results and discussion
3.1 Characterization of the solid precursors

The Diffractogram of anatase and rutile is shown in Fig. 1b.
The peaks located at approximately 25°, 38°, 48°, 55° and
63° 20 were identified as Anatase (TiO,, ICCD 86-1157) or
Rutile (TiO,, ICCD 001-1292). The high level of purity of
anatase and rutile is confirmed by the intensity of the peak
located at 25° 26.

Figure 1c-e and Table 1 present the physical properties
of the solid precursors. The main diameters D,,, D5, and
Dy are 0.26, 0.61 and 1.33 um for Rutile, 0.25, 0.58 and
1.24 um for Anatase, and 1.30, 8.32 and 49.20 um for Hal-
loysite. Their corresponding BET specific surface area are
10.52+0.18,10.45+0.10 and 27.92+0.12 m? g~' for Rutile,
Anatase and Meta-halloysite, respectively. From Fig. 1c-e,
itis observed that anatase and rutile appear as nano mate-
rials with particles ranged between 0.12-2.23 um and
0.12-2.75 pym, respectively. In case of meta-halloysite, the
particle size ranged between 0.12 and 146 um contains
more than 60% of particles with size <10 um. With this
class of particles size distribution for both anatase and
rutile, the insertion of these minerals‘compounds could be
expected during the meta-halloysite based geopolymer
synthesis. More details in both anatase and rutile forms
using Scanning Electron Microscope (SEM) are presented
in Fig. 1f. It is observed that anatase particles exhibited
circular morphology while rutile was tubular form. There-
fore, these shapes for both nano compounds could likely
influence the microstructural and mechanical properties
of the end products.

Figure 2a presents the XRD patterns of meta-halloysite
(MH) and various mixtures. It shows a typical broad hump
appearing between 18° and 30° 26. The presence of this
diffuse halo implies the predominance of amorphous
phase in the meta-halloysite, which is suitable for the
geopolymerization. Besides, there are few reflexion peaks

Table 1 Physical properties of raw materials

Raw materials Particle size distribution (um) B.E.T specific
surface area
Dio Dso Dgo (m? 9*1)
Rutile 0.261 0.613 1328  10.52+0.08
Anatase 0.244 0.577 1.242 10.45+0.10
Halloysite 1.30 8.32 49.20 27.92+10
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of crystalline phases like Quartz (SiO,, ICCD 46-1045),
Muscovite (KAI,(Si;Al)O,,(OH),, ICCD 33-664), Hematite
(Fe, 05, ICCD 33-664), Halloysite (Al,Si,05(OH),2H,0) and
Anatase (TiO,, ICCD 86-1157). For the meta-halloysite
blended with TiO, at different concentration (Fig. 2a), the
same crystalline phases were observed. The intensity of
anatase increased with the increase of the percentage of
TiO, addition in the solid precursors. The different phases
of meta-halloysite (MH) and anatase are easily identified.
It seemed that there were no new formed phases after cal-
cination indicating that anatase did not react with meta-
halloysite constituents.

Anatase and rutile presented very similar features at
FTIR spectrum (Fig. 2b): principal bands are located at
670 and 668 cm™' for anatase and rutile respectively. In
Fig. 2¢c, the wavenumber of 1049.48 cm™is attributed to
the asymmetric vibration modes of Si-O-Si and Si-O-Al
bonds, which corroborates the aluminosilicate character
of this MH [30]. The absorption band at 776.87 cm™' is
ascribed to the bending vibration of Si-O-Si and could be
related to the presence of the amorphous silica contained
in the structure of MH [31]. This is in accordance with the
presence of dump observed in the XRD pattern (Fig. 2a) of
MH. In fact, the calcination of halloysite produced meta-
halloysite and amorphous silica. Residual quartz present in
this meta-halloysite is confirmed by the signal at 776 cm™'
according to Tchakouté et al. [22]. At about 615.85 cm™,
the smallest band is attributed to the bending vibration
mode of O-Si-O [32]. The peaks that appear at 2324.23 and
2359.62 cm™' are assigned to the absorption band of the
sample holder. The bands at 3693.82 cm™', 3623.86 cm™'
and 1641.58 cm™' are ascribed to the axial asymmetric and
symmetric (bending and stretching) vibration mode of the
hydroxyls OH associated to Al atoms and free water [24].
These bands disappeared after calcination indicating com-
plete dehydroxylation of halloysite clay.

For the FTIR spectra of MH mixed with anatase (0, 2.5,
5.0, 7.5 and 10%) (Fig. 2d, e), a new peak that appeared
near 693.28 cm™ is ascribed to the Ti-O-Ti stretching of
the anatase phase comparatively to the spectrum of MH
[15]. This band relative to TiO, can be distinguished from
those belonging to the meta-halloysite phases, which is in
accordance with the observation made with XRD patterns.
This band appeared at 699.6 cm™' in the FTIR spectra of
MH mixed with rutile.

3.2 Characterization of hardened products
3.2.1 Visual aspect of geopolymer specimens
The end products aged of 28 days are presented in Fig. 1a.

It appears that the geopolymer mortars made without
TiO, conserved the dark brown colour of meta-halloysite.
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However, the addition of titanium dioxide reduces the
darkness of the geopolymer mortars. The lightening of the
color increases with the increase of the TiO, content. The
amount of TiO, increases the color intensity of the geo-
polymer mortars from clear brown to dark brown.

3.2.2 Phases evolution

The Diffractograms of geopolymer mortars with TiO, addi-
tion are given in Fig. 3. The XRD patterns revealed the pres-
ence of quartz as the major crystalline phase. Apart from
the quartz which comes from the sand added, there is the
residual quartz from halloysite clay. Muscovite, hematite
and anatase appeared as secondary phases. The presence
of Muscovite, hematite and anatase in the geopolymer
composite suggests that those minerals were not involved
during the geopolymerization process and remained
unaffected. TiO, is also inert and chemically stable. Beside
the crystalline phases, the broad hump structure initially
between 18° and 30° 26, was shifted towards higher values
of (26). This slight displacement of the dome now located
at the 22°-35° (2°) indicated the formation of a new amor-
phous phase, although the sand addition, which is finger-
print of geopolymer network [22, 30].

The absorption band, which initially appears at
1049.48 cm™' in the FTIR spectrum of MH (Fig. 2c),
is shifted to low wavenumbers in the range of
993-975 cm™' and 1003-979 cm™' for GMHA and GMHR
geopolymer series respectively. The shift of this charac-
teristic broad band at low wavenumber confirmed the
dissolution of the meta-halloysite and the formation of
the geopolymer gel [23]. From literature, this band is
often used to determine the degree of polycondensa-
tion [32, 33]. The wavenumbers of the aforementioned
broad band are slightly lower on the FTIR spectrum of
GMHA series (Fig. 4a) compared to those of GMHR series

GMHA10 = = -—— v amd P~ - -
a -— " \1'625 \
3385 \

1005

r T T T T T T T T
4500 4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'1)

(Fig. 4b). This phenomenon could be attributed to the
significant interaction between the MH and TiO, during
the dissolution and polycondension. This interaction
conducted to the formation of highly cross-linking geo-
polymer framework in GMHA series. Moreover, according
to Lee and van Deventer [34], the displacement of this
characteristic band toward a lower wavenumber indi-
cates that the original silicate or aluminosilicate struc-
ture had been significantly depolymerized.

The less intense peak of Ti-O-Ti bond is over-
lapped in the broad bands around 692-667 cm™' and
688-665 cm™' by the band ascribed to the Si-O stretch-
ing and deformation vibration for GMHA and GMHR
series respectively. For the reference (GMH), the broad
absorption bands at 3404 cm™' and 1655 cm™' are
respectively attributed to vibration bending and stretch-
ing mode of the hydroxyl O-H bonds belonging to water
molecules present on absorbed surface or entrapped in
the 3D polymeric structure cavities during the geopoly-
merization process [35]. These bands are located in the
range 3385-3355 cm™' and 1649-1625 cm™' for GMHA
series (Fig. 4a), and in the range 3380-3349 cm~' and
1639-1616 cm™~' for GMHR series (Fig. 4b). The intensity
of these bands decreases with the proportion of the TiO,.
This suggests the decrease in OH intensity with increas-
ing of TiO, content, which results to the reduction of the
silanol (Si—-O-H) species and the formation of Si—-O-Ti
species on the geopolymer. The shift of the principal
band toward lower wavenumber is due to the formation
of Ti-O-H species resulting in the partial replacement
of the tetrahedral Si sites with Ti following the change
in the local chemical environment [36]. This trend is also
similar to the studies reported by Guzman-Aponte et al.
[15] which related that the increase of TiO, additive con-
tent leads to an increase in the hydrophobicity of the
material, i.e. its capacity to repel water.
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Fig.4 FTIR spectra of geopolymer mortars with additives: a anatase, b rutile
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Table2 Water absorption,

- Samples Water absorp-  SD/+ Apparent poros- SD/+ Bulk density SD/+

appa_rent porosity and bulk tion (%) ity (%) (gcm™)

density data of the hardened

samples GMH 14.2 0.2 34.5 2 1.8 0.02
GMHA2.5 14.13 0.1 34.46 1 1.81 0.02
GMHAS5S 14 0.1 334 3 1.79 0.01
GMHA?7.5 13.4 0.3 32.2 1 1.81 0.03
GMHA10 124 0.2 30.01 2 1.86 0.01
GMHR2.5 12.42 0.2 29.48 1 1.83 0.01
GMHR5 12.54 0.3 30.6 2 1.87 0.01
GMHR7.5 12.4 0.2 299 1 1.85 0.03
GMHR10 16.5 04 39.6 1 1.72 0.02

3.2.3 Physico-mechanical properties

The variation of the water absorption, apparent poros-
ity and bulk density of geopolymer mortars are recorded
in Table 2. The addition of anatase decreased the water
absorption from 14.2 to 12.4. This value is obtained with
rutile right at 2.5 wt% and this value of water absorption
is stable up to 7.5 wt%. Further increase in rutile content
(>7.5%wt) increased the water absorption, as the con-
sequence of the increase of the apparent porosity (39.6
instead of 29.9). With the GMHA series, the apparent
porosity decreased progressively and reached 30.01 only
when 10% of anatase is added. The presence of TiO, spe-
cies improved the dissolution, favoured the high degree of
polycondensation and contributed to the densification of
the geopolymer matrix by reducing the pores and voids.
Besides, the values of density slightly increase with the
content of TiO, as a result of pores filling. The high values
of water absorption and apparent porosity of GMHR10
can suggest that more pores and voids are present in the
structure of this geopolymer matrix due to the remaining

Flexural Strength
10 4

_

GMHO GMA2.5

GMHAS  GMHA7.5 GMHA10
Samples with Anatase addition

unreacted TiO, and other particles which can leach out
of geopolymer matrix when the samples are immersed
in water. Thereby, GMHR10 exhibits the lowest density
value. This phenomenon can be explained by the pres-
ence in excess of TiO, particles in the geopolymer gel.
These results are consistent with the trend of the flexural
strength and the microstructure.

Figure 5 presents the 28-days mechanical strength
behaviour of the hardened products made with the TiO,
addition. The flexural strength values are 6.90, 7.98, 8.09,
8.40 and 9.13 MPa for GMHA series and 9.60, 11.30, 12.33,
11.20 MPa for GMHR series containing 0%, 2.5%, 5%, 7.5%
and 10% amount of anatase or rutile, respectively. It can
be seen that the flexural strength of geopolymer mortars
is enhanced by increasing the rate of TiO, from 0 to 7.5%.
This trend could be attributed to the TiO, particles which
act as fillers or micro aggregates by reinforcing the geopol-
ymer matrices resulting in compact and dense structure.
This increase in flexural strength is in agreement with fine
particles and morphological shapes of both anatase and
rutile which can integrated the nano pore of geopolymer

12 3 Flexural Strength

10 4

Flexural strength/ MPa

GMHO  GMHR25 GMHR5 GMHR7.5 GMHR10
Samples with Rutile addition

b

Fig.5 Flexural strength of hardened samples with additives: a anatase, b rutile
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leading to densification and compactness of structure.
Above 7.5% of additive, it is noticed slightly decrease in
flexural strength for GMHR series (from 12.33 to 11.20 MPa)
while GMHA series show opposite tendency (from 8.40 to
9.13 MPa). The slight decrease could be justified by the fact
that the binding phases were not still enough to embed

1.0mm

different particles within matrix which results in lower
cohesion (Fig. 4b). It is noteworthy that GMHR series are
stronger than those of GMHA. This also matches with mor-
phological form of rutile which appears finer and presents
high specific surface area. Hence in alkaline it could well
behave compared to the later.

10.0pm:
5 111.0 mm|10i

Fig.7 Micrographs of the geopolymer mortars with TiO, addition at low magnification: anatase (a-c for 2.5, 5 and 7.5 wt% respectively),

rutile (d—f for 2.5, 5 and 7.5 wt% respectively)
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Fig.8 Micrographs of the geopolymer mortars with TiO, addition at high magnification: anatase (a—c for 2.5, 5 and 7.5 wt% respectively),

rutile (d—f for 2.5, 5 and 7.5 wt% respectively)

3.2.4 Microstructure

The SEM micrographs and the morphology features of
geopolymer with various TiO, content up to 7.5% are sum-
marized in Figs. 6, 7, 8. At low magnification (x 80), both
the geopolymer series exhibited a dense and homogene-
ous matrix with good compactness. In addition, there are
no cracks appearance suggesting that the binder phase
was enough to embed different particles within the matrix
avoiding the Interfacial Zone (ITZ Formation) [37]. The geo-
polymer binder, with its grey tone, can be easily identified
in all the micrographs. The presence of dispersed larger
capillary pores is generally attributed to air bubbles that
remain entrapped into the structure during the dissolution
and polycondensation process [24, 38]. Compared to the
micrograph of the reference mortar (Fig. 6), the number of
pores and voids decreased with increasing the content of
TiO,. This implies that the TiO, compounds (due to their
interesting characteristics described in Fig. 1¢, d) could
have easily hook into the geopolymer network or act as a
pore refining agent in the resulting matrix. The densifica-
tion is enhanced with the presence of titanium particles
which fill up the pore and voids space around them. They
act as a nanofiller in the geopolymer matrix, which con-
tributed to reinforce their structure. As consequence, the
geopolymer matrix become more compact and denser.

The variation of the densification is in good agreement
with the result of the flexural strength. Moreover, the par-
ticles of TiO, owing to their fineness and high BET surface,
have the ability to replace silanol or voids. This is consist-
ent with the results of IR spectrum of geopolymers which
highlighted the formation of Si-O-Ti and Ti-O-H spe-
cies due to the interaction between Si—-OH and reactive
TiO, units. These phenomena promote porosity refine-
ment and enhance dense microstructure. Consequently,
the flexural strength of the geopolymers was related to
their microstructure, with the denser, less porous and
finer textured samples being the strongest. Although the
fact that both matrices appear dense and compact with
TiO,, it is observed that the micrographs of GMHR series
(Fig. 7d-f) are more homogeneous compared to GMHA
series (Fig. 7a—c). The difference in both synthesized sam-
ples could be due to the following hypothesis: (1) More
particles of TiO, in rutile form could have participated in
geopolymerization reaction resulting in high extension of
geopolymer binder. High polycondensation or polymeriza-
tion justifies the high strength gained on these samples;
(2) TiO, in anatase form is more crystalline, therefore would
no integrate efficiently the matrix and would act more as
filler. At high magnification (x 2400), the reference matrix
(Fig. 6) is less dense compared to the matrices with TiO,.
Increasing the concentration of TiO,, the morphology
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Fig. 9 Cumulative pore volume of the geopolymer samples with additives: a anatase and b rutile

Table 3 Variation of average pore radius and specific pore area of
the geopolymer mortars

Samples Total cumulative pore Total surface  Average pore
volume (mm3g™) area(m?g™")  radius (um)
GMH 102.64 3413 0.004
GMHA2.5 90.64 31.15 0.004
GMHA5 84.19 29.50 0.004
GMHA7.5 91.73 30.1 0.004
GMHR2.5 49.01 11.68 0.004
GMHR5 39.77 12.26 0.004
GMHR?7.5 51.30 13.69 0.004

of the gel, which is smooth in GMH reference, develop
progressively a coarsening microstructure. The matrix is
viewed as a dense and well-packed particle of quartz sand,
titanium dioxide and unreacted meta-halloysite, where
the binding phase is not enough to completely embed
the different particles within the matrix. Grains of quartz
(dark grey particles) are now visible. Voids and spaces
formation are the result of water evaporation which ini-
tially occupied round -cavities within geopolymer pastes.
The coarsening microstructure of geopolymer matrices

containing the TiO, present, as evidence by the Mercury
Intrusion Porosity (MIP), nanometric and micrometric
porosities (Fig. 9). The cumulative pore volume of GMH
is 102.2 mm? g~". Increasing the rutile content (from 0 to
7.5%), it is noticed a significant decrease of the cumula-
tive pore volume from 102.2 to 51.3 mm> g~ (Fig. 9a). This
as the results of filling mechanism of the pores and voids
by rutile acting as strengthening agent which densified
the geopolymer matrices. Their average radius of pores
(Table 3) is closely 0.0041 um. In the case of anatase, the
cumulative pore volume slightly decreases from 102.2 to
84.2 mm3 g™ (Fig. 9b). The high values of the cumulative
pore volume recorded in GMHA series showed that rutile
particles are more efficient to reinforce geopolymer com-
pared to anatase, this in agreement with the mechanical
strength behavior (Fig. 5) and microstructure (Figs. 6, 7, 8).
Finally, the use of nano particles of rutile and anatase in
this study due to their high specific surface area and fine
particles acted as a nuclei site by accelerating hydration
phenomenon and promoting more geopolymer binder
formation leading to the densification of the microstruc-
ture, thereby reducing the pore and void formation justify-
ing the low porosity and water absorption [39].

Table 4 Pore size classification

Samples Micropores (%) Mesopores (%) Macropores (%) Voids (%)
of the tested geopolymer (<1.25) nm (1.25-25) nm (25-5000) nm (5000-50,000)
matrices nm
GMH - 65.25 27.12 7.6
GMHA2.5 - 83.76 10.26 5.98
GMHA5 - 83.2 13.3 35
GMHA7.5 - 75.40 18.03 6.56
GMHR2.5 - 58.77 23.68 17.54
GMHR5 - 733 1.5 15.2
GMHR?7.5 - 67.80 23.73 8.47
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Table 4 lists the classification of pores in the tested
geopolymer matrices. The reference geopolymers
(GMH) presents 7.6% of voids, 27.12% of macropores
and 65.25% of mesopores. The addition of anatase make
decrease the percentage of voids down to 3.5% where
the macropores drops at 13.03%. In the meantime, the
volume of mesopores increased from 65.25 to 83.2%. It
should be noticed that after 5% of TiO,, the tendency
is the increase of the voids and macropores with the
reduction of mesopores (Table 4). When the TiO, is
rutile, similar trend is observed. The limited reduction
of macropores in this case reduces slightly the volume
of mesopores. It can be concluded that the difference in
flexural strength of the geopolymer composites is not
only linked to the porosity and the pore size distribution,
but also to the specific volume of the cross-linking bond
developed during the geopolymerization. cross-linking
which is more significant in composite with rutile com-
pared to those with anatase.

The development of high volume of cross-linking bond
in the geopolymer network with TiO, added contributes to
the chemical stability of the geopolymer phases formed.
Additionally, TiO, significantly improve the densification
with important reduction of the porosity. The combine
fixations of the highly cross-linking bonding phases and
the improvement of the densification is positive for the
long-term durability of the geopolymer matrices. In fact,
the efficiency of the photocatalytic action of a matrix is
not only linked to the chemical activities of TiO, linking
to the destruction of NOx, Sox and others, the barrier that
constitutive the well dense and compact matrix should
ameliorate the action of TiO, since in the absence of poros-
ity, the fixation of NOx, Sox and others is difficult.

4 Conclusion

Titanium dioxide in anatase and rutile form were used in
various proportion as functional additive to halloysite clay.
The obtained solid precursors were mixed with alkaline
solutions to produce geopolymer mortars. The effect of
adding TiO, on the physical, mechanical and microstruc-
tural properties of geopolymer composites was investi-
gated. Flexural strength, water absorption, bulk density
and microstructures were assessed and the results are
summarized as follows:

1. Significant interactions were noticed between TiO, and
meta-halloysite during geopolymerization, improving
dissolution, polycondensation and densification of the
geopolymer network. This enhancement is more obvi-
ous when rutile is used;

2. The flexural strength of geopolymer mortars were
enhanced with the increase of TiO, concentration up
to 7.5 wt%;

3. The number of pores and voids decreased with increas-
ing content of the TiO, particles which contributes to
produce more densified geopolymer structures. More-
over, titanium species were seemed to efficiently inte-
grate the network structure geopolymer changing the
morphology of the gel from smooth to coarser;

4. The refining of pore structure, the densification of the
geopolymer matrix, which result to the improvement
of flexural strength, could be attributed to the filling
and replacement effects of TiO,.

5. The addition of rutile or anatase is found to be more
effective as a means to improve the mechanical and
microstructural properties of meta-halloysite based
geopolymers. Thus, TiO, in both forms appears as
catalyst for geopolymer reaction by extending the
geopolymer binder within the matrix.

From the above-mentioned investigations, it appears
that adding titanium dioxide (TiO, in anatase and rutile
form) can be used successfully for the improvement of the
mechanical and microstructural properties of geopolymer
mortars. The best results are obtained with rutile form.
TiO, in rutile form seem to have more participation in the
geopolymerization reaction, resulting in high extension of
geopolymer binder, which favors the high polycondensa-
tion. Results significant for the long-term durability of the
geopolymer matrices.
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