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Abstract

This paper aimed to investigate the effect of multi-walled carbon nanotubes (MWCNT) on
properties of slag geopolymeric mortar. Geopolymeric matrices containing different MWCNTs
concentrations (0.0, 0.1, 0.2, 0.3 and 0.4 % by weight of the used binder) were synthesized. The
geopolymer mortar composed of aluminosilicate slag to sand (1:2), while the aluminosilicate
source binder composed of 50% air cooled slag and 50% water cooled slag both passing a sieve
of 90 pm, while the sand passing a sieve of 1 mm. The materials prepared at water/binder
ratios in a range of 0.34-0.39% depending on the added MWCNT, whereas the Glenium Ace-30
superplasticizer used in the ratio of 1.4-2.2% from the total dry weight for better dispersion of
MWCNT under sonication for 15 min. Alkaline activation of the geopolymer mortar was carried
by using of 6% NaOH. Curing was performed under temperature of 40°C and 100% relative
humidity. Results showed that the addition of MWCNTs enhanced the resulting amorphous
geopolymer structure with marked decrease in the drying shrinkage as well as water absorption
specially when using 0.1% MWCNT, while further increase in MWCNTs results in agglomeration
in MWCNT within the matrix and so hinder the propagation of geopolymerization reaction and
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1. Introduction

Nanoparticles have proven to be an effective reinforcement
in a variety of cement composites [1-3]. When fine aggregate
particles are dispersed in the cement paste, they generate
large number of nucleation sites causing the paste more
homogeneous and dense as for the distribution of the fine
pores. In addition, the physical effect of the fine grains allows
denser packing within the cement and reduces the wall effect
in the transition zone between the paste and aggregate. This
weaker zone is strengthened due to the higher bond developed
between these two phases, improving the microstructure and
properties. Therefore, the addition of nanoparticles to cement
composite increases its mechanical strength and durability
when compared to the blank paste.

Recently, carbon nanotubes (CNT) have shown a high
potential to improve the properties of materials. Since discovery
of CNT by Iijima in 1991 [4], it has been widely used for a
variety of applications due to their excellent physical properties:
high strength, and Young’s modulus of individual CNT is
about 1.8 TPa [5]. CNT exhibits great mechanical properties
along with extremely high aspect ratios (length-to-diameter
ratio) ranging from 30 to more than many thousands. They are
expected to produce significantly stronger and tougher cement
composites than traditional reinforcing materials (e.g. glass
fibers or carbon fibers). In fact, because of their size (ranging
from 1 nm to 10 nm) and aspect ratios, CNT can be distributed
in a much finer scale, resulting more efficient crack bridging
at the very preliminary stage of crack propagation within
cement composites. However, properties and dimensions of
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CNT strongly depend on the deposition parameters and the
nature of the synthesis method, i.e., arc-discharge [6], laser
ablation [7], or chemical vapor deposition (CVD) [8]. In view
of a commercial application, the arc-discharge technique is the
only one that can offer a path towards low-cost and large scale
production [9, 10].

In fact, CNT obtained with a complete graphitization process
achieved by heat-treatment at high temperature [11], either in
vacuum or inert environment, show outstanding mechanical
properties [12]. When fine aggregate particles are dispersed
in the cement paste, they generate large number of nucleation
sites causing the paste more homogeneous and dense as for the
distribution of the fine pores. In addition, the physical effect of
the fine grains allows denser packing within the cement and
reduces the wall effect in the transition zone between the paste
and aggregate. This weaker zone is strengthened due to the
higher bond developed between these two phases, improving
the microstructure and properties. Therefore, the addition of
nanoparticles to cement composite increases its mechanical
strength and durability when compared to the neat paste.

Geopolymer-based composites are a novel class of low-
embodied carbon binders formed by a combination of low-
calcium fly ash (FA) and alkaline solution. The curing process
of geopolymer known as polymerization where the alumino-
silicate oxides react with the alkali polysilicates to form a
3-dimensional polymeric Si-O-Al amorphous microstructure
[13, 14]. Geopolymers are currently being considered as a
replacement to ordinary Portland cement (OPC) and has
received considerable attention for their cost efliciency,
chemical stability, corrosion resistance, rapid strength gain rate,
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low shrinkage and freeze-thaw resistance [15,16]. However,
due to their cross-linked structure, geopolymer tend to be
more brittle than OPC and therefore, they are unsuitable for
structural applications when safety-based structural design is
considered. Geopolymers were found to be more brittle than the
OPC, and their fracture energy was about 40% of that of OPC
[17]. Thus, improvement in fracture properties of geopolymer
is deemed necessary. Previous research investigated the
mechanical properties of geopolymer reinforced with different
macro-fibers such as steel, polypropylene (PP), polyvinyl
chloride (PVC) and basalt fibers [18].

The addition of these fibers increased the flexural strength,
fracture energy and controlled the crack propagation [18].
Carbon nanotubes are being considered as a potential
reinforcement in composites because they have mechanical,
electrical, chemical and thermal properties superior to
traditional fibers [19]. Nanoscale reinforcement of OPC with
CNTs has been the focus of intense study recently. Chen et
al. [20] provided complete literature review of CNT-cement
nanocomposites. Their review focused on the effect of CNTs
on the properties of OPC including fabrication, hydration,
mechanical properties, porosity and transport, conductivity
and piezoresistivity. It was found that the dispersion of CNTs
in cement remains one of the main challenges in improving
the fabrication of CNT-OPC mixtures. Adequate dispersion of
CNTs in cement is challenging since van der Waals forces are
responsible for their bundling and agglomeration even at very
low concentrations, thereby limiting their potential benefits
[20-22].

The enhancement of mechanical and electrical properties
depends on how well the CNTs are dispersed within the cement
matrix. The literature review highlighted many inconsistent
results on the effect of CNTs on the mechanical properties
of OPC. However, it is well established that the current
mechanical properties of CNT-OPC are not satisfactory for
structural applications indicating further research is needed to
find ways to uniformly disperse CNTs in cement [20]. In terms
of durability, previous studies on the effect of CNTs on the pore
structure of CNT-OPC composites suggested that CNTs can
act as nucleating sites for the cement hydration and as a result,
the overall porosity and pore continuity are reduced [20]. The
addition of CNTs improves the multifunctional properties
of OPC. Well dispersed CNTs increase the conductivity
and piezoresistivity sensitivity of CNT-OPC composites.
This is attributed to the formation of conductive network in
the cement matrix. In this case, the CNT-OPC exhibits an
enhanced ability to sense its own damage based on the change
in the electrical change upon loading [20]. A few studies
have focused on the fabrication of CNT-OPC composites in
relation to dispersion of CNTs and workability of mixtures.
Collins et al. [23] conducted a comprehensive study aimed
at investigating the effect of different types of dispersion
agents on the dispersion of CNTs and workability of CNT-
OPC composites. Polycarboxylate-based superplasticizer and
lignosulfonate dispersant agents provided adequate dispersion
of CNTs (up to 0.5 m% CNTs) whereas styrene butadiene
rubber and calcium naphthalene sulfonate dispersant agents
promoted the agglomeration of CNTs. The addition of CNTs

reduced the consistency and strength of CNT-OPC mixtures.
This reduction was significant for mixtures with CNT contents
of 1 and 2 m%. This is consistent with the results from previous
studies [24,25] where in order to achieve adequate dispersion
of CNTs within the cement paste, a maximum content of 0.1
m% was recommended [24].

The mechanical and electrical properties of FA-based
geopolymers containing carbon nanotubes have not been
reported apart from similar potassium-based aluminosilicate
(clay) geopolymer reinforced with single walled carbon
nanotubes (SWCNTs) [26].Their investigation showed that
the conductivity increased with increasing SWNCT content,
whereas the tensile strength results were inconsistent. The
tensile strength slightly decreased at 0.2 m% SWCNTs and
increased at 0.25 m% SWCNTS, and then sharply decreased
at 0.35 m% SWCNTs. Although it has not previously been
investigated, the alkaline solution used to process geopolymer
has the potential to enhance the interaction of MWCNTs with
the geopolymeric matrix by two positive effects, leading to
improved mechanical and electrical properties. The first one
is the effect of sodium hydroxide (NaOH) on the dispersion
of MWCNTs within the geopolymeric matrix. Previous studies
have shown that NaOH acts as a surfactant and removes the
oxidation debris from the surface of CNTs and consequently
allowing them to de-bundle and form well-dispersed nanotubes
within the matrix [27]. The other is the effect of NaOH on the
electrical conductivity of the geopolymer. The pores solution of
NaOH in the form of electrolytes allow the electrons to easily
move within the matrix, resulting in an improved conductivity
which could be enhanced further by integrating CNTs into the
matrix to develop self-sensing structural materials. With an
electrical conductivity between 0.05 and 0.1 S/m, fly ash-based
geopolymers are considered as semiconductor materials [28].

The object of this study is to examine the mechanical,
mineralogical, geopolymer functionality using FTIR, water
absorption and drying shrinkage of the resulted geopolymeric
nanocomposites mortars reinforced with various ratios
of MWCNTs as new multifunctional structural materials,
also, the dispersion quality of MWCNT was evaluated and
the improvement in mechanical properties of geopolymer
nanocomposites was quantified.

2. Experimental procedures
2.1. Materials

The materials, which were used in this investigation, are
ground granulated water cooled blast furnace slag (WCS),
air cooled slag sourced from Iron and Steel Factory- Helwan,
Egypt. The used sand dunes for mortar preparation sourced
from fine sand (< 1 mm) from Oases (Wahat)-Road, Egypt. The
chemical compositions of the starting raw materials are given
in Table 1. Sodium hydroxide was used as alkali activators.
Sodium hydroxide (NaOH) produced by Fisher scientific
company with 99% purity. The mineralogical composition
represented in Fig. I; where ground granulated blast furnace
slag materials composed of amorphous materials and air cooled
slag composed of crystalline minerals of quartz and gehlenite.
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Oxide content Si0, ALO, Fe,0, CaO
(%)
a{g‘;‘;wed Slag 3811 9.31 406 3523 222 200 066 045 045 329 009 007 014 375 013 99.94
‘(’:I’jées;°°°'ed Slag 3567 1031 050 3882 1.70 247 103 048 057 404 004 005 018 328 012 99.96
Fine Sand 89.91 200 145 156 191 087 037 006 003 004 003 012 - . 165 99.98

(Sand dunes)

Table 1. Chemical composition of starting materials (m%)
1. tdbldazat A kiinduldsi anyagok kémiai osszetétele (m%)
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Fig. 1. Mineralogical composition of starting raw materials
[Q: Quartz (SiO,), Ge: Gehlenite 'C,ASH,)]

1. dbra A kiinduldsi alapanyagok dsvinyi osszetétele
[Q: Kvare (SiO,), Ge: Gelenit "C,ASH,)]

Carbon nanotubes which used for enhancing of geopolymeric
mortar are of multiwall type consisting of many nested
cylinders whose successive radii differ by roughly the interlayer
spacing of graphite. The morphologies and microstructures of
the as-synthesized carbon nanomaterials were characterized
by transmission microscope (TEM), as shown in Fig. 2, which
depicts the representative TEM image of as-synthesized
carbon nanotubes deposited on 50% Co/MgO by acetylene gas
decomposition at 700 °C reaction temperature and ~ 4h time-
on-stream. These images show that the morphologies have
tubular structures, i.e. they are multi-walled carbon nanotubes
(MWCNTs) and the boundaries between MWCNT tubes are
clear. The diameters of the MWCNTSs are mostly in the range
of 14-24 nm. It is obvious in Fig. 2.a and 2.b the dark object in
the pictures is related to the Co - metal particles of the catalyst.

Raman spectroscopy was employed to analyze the degree of
graphitization of the produced CNTs as represented in Fig. 2.¢;
where the two major bands were observed, representing D- and
G-bands. The D-band, observed at 1250-1350 cm™}, is known
as either the disorder induced due to the wall disorder or the
presence of amorphous carbon deposited on the outer surface
of nanotubes. The G-band (observed at 1550-1600 cm™) can
be attributed to the degree of graphitization of CNTs. The ratio
of ID/IG of the D and G-band can be regarded as an index
for the crystalline order of CNTs; the high ID/IG value (> 1)
indicates that there is high structural disorder in the carbon
nanotubes obtained on the catalysts. However the lower ID/
IG value (< 1) suggests the enhancement in graphitization of
deposited carbon. The high intensity of the G-band (417 cm-1)
relative to D-band (270.7 cm™) (ID/IG ratio = 0.65) suggests
that the CNTs synthesized under the optimum conditions were
highly graphitized [29].
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Fig. 2. Characterization of synthesized multiwall carbon nanotube

a, b) TEM pictures of catalysts after growth of CNTs using 50% Co/MgO

catalyst, with high magnification
¢) Raman spectroscopy of CNTs over 50% Co/MgO catalyst

d) Thermal gravimetric analysis after growth of CNTs using Co/MgO catalyst

2. dbra A szintetizdlt tobbfalii szén nanocsd jellemzdi

a, b) TEM felvételek nagy nagyitdsban, az 50% Co/MgO katalizdtor mellet

novelt nanocsovekrol

¢) Raman spektroszkdpia az 50% Co/MgO katalizdtor mellet novelt
nanocsovekrol

d) Termogravimetria az 50% Co/MgO katalizitor mellet novelt
nanocsovekrol
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Thermo-gravimetric analysis (TGA) is very important
tool for clarifying the yield, stability and quality of the as-
grown MWCNTs, as indicated in Fig. 2.d where the catalyst
presented a single oxidation inflection, which indicates that
the amorphous carbon is extremely low and high purity
MWCNTs are produced, also, TGA data determine the onset,
and offset (end) temperatures represent the temperature at the
initial weight loss, (496 °C) and the final weight loss, (692 °C)
respectively. The large difference between the onset and end
temperature (192 °C) is attained on the catalyst. This can be
attributed to the formation of large diameters of CN'Ts, which
are proved by TEM photos (Fig. 2.a and 2.b). Based on these
results, the formation of ideal graphitized carbon nanomaterials
and the highest carbon yield are gained on it. The properties of
the produced MWCNT are summarized in Table 2.

Item Property Results
| Outer diameter (nm) 20-30
2 Inner diameter (nm) 4

3 Purity wt. (%) 97

4 Length (mm) 15

5 Ash (%) 3

6 Amorphous (%) 0

7 Field (%) 800

Table 2. Properties of CN'Ts synthesized by using CVD apparatus
2. tdblazat CVD késziilékkel szintetizdlt nanocsovek tulajdonsdgai

2.2. Dispersion of MWCNTs

Since the strong Van der Waals forces cause the agglomeration
of the nanoparticles, a key issue in fabricating high-quality
nanotubes composite is to homogeneous the nano carbon
materials in cementitious materials. Poor dispersion will lead
to the formation of defects in the matrix and limit the nano-
enhancement/modification effect [30]. A lot of research work
has been done to improve the dispersion of Nano carbon
materials (NCM) in the cementitious composites. Commonly,
there are two types of methods used to disperse NCMs.
Mechanical separation of the NCMs by adopting ultrasonic
is one of the effective methods for CNT dispersion [31-33].
Recently, researchers have proposed some novel approaches to
solve the dispersion issue of NCMs. The primary approach is to
adopt commonly used water reducing admixtures (including
plasticizers and superplasticizer) as surfactants. The research
at the National Research Council Canada has shown that a
small amount of CNTs can be dispersed by ultrasonication in
the water containing 5% superplasticizer [34]. Shah et al. also
achieved an effective dispersion of MWCNTs with different
lengths and concentrations in cementitious materials by
applying polycarboxylate-based superplasticizer [35].

In the current work, MWCNTs were first mixed with Glenium
Ace 30-polycarboxylate-based superplasticizer and 50% of
the added water. This Polycarboxylate-based superplasticizer
has been proven to be effective for CNTs dispersion [36]. The
solution was sonicated using a Fritish 450 Sonifier Analog Cell
Distributor for 15 min [37]. Solutions with concentration of

0.1, 0.2, 0.3, and 0.4 m% of the total weight of the matrix were
used to identify the MWCNT concentrations for the evaluation
of the threshold ratio of MWCNT.

2.3. Geopolymerization and curing

The alkaline activator was composed of 6 m% NaOH,
which prepared 24 hrs prior to casting. Geopolymer mortar
reinforced with MWCNT concentrations: 0.0 (control), 0.1,
0.2, 0.3, and 0.4 m% of the total weight.

Accordingly, mixing was performed by hand-mixing of
raw materials for each mixture passing a sieve of 90 yum as
represented in Table 2 according to the following sequence:

1. The previously prepared MWCNT particles sonicated
for 15 min with 50 % of the added water and the
specified quantity of the superplasticizer for better
dispersion of nanotubes materials under a temperature
of 40 °C.

2. The geopolymer materials passing a sieve of 90 um
as represented in Table 2 were hand mixed with the
alkaline activator solution which dissolved in the
remaining water content for 10 minute followed by
a further 5 minute using rotary mixer and mixed at
medium speed (80 rpm) for another 30 s.

3. The MWCNT and superplasticizer were added and
stirred with mixture at high speed for additional 30 s.

4. The mixture was allowed to rest for 90 s and then
mixed for 1 min at high speed.

The paste mixture was cast into 25x25x25 mm cubic-
shaped moulds, vibrated for compaction and sealed with a
lid to minimize any loss of evaporable water. All mixes were
left to cure undisturbed under ambient temperature for 24
hrs, demolded and then subjected to curing at 40 °C with
100% relative humidity [38]. At the end of the curing regime,
the specimens were subjected to the compressive strength
measurements and then the resulted crushed specimens were
exposed to stopping of the hydration process using stopping
solution of alcohol/acetone (1:1) followed by washing with
acetone as recommended by different investigators [39, 40]
to prevent further hydration and for further analysis followed
by drying of the crushed specimens for 24 hrs at 80 °C, then
preserved in a well tight container until the time of testing.

Mix Water Air Sand MWCNT Super-
no. cooled cooled dunes, addition plasticizer
slag, slag, % from the of the
added total wt.,
binder, % %
R 16.7 16.7 66.6 0.0 0.34 1.4
1 16.7 16.7 66.6 0.1 0.34 1.6
2 16.7 16.7 66.6 0.2 0.34 1.8
3 16.7 16.7 66.6 03 0.39 2.0
4 16.7 16.7 66.6 0.4 0.39 2.2

Table 3. Composition of the geopolymer mixes (m%)
3. tabldzat A geopolimer keverékek osszetétele (m%)
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2.4. Methods of investigation

Chemical analysis was carried out using Axios (PW4400)
WD-XRF Sequential Spectrometer (Panalytical, Netherland).
Compressive strength tests were carried out using five tones
German Briif pressing machine with a loading rate of 100 kg/
min determined according to [41]. XRD analysis was recorded
on a Philips PW 1050/70 Diftractometer using a Cu-Ka source
with a post sample Ka filter. XRD patterns were collected
from 0° to 50° 2O (step size 0.02° 26 and speed 0.4°/min).
Silica was used as an internal standard. Data were identified
according to the XRD software (pdf-2: database on CD-
Release 2005). Removal of free water was accomplished by
using alcohol/acetone method as recommended by different
investigators [39-40]. Drying shrinkage test was carried out on
dried at 110 °C for 24 hours to ensure total water loss. The test
specimens were then measured (in terms of dimension) and
their values were noted as dry lengths and calculated for each
test specimen using the following formula [42, 43]:

% Average Drying Shrinkage = (OL-DL)/OL*100
where: OL means original length; DL stands for dry length

Water absorption measurements of the bricks were carried
out according to ASTM C140-01 [44]. The percentage
absorption was calculated using the equation:

Absorption (%) = [(W2 - W1)/ W1] x100
where W1 =weight of specimen after complete drying at 105 °C,
W2 = final weight of surface dry sample after immersion in
water for at least 24 hours.

Bonding characteristics of the alkali activated specimens
were analyzed using a Jasco-6100 Fourier transformed infrared
spectrometer FTIR. Test sample was ground and uniformly
mixed with KBr at a weight ratio KBr: specimen=200:1. The
mixture, 0.2 g was pressed to a disk of 13 mm in diameter for
analysis at 8 t/cm” The wave number was ranging from 400 to
4000 cm™! [45, 46].

3. Results and discussion

XRD pattern of alkali-activated geopolymer mortar mixes
without MWCNT at different hydration ages is shown in Fig.
3. The patterns illustrate a hump in the region of 17° to 35° 26
characterizing glassy phase of the geopolymer constituents, this
region considered as vital key in geopolymer characterization,
where any increase in this hump will be reflected on the
performance and efficiency of the resulting geopolymer gel as
the amorphous constituents increase with this hump. It can be
noticed an increase in the broadness and intensity of CSH band
up to 90 days, as indicated from the increased broadness at 29.4°
where the identification of C-S-H type phases is consistent
with the observations presented in other studies [47].

The formation of C-(N)-S-H type gels has been observed
at about 33° (20) in NaOH-activated slags [48] as an inner
binding product formed around partially reacted slag particles,
and in silicate-activated slags after longer times of curing [48].
The formation of this gel might be associated with the increased
availability of Na* in the pores of the young C-S-H type gel
formed at early age immediately surrounding the unreacted
slag particles. Formation of Ca-containing-S-H type gels has
also been identified during the addition of NaOH to fresh
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synthetic C-S-H type gels [49] and in blends of synthetic
N-A-S-H and C-S-H type gels [50].
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Fig. 3. XRD pattern of geopolymer mortar mix without MWCNT at different curing

ages
[Q: Quartz, F: Feldspar, C: Calcite, CSH: Calcium-silicate-hydrate, NCSH:
Sodium-calcium-silicate-hydrate, FJ: Faujasite of Zeolite NAS, H, ]

3. dbra  Geopolimer habarcsok rontgendiffraktogramjai kiilonbozé korokban, szén
nanocsé adagolds nélkiil
[Q: Kvarc, F: Foldpdt, C: Kalcit, CSH: Kalcium-szilikdt-hidrdt, NCSH:
Natrium-kalcium-szilikdt-hidrdt, FJ: Faujazit — Zeolit médosulat NAS, H_ |

24 6.7

However, the C-S-H structure formed in the presence
of high concentrations of NaOH was less dense than the
normal C-S-H structure resulting from hydration of Portland
cement as reported Bakharev et al. [51]. It is also possible to
form structures in which the sodium is incorporated into the
structure of the hydrated silicate gel (N-C-S-H), as has been
described by Malolepszy [52].

Crystalline Faujasite of zeolite was also observed at later ages
of curing where the amorphous geopolymer transferred into
crystalline one with little evident of increased reactivity. It is
likely that a significant proportion of the Na* is consumed in
the activation of slag mortar constituents to form a sodium
aluminosilicate-type gel, reducing the availability of Na* species
in the pore solution [53]and therefore reducing the alkalinity
from the high levels which would favor zeolite growth, even
with the higher alkali dosage added to these samples, also the
increased intensity of N-C-S-H results in the decrease in the
available balancing cations for geopolymer structure and so
favour the Faujasite formation. It can also be noticed a slight
increase in calcite content with time which may be probably
resulting from reactions involving atmospheric CO, [54].

On the other hand, XRD of 90 days nanocomposites with
MWCNT concentrations of 0.1 and 0.4 m% (Fig. 4) displayed
a good dispersion up to 0.1%, as the individual MWCNTs
along with Polycarboxylate based superplasticizer are known
to decrease the hydration speed in cementitious systems. The
incorporated MWCNTs increase the hydration speed after
addition to the same system, so the MWCNTs inhibit the
retardation by the superplasticizer. This can also be explained
by their ability to work as a nucleation-site in the system. The
functionalized MWCNTs provide different reaction sites for the
crystal growth. As known from literature hydration products
grow on the surface of carbon nanotubes [55]. CSH-phases
bind to the MWCNTs at the Carboxyl-sites by interaction
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of the Ca*-ions of the pore solution. Therefore the carboxyl
group-density on the surface of the MWCNTs can influence
chain lengths of the grown CSH-phases. With this reaction the
MWCNTs work as a kind of template during hydration. The
increase in CSH-phases attributed to the effect of the NaOH
alkaline solution during processing as discussed in [27].

The carboxylate based superplasticizer was ineffective in
dispersing MWCNTs at 0.3 m% and more, where most of
MWCNT were agglomerated in the alumino-silicate gel and
hinder the propagation of the three dimensional network.
This confirmed well by the increased Faujasite formation
with the increased MWCNT, as the geopolymer network
was terminated forming the crystalline Faujasite structure
with lower reactive characteristics. A noticeable increase
in carbonate with MWCNT addition beyond 0.1%, which
related to the increased agglomeration of nanomaterials with
increased MWCNT and so many points of defects are available
for carbonation, however lower doses acts as a nucleating
agents and accelerate geopolymer formation and accumulation
which in turn reflects on decreasing the medium porosity.
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Fig. 4. XRD pattern of 90 days geopolymer mortar mixes having various MWCNT
doses
[Q: Quartz, F: Feldspar, C: Calcite, CSH: Calcium-silicate-hydrate, NCSH:
Sodium-calcium-silicate-hydrate, FJ: Faujasite of Zeolite NAS, H_ ]

2.4 76.7
4. dbra  Geopolimer habarcsok rontgendiffraktogramjai 90 napos korban, kiilonbozé

szén nanocsé adagoldsok esetén
[Q: Kvarc, F: Foldpdt, C: Kalcit, CSH: Kalcium-szilikdt-hidrdt, NCSH:

Ntrium-kalcium-szilikdt-hidrdt, FJ: Faujazit - Zeolit médosulat NAS, H ]

FTIR spectra of alkali-activated geopolymer mixes have
a bands description as follow: Stretching vibration of O-H
bond at about 3430, 1600 cm”, stretching vibration of CO,
located at about1410 cm™, asymmetric stretching vibration
(Si-O-Si) related to non-solubilized particles at about 1100
cm’, asymmetric stretching vibration (T-O-Si) at about 975
cm™ where T=Si or Al, symmetric stretching vibration of CO,
at about 870 cm™, symmetric stretching vibration of (Si-O-Si)
attributed to a-quartz at about 797 cm™', symmetric vibration
at about 778 cm™ for (Al-O-Si), symmetric stretching vibration
(Si-O-S§i) in the region 676-700 cm™ and bending vibration
(Si-O-Si and O-Si-0) in the region of 430-445 cm™ [46].

For FTIR spectra of alkali-activated geopolymer mortar
mix without MWCNT cured at various ages Fig. 5 indicates
broadness increase of the asymmetric band at 975 cm™ up to 90

days, which accompanied with the decrease in the asymmetric
band at about 1100 cm™ for nonsolubilized slag particles giving
an indication about increased dissolution of the unreacted
materials with time and increased amorphous constituents.
This is in coherent with the decrease in the symmetric
vibration of a- quartz at about 797 cm'with time. An increased
broadness and intensity of the hydration CSH band at about
3400 cm™ is in agreement with the XRD data interpretation
(Fig. 3).

An increase in the carbonation bands in the regions of
1430 cm™! (v C-0) as well as 867 cm™ (8§ C-0) [57] observed
with MWCNT ratio more than 0.1%, where the carbonate
constituents in slag materialslead to the growth of the carbonate
band as discussed above, showing that the carbonates identified
in this raw material do not react significantly under alkaline
activation conditions [58].
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Fig. 5. FTIR spectra of geopolymer mortar mix without MWCNT at different curing

ages, cured at 40 °C and 100% RH
[1: Stretching vibration of O-H bond, 2: Bending vibrations of (HOH), 3:
Stretching vibration of CO,, 4: Asymmetric stretching vibration (Si-O-Si), 5:
Asymmetric stretching vibration (T-O-Si), 6: Symmetric stretching vibration
(Si-O-Si) attributed to a-quartz, 7: Symmetric stretching vibration (Al-O-Si),
8: Symmetric stretching vibration (Si-O-Si), 9: Bending vibration (Si-O-Si and
0-Si-0)]

5. dbra  Geopolimer habarcsok FTIR spektruma kiilonbozd korokban, szén nanocsé
adagolds nélkiil, utékezelés 40 °C and 100% RH
[1: Vegyértékrezgés O-H kotés, 2: Deformdcios rezgés (HOH), 3:
Vegyértékrezgés CO,, 4: Aszimmetrikus vegyértékrezgés (Si-O-Si), 5:
Aszimmetrikus vegyértékrezgés (T-O-Si), 6: Szimmetrikus vegyértékrezgés
(Si-O-8i) a-kvarc miatt, 7: Szimmetrikus vegyértékrezgés (Al-O-Si), 8:
Szimmetrikus vegyértékrezgés (Si-O-Si), 9: Deformdciés rezgés (Si-O-Si and
0-Si-0)]

For FTIR spectra of 90 days alkali-activated geopolymer
mortar mixes with various doses of MWCNT Fig. 6 illustrate
increased dissolution of unreacted slag materials with
MWCNT up to 0.1% as illustrated from the asymmetric band
atabout 1100 cm™ for non-solubilized slag particles in addition
to the symmetric vibration of a-quartz at about 797 cm, this
reflect nucleating efficiency increase of MWCNT up to 0.1 [59]
and so increased the formation and propagation of the three
dimensional structure. This is in addition to the increased
broadness of the asymmetric band at 975 cm™ for T-O-Si for
the amorphous geopolymer structure.

The CO,* vibration band decreases with MWCNT up to 0.1%
and then increased with further increase, this attributed to the
fact that the increased nucleation of MWCNT increase the
formation of geopolymer structure and decrease the availability
of free Na* which will subjected to carbonation, however the
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increased content of MWCNT leads to agglomeration and so
more sodium cations are available for carbonation as illustrated
clearly.
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Fig. 6. FTIR spectra of 90 days cured (40 °C and 100% RH) geopolymer mortar
specimens having various MWCNT doses

[1: Stretching vibration of O-H bond, 2: Bending vibrations of (HOH),

3: Stretching vibration of CO,, 4: Asymmetric stretching vibration (Si-O-Si),
5: Asymmetric stretching vibration (T-O-Si), 6: Symmetric stretching
vibration of CO,, 7: Symmetric stretching vibration (Si-O-Si) attributed to
a-quartz, 8: Symmetric stretching vibration (Al-O-Si), 9: Symmetric stretching
vibration (Si-O-Si), 10: Bending vibration (Si-O-Si and O-Si-O)]
Geopolimer habarcsok FTIR spektruma 90 napos korokban (utékezelés 40 °C
and 100% RH), kiilonboz6 szén nanocsé adagoldsok esetén

[1: Vegyértékrezgés O-H kités, 2: Deformdciés rezgés (HOH),

3: Vegyértekrezgés CO,, 4: Aszimmetrikus vegyértékrezgés (Si-O-Si),

5: Aszimmetrikus vegyértékrezgés (T-O-Si), 6: Szimmetrikus vegyértékrezgés
CO,, 7: Szimmetrikus vegyértékrezgés (Si-O-Si) a-kvarc miatt,

8: Szimmetrikus vegyértékrezgés (Al-O-Si), 9: Szimmetrikus vegyértékrezgés
(Si-O-8i), 10: Deformdciés rezgés (Si-O-Si and O-Si-O)]

6. dbra

The water absorption pattern of the geopolymer mortar
specimens with various MWCNT ratios cured at 7, 28 and
90 days is shown in Fig. 7, where noticeable decrease in
absorption with time specially at later ages as a results of
formation and precipitation of three dimensional geopolymer
structure in the open pores and decrease the matrix porosity.
However, the lower absorption values upon using MWCNT
up to 0.1%, attributed to the enhanced geopolymer formation
and accumulation by carbon Nanomaterials as confirmed
well by XRD and FTIR evaluations; whilst further increase
in MWCNT with its agglomeration upon using higher ratios
hinder the propagation and precipitation of the geopolymer
network and so increase the absorption values.
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Fig. 7. Water adsorption of alkali activated geopolymer mortar specimens doped

with various doses of MWCNT
7. dbra  Alkdli aktivdlt geopolimer habarcsok vizfelvétele kiilonbozé szén nanocsé
adagoldsok esetén

= 2015/2 = Vol. 67, No. 2

The drying shrinkage pattern of the geopolymer mortar
specimens with various MWCNT ratios cured at 28 and 90
days is shown in Fig. 8, where a decrease in shrinkage with
time as well as with MWCNT up to 0.1%. The drying shrinkage
indicates to some degree the plasticity of the mixture, as a large
drying shrinkage means that mixture could absorb much
water, which in turn indicates fine mixture particles [42, 43].

Most of the total drying and autogenous shrinkage take
place during the early ages as illustrated from higher shrinkage
values especially in the control mix, which attributed to the
lower degree of geopolymerization and formation of zeolite
structures with higher water content as emphasized by XRD
data, this zeolite structures absorbs much water content and
increase the shrinkage values. On the other hand, doping with
MWCNT results in decreasing the shrinkage greatly up to
0.1% [59], where MWCNTs achieve the enhancement effect by
nucleation site increase, increasing the amount of C-S-H gel of
high hardness, improving pore structures, controlling nanoscale
cracks and reducing autogenous shrinkage of the geopolymer
composites [34, 60]. Also, the acceleration effect of nanotubes
results in the formation of more compact geopolymer structure
which possess low shrinkage values, however, increased
content of MWCNT results in the agglomeration and bundling
in spite of sonicated dispersion [20, 60], which can share in
an increase in the shrinkage data but still a wide gap between
control mix and MWCNTSs geopolymer mixes.

Drying shrinkage in composites with 0.1, 0.2 and
0.4 % MWCNTs reduced to about 92, 88, 74% after 28 days,
respectively, compared with composites without CNTs (as
shown in Fig. 8). Furthermore, the addition of CNTs fines
the pore size distribution and decreases the porosity (or
nanoporosity) of composites by filling the gaps (or pores)
between the hydration products such as C-S-H gel geopolymer
composite. Therefore, the composites become much more
compacted [20, 60]. It can be observed an increase in the
drying shrinkage values with MWCNT at later ages except the
lower dose of CNT (0.1%), where the agglomeration participate
greatly in the increase of the shrinkage values as stated before.

07
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Drying shrinkage, %
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Fig. 8. Drying shrinkage of geopolymer mortars with various ratios of MWCNT at
different curing ages

8. dbra Geopolimer habarcsok szdraddsi zsugoroddsa eltérd érlelési korokban,
kiilonboz6 szén nanocsé adagoldsok esetén

Fig. 9 shows the compressive strength of geopolymer mortar
mixes enhanced with various ratios of MWCNT cured at 40 °C
and 100% relative humidity up to 90 days. The results illustrate
the increase in the compressive strength with curing time as a
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result of increased hydration and propagation of geopolymer
chains, also, the strength enhanced with MWCNT up to 0.1%
and decrease up to 0.4%.

The increase related to individual MWCNTs which spread
throughout the geopolymer matrix with a uniform density. The
good dispersion of MWCNTs was also attributed to the effect
of the NaOH alkaline solution during processing as discussed
[27] and hydrophilic groups (-COOH) in carboxylate based
superplasticizer forming covalence-modified CNTs to improve
interfacial interactions in composites, in which the -COOH
groups form strong coordinate bonds with Ca** ions in
matrix, thus enhancing the formation of three dimensional
geopolymer in addition to CSH [56, 59]. Furthermore, the
addition of CNTs fines pore size distribution and decreases
the porosity (or nanoporosity) of composites by filling the
gaps (or pores) between the hydration products such as C-S-H
gel geopolymer composite. Therefore, the composites become
much more compacted [20, 60]. However, the carboxylate
based superplasticizer however, was ineffective in dispersing
MWCNTs at 0.2 m% and more, where most of MWCNT
were agglomerated in the alumino-silicate gel and hinder the
propagation of the three dimensional network.
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Fig. 9. Compressive strength of alkali activated geopolymer mortar specimens doped
with various doses of MWCNT
9. dbra  Alkdli aktivdlt geopolimer habarcsok nyomészildrdsdga kiilonbozé szén
nanocsd adagoldsok esetén

The results illustrate the enhancement in mechanical strength
giving an increased mechanical strength than the control mix
that has not MWCNT by 24.6%, and 12.97%, upon 7 days
curing, however, these ratios decrease with further increase in
curing time giving 8.46 and 0.91% after 90 curing time when
using 0.1 and 0.2 m% MWCNT, respectively. On the other
hand, the strength decreases up on using 0.4 m% MWCNT
by 14.53% and 12.45% after, 7 and 90 days, respectively. The
compressive strength data confirmed well by the previously
discussed XRD and FTIR patterns (Figs. 3 to 6).

4. Conclusions

1. Adding MWCNT to alkali activated geopolymer mortar
specimens increases and offers an extra nucleation sites
for geopolymer formation and accumulation.

2. The NaOH solution appeared to have a positive effect on
the dispersion quality of MWCNTSs up to 0.4 m%.

3. XRD of mortar nanocomposites with MWCNT
concentrations of 0.1 and 0.4 m% showed an increase
in amorphous geopolymer as well as CSH up to 0.1%
where the individual MWCNTs spread throughout the
geopolymer matrix with uniform density.

4. FTIR of mortar nanocomposites with MWCNT concent-
rations of 0.1 and 0.4 m% confirms an increased broadness
of amorphous geopolymer band as well as CSH up to 0.1%.

5. MWCNT addition decreasing the water absorption
values up to 0.1% and then increases with further CNT
increase.

6. Drying shrinkage in mortar composites with 0.1, 0.2 and
0.4% MWCNTs reduced to about 92, 88, 74% after 28
days, respectively, compared with composites without
CNTs, however an increase in the drying shrinkage
values with MWCNT at later ages except the lower dose
of CNT (0.1%), where the agglomeration participate
greatly in the increase of the shrinkage values.

7. 'The enhancement in mechanical strength with MWCNT
giving an increased mechanical strength than the control
mix which has not MWCNT by 24.6% and 12.97%
upon 7 days curing, however, these ratios decrease with
further increase in curing time giving 8.46 and 0.91after
90 curing time when using 0.1and 0.2 m% MWCNT,
respectively. On the other hand, the strength decreases
up on using 0.4 m% MWCNT by 14.53% and 12.45%
after, 7 and 90 days, respectively.
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MWCNT adalékos alkali aktivalt geopolimer
habarcsok tulajdonsagai

A cikkben a szerzék azt tanulmanyozzak, hogy milyen ha-
tassal van a szén nanocs® adagolas az alkali-aktivalt
geopolimer habarcsokra. Bizonyitjak, hogy a szén nanocsé
adagolas kedvezoen hat a geopolimer kristalyképzodésére,
mert a szén nanocsovek kristalyinditd csirakként tudnak
mikodni. A NaOH pozitiv hatast gyakorol a szén nanocsdvek
diszpergalhatésagara 0,4 m% adagolasig. Rontgendiffrak-
cioés és FTIR vizsgalatokkal igazoljak, hogy a szén nanocsé
adagolas 0,1 és 0,4 m% mennyiségben noveli a geopolimer
amorf fazisanak és CSH fazisanak mennyiségét és egyen-
letes eloszlast biztosit. A szén nanocs6 adagolas hatasara
a geopolimer habarcsok vizfelvétele megno. A szaradasi zsu-
gorodas, kilondsen késbdi korokban, megnd a szén nanocsé
adagolas hatasara. A szén nanocsd adagolas hatasara az
alkali-aktivalt geopolimer habarcsok nyomoszilardsaga
megno.

Kulcsszavak: MWCNT, geopolimer, habarcs, vizzel lehitétt
salak, levegovel lehltott salak.
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