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PROPERTIESOF METAKAOLIN-BASED GEOPOLYMER MORTAR
INCORPORATED WITH MULTI-WALLED CARBON NANOTUBES
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The use of alternative materials, predominantly withh levels of supplementary cemen-
titious materials and geopolymer composites fordbaeelopment of the construction in-
dustry is proposed. Metakaolin-based geopolymertanalong with corn cob ash (CCA)
and multi-walled carbon nanotubes (MWCNTS) were attarzed and tested. In this paper,
the properties of geopolymer mortar was studied diyimg the concentrations of multi-
walled carbon nanotubes (0%; 0.25%; 0.5%; 0.75%1&a) along with the replacement
levels of metakaolin with corn cob ash (0...10%uatb5% increment). From the scanning
electron microscope analysis, it was depictedttt@MWCNTSs were distributed uniformly
within the geopolymer matrix at 0.50%, while at 1%d& were poorly distributed and
agglomerated within the matrix. Experimental invgstion revealed that there was a
significant increase in compressive strength ofakeblin-based geopolymer mortar when
CCA and MWCNTs were combined at 5% of CCA and 0.59%@/CNTSs, but beyond
this combination, there was a reduction in strength.

Keywords. carbon nanotubes, compressive strength, metakaslianning electron
microscope.

Jlist po3BUTKY OyniBenbHOT raily3i 3allpoOIIOHOBAHO albTepHATHBHI Marepiany. Jlociigxke-
HO TeonojiMepHud Oy/iBebHHUI PO3YMH Ha OCHOBI MaTaKaoJiHy pa3oM i3 30JI010 Ka4yaHiB
kykypyasu (CCA) i GararomapoBumu Byrieresumu Hanotpyokamu (NMCNT). Busueno
HOT0 BIACTHBOCTI 3a 3MIHOIO KiJIbKOCTI OararomapoBux ByrieneBux HaHotpybok (0%;
0,25; 0,5; 0,7%a 1%),a TakoX CTYIIiHb 3aMiHH METaKaOJiHy KYKypya3siHoo 305010 (0...10%
ta 2,5%mpupocry). 3a pe3ynbTaTaMu CKaHyBaJbHOTO €JIEKTPOHHOTO MIiKpOaHasi3y BCTa-
HoBIeHO, 0 NMCNT piBHOMIpHO PO3IMO/iNeH] B TeONO0IIMEpHil MAaTPHIIi 32 BMICTY KOH-
uenrpanii 50%, Toni sik 3a BMicTy 1% —cnabo po3moisieHi Ta arJioMepoBaHi BCEpeIHi
Mmatpuui. 3adikcoBaHO 3HaYHE 30LIbIIEHHS MIIHOCTI HAa CTUCK I'€OHONIMEPHOTO PO3UUHY
Ha OCHOBI MeTakaoJiny 3a noeananus 5% CCAra 5% MWCNTS.

KiouoBi ciioBa: gyeneyesi Hanompyoku, MiyHicmb HA CMUCK, MEMAKAONIH, CKAHY8Ab-
HUll eneKxmpoHHUL MIKDOCKON.

Introduction. During the manufacturing of cement, large amountabon di-
oxide is released necessitating the replacemecément with other materials such as
rice husk ash, corn cob ash (CCA), fly ash, botésim ground granulated blast furnace
slag etc. The full or partial incorporation of sigpentary cementitious materials in
the production of green concrete, not only miniraidee environmental impact but also
improves the mechanical [1-3], workability [4], dbility [5-6] and economic properties
of concrete [7]. Most of the corncobs produceddisposed as waste leading to envi-
ronmental pollution and hence, the recycling of CloAgeopolymer production is of
paramount importance. Geopolymer is a new concdpthwhelps in reducing the
emission of carbon dioxide up to 80% [8-10]. Di#fet researchers focussed on deter-
mining the properties of formulations of fly asiif12],blast furnace slag [11-12] and
metakaolin (MK) based [13]eopolymers which proved the capability of geopaym
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cement development for the construction industd].[IGenerally, the compressive
strength of geopolymer depends on various factoch s molar ratio, curing mode
and source materia]&5]. The feasibility of using MK as a source métkin geopoly-
mer mortar or concrete has been investigated bipusmresearchers. According to
Bernal Susan et al. [16§ddition of ground granulated blast furnace slaghetakao-
lin-based geopolymer concrete has enhanced iterpeathce at high temperature. The
geopolymer mortar made of blended source mategal & higher strength than the
geopolymer mortars made of single source matetigl [An attempt has been made to
develop high strength by using corn cob ash andkaetin in geopolymer mortar.

For the strengthening purposes of the composttesuse of carbon nanotubes is
advocated. Carbon nanotubes, categorized as suadjedt carbon nanotubes (SWCNTSs)
and multi-walled carbon nanotubes (MWCNTS), are @inidne promising nanomaterials
which have greater strengths than the other fithrexeby improving the overall mecha-
nical properties of the composites. The effectifferent concentrations of MWCNTSs
(0%; 0.1%; 0.5% and 1% by weight) on the propertieély ash-based geopolymer
was investigated and it was found that geopolymatrimmcontaining 0.1 and 0.5% of
MWCNTs was uniformly distributed, while 1% of MWCNTwas poorly distributed and
rigorously agglomerated [18]. The addition of lésmn 1% of MWCNTSs greatly enhances
the mechanical properties of the composites [IBthis study the effect of MWCNTSs
on blended geopolymer mortar has been investigayedvaluating the compressive
strength and microstructure properties of 8M motarcentration of NaOH.

Material. In this investigation metakaolin was used as acunaterial. It was
partially replaced by corn cob ash prepared by ibhgrof corn cobs procured from
Maize Section, Punjab Agricultural University (Ludha). The MWCNTs obtained
from Platonic Nanotech Private Limited, Jharkhamgewsed.

Table 1. Properties of different materials

o Metakaolin Corn Cob Ash Multi;]v;illl(l)(;(jlbceirbon
No. Chemi(_:al Values, Chemi(_:al Values, Specification values
Composition % Composition %
1 S0, | 52£1 | Cabon | 0.43| YAl l'fé‘;]‘;f%o\\fv%rgr
2 Al,O3 42+ 1 Oxygen 55.02 Colour Black
3 TiO, =05 Sodium 0.01 Diameter 5015 nm
4 FeOs <13 Magnesium 4.37 Length 10015um
5 CaO <0.5 Aluminium 0.51 Purity 97%
6 MgO <0.5 Potassium 20.20 Metal content 2%
7 NaO, K;O | 0.5...2.5 Silicon 16.13| Bulk densit9.0610.09 g/crﬁ
8 :_gc;ﬁ;oonn 0.8..1.2| Phosphorus  2.24 SuSnPaﬁfErea 220 /g

Sodium silicate solution consisting of SiG 25...28% and N® — 7.5...10%
while sodium hydroxide (NaOH) in pellets form wased as an alkaline activating
solution for the geopolymerization process. Fingragates conforming to zone Il with a
fineness modulus of 2.87 and specific gravity @i32were used. The properties of
metakaolin, corn cob ash and MWCNTSs are listedahld 1.
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Dispersion and preparation of multi-walled carbon nanotubes. For the disper-
sion of MWCNTSs in the metakaolin-based geopolymertar, a solution of polycarbo-
xylate-based superplasticizer (5% by weight of biénd water was prepared with an
appropriate amount of MWCNTSs in it. The solutionswatrasonicated in water bath
for about 1 h. Twenty-five mixes of geopolymer naortvere prepared by employing
different proportions of MWCNTs (0%; 0.25%; 0.5%7%% and 1%) along with the
replacement levels of metakaolin with corn cob(@sh10% at the rate of 2.5% interval).

Preparation of the samples. The alkaline activator solution of 8 M was prepared
one day prior to casting and then mixed with soddilicate one hour before the casting
of cube specimens with a mass ratio of 1:2.5. lifjrstetakaolin was alkali activated by
employing alkaline activating solution and mixingsvcontinued for about 2...3 min.
Fine aggregates were added to the mix. The ultresiaa solution in addition to extra
water was added to the alkali activated mix anah ttihe mixing was continued and
homogeneity of the mix was ensured.

Table 2. Mix proportion of metakaolin-based geopolymer mortar

. MK | CCA ARS SP| FA W
Mix | AA/B | WIS MWCNTs | SH SS
g 9

M1 0.6 0.6 | 1800 0 0 308.6 77114 p 5400 597.89
M2 0.6 06| 1755 45 0 3086 7714 |0 5400 597.89
M3 0.6 06| 1710 90 0 3086 7714 |0 5400 597.89
M4 0.6 0.6 | 1665 135 0 3086 7714 |0 5400 597.89
M5 0.6 0.6 | 1620 180 0 3086 7714 |0 5400 597.89
M6 0.6 0.6 | 1800 0 4.5 3086 7714 90 5400 597.89
M7 0.6 06| 1755 45 4.5 3086 7714 90 5400 597.89
M8 0.6 06| 1710 90 4.5 3086 7714 90 5400 597.89
M9 0.6 0.6 | 1665 135 4.5 308/6 7714 DO 5400 597.89
M10| 0.6 0.6| 1620 180 4.5 308/6 7714 BO 5400 597.89
M11| 0.6 0.6 | 1800 0 9 3086 7714 90 5400 597.89
M12 | 0.6 06| 1755 45 9 3086 7714 90 5400 597.89
M13 | 0.6 06| 1710 90 9 3086 7714 90 5400 597.89
M14 | 0.6 0.6] 1665 135 9 308/6 7714 DO 5400 597.89
M15| 0.6 0.6| 1620 180 9 308/6 7714 DO 5400 597.89
M16 | 0.6 0.6 | 1800 0 135 308/6 7714 DO 5400 597.89
M17 | 0.6 06| 1755 45 13.5 3086 7714 BO 5400 597.89
M18 | 0.6 06| 1710 90 13.5 3086 7714 BO 5400 597.89
M19| 0.6 0.6] 1665 135 135 308{6 7714 90 5400 =pV.8
M20| 0.6 0.6| 1620 180 135 308{6 7714 90 5400 =pV.8
M21| 0.6 0.6 | 1800 0 18 3086 7714 90 5400 597.89
M22| 0.6 06| 1755 45 18 308/6 7714 DO 5400 597.89
M23| 0.6 06| 1710 90 18 308/6 7714 DO 5400 597.89
M24| 0.6 0.6] 1665 135 18 308/6 7714 DO 5400 597.89
M25| 0.6 0.6] 162Q 180 18 308/6 7714 DO 5400 597.89

Note AA/B = Alkaline activator to binder ratio; W/S Water to solid ratio; MK = Metakaolin; CCA=
= Corn cob ash; MWCNTs = Multi-walled carbon namets; AAS = Alkaline activator solution; SH =
= Sodium hydroxide; SS = Sodium silicate; SP = ulpsticizer; FA = Fine aggregates; W = Water.

No surfactant (polycarboxylate-based superplagtitiwas used for the prepara-
tion of plain metakaolin-based geopolymer mortaeskly prepared geopolymer mortar
was poured into cubes of standard size of ¥1006<70.6 mm for the determination of
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compressive strength. Consequently all the cubeirseas were placed on a vibrator
for about 2 min to remove the excess air voidseAfin hour of casting, the cube spe-
cimens were placed in an oven for 24 h atCi@or thermal curing. The cubes were
removed and demoulded after 24 h and then placeabat temperature until testing.
Three iterations of geopolymer mortar for differages were made for different con-
centrations of MWCNTSs and various replacement keélcorn cob ash. The mix pro-
portion of metakaolin-based geopolymer mortar v&giin Table 2.

Characterization methods. The compressive strength of geopolymer mortar was
measured at an age of 3; 7 and 28 days of curcanrihg Electron Microscope (SEM)
test was performed on fractured samples (that Is, MiL3 and M23) to determine the
quality of MWCNTSs dispersion and the crack-bridgimgchanism. Energy dispersive
X-ray spectroscopy (EDS) technique was used taméte the elemental composition
of different geopolymer mortar mixes (M3, M8, M1318 and M23).

Results and discussion. Compressive strength. The effect of CCA replacement
and incorporation of MWCNTSs at different ages ofieg (3; 7 and 28 days) on the
compressive strength (CS) of metakaolin-based dgm@o mortar is shown in Fig. 1.
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Fig. 1. Compressive strength of geopolymer mort@r @), 7 (o) and 28 ¢) days:
O —-0%;0-25A -5, X —7.5;% —10%.

It is observed that the CS of geopolymer mortardifierent concentrations of
MWCNTSs (0%; 0.25%; 0.5%; 0.75% and 1%) increasetbupe replacement level of
5% CCA with metakaolin and decreased thereaftee. [dtver compressive strength at
both early and later stages is attributed duewt@t@mount of reactive silica or alumina
in the composites. The CS of geopolymer mortareiased up to 0.5% of MWCNTs
and then it started showing decreasing trend aittwporation of MWCNTS in the
matrix tend to reduce the growth of microcracksaup certain level. Also, the addition
of MWCNTs decreased the porosity of compositesilipg the pores resulting into
compacted form. The CS of geopolymer mortar at I¥IWCNTs was higher than
the mixes without MWCNTSs but it was lower than thixes which contained 0.5% of
MWCNTSs. This can be due to the agglomeration of M\NG in the geopolymer mat-
rix. Dispersion concerns and agglomeration sometioagise the reduction in strength
in case of inclusion of more quantity of MWCNTsa@snpared to that of small frac-
tion of MWCNTSs as depicted by Gillani et al [20]h& overall trend shows that the
addition of small amounts of MWCNTSs gives bettesulés.

Morphology of metakaolin-based geopolymer composites. The SEM micrographs
of the sample M1 (Fig.& suggest that the plain metakaolin-based geopalynaetar
contains many un-reacted metakaolin particles. 8 n@re pores and microcracks pre-
sent in the sample M1 which resulted into the desirgy trend of compressive strength
of plain metakaolin-based geopolymer mortar. Flydgpicts that the mix M13 has a
uniform distribution of individual MWCNTSs therebyildlging the microcracks present
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in the mix. At 1% MWCNTSs there is agglomerationM#VCNTs as these are not pro-
perly dispersed in the matrix (Figc)2 The EDS analysis shows (see Table 3) that the
amount of carbon detected in the mixes increadetid increase in content of MWCNTs
which greatly affects the compressive strengtheafpgplymer. Table 3 reveals that the
strength of geopolymer decreases with the incrieette Si/Al ratio.

9 ¥ N A e £V 1

Fig. 2. Plain geopolymer mortaa)( geopolymer with 0.5%bj and with 1% ¢) MWCNTSs.

Table 3. Element per centage of the mixes having CCA 5%

V'\f:g’?\f”;) C o | Na| A | si| k| ca Ti| Fe
MixM3 | 1850 | 51.34] 1.9 1091 1591 029 O]22 05827
MixM8 | 21.09 | 46.44] 219 11.80 1677 034 029 069.30
MixM13 | 2227 | 41.64) 237 1474 1741 039 o031 088.34
MixM18 | 29.12| 39.18 249 1090 1636 054 0/16 079.46
MixM23 | 36.65| 37.84) 263 7.06 1380 071 08 0/62.61

CONCLUSIONS

The study examined the MK-CCA-based geopolymeriendffects on the com-
pressive strength and microstructure propertieagu8i M of NaOH. The following
conclusions are drawn. For all curing periods, ¢bmpressive strength of MK-CCA
blended geopolymer mortar increases up to 5% d¢hecement of metakaolin with CCA
and then it decreases. This decrease in strengttirisuted to the lower amount of
reactive silica or alumina in the composites. Tinergth of MK-CCA blended geopo-
lymer reinforced with MWCNTSs increases up to theoiporation of 0.5% of MWCNTs
in the matrix, thereafter it decreases. The redndti strength is due to the agglomera-
tion of MWCNTSs in the composites. SEM analysis aon$ that the MWCNTS help in
bridging the microcracks to produce the maximal amicof compressive strength
instead of plain metakaolin-based geopolymer moE&S analysis testifies that the
strength of geopolymer decreases with the increasiee ratio of Si/Al. The authors
recommend using 5% CCA as a partial replacemenimetakaolin in geopolymer
mortar along with 0.5% MWCNTSs as there is a sigalfit increase in compressive
strength with this combination.
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