I.Ll I.Ll

Pt ot 'y Journal of K\
ety . . MD\Pﬂ
it Composites Science

o R -
Article

Effect of Nano-Zirconia Addition on Mechanical Properties of
Metakaolin-Based Geopolymer

Muhammad Saukani !

check for
updates

Citation: Saukani, M.; Lisdawati,
A.N.; Irawan, H.; Igbal, RM.;
Nurjaya, D.M.; Astutiningsih, S.
Effect of Nano-Zirconia Addition on
Mechanical Properties of
Metakaolin-Based Geopolymer. J.
Compos. Sci. 2022, 6,293. https://
doi.org/10.3390/jcs6100293

Academic Editor: Jandro L. Abot

Received: 11 September 2022
Accepted: 4 October 2022
Published: 5 October 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Ayu Novia Lisdawati 2, Heri Irawan !, Rendy Muhamad Igbal 3, Dwi Marta Nurjaya *
and Sotya Astutiningsih *

Departement of Mechanical Engineering, Faculty of Engineering, Universitas Islam Kalimantan Muhammad
Arsyad Al Banjari, Banjarmasin 70123, Indonesia

Departement of Electrical Engineering, Faculty of Engineering, Universitas Islam Kalimantan Muhammad
Arsyad Al Banjari, Banjarmasin 70123, Indonesia

Department of Chemistry, Faculty of Mathematic and Natural Science, Universitas Palangka Raya,

Kampus UPR Tunjung Nyaho, Palangka Raya 73111, Indonesia

Department of Metallurgical and Materials Engineering, Faculty of Engineering, Universitas Indonesia,
Depok 16424, Indonesia

*  Correspondence: sotya.astutiningsih@ui.ac.id

Abstract: Geopolymer is an emerging material alternative to Portland cement and has potential as a
refractory material. Adding filler in geopolymer material is a strategy to increase the advantages of
its physical and mechanical properties. It has been previously reported that adding nanoparticles can
increase the compressive strength value, but there is no reported interaction between nanoparticles
and geopolymer during the geopolymerization process. This study aims to study the effect of adding
nano-zirconia fillers on the physical and mechanical changes of metakaolin-based geopolymers with
nano-zirconia fillers. The geopolymer samples were made with 100 g of metakaolin as the base
material and nano-zirconia in amounts of 2 g, 5 g, 10 g, and 15 g. Further characterization was
carried out by XRD, FTIR, and SEM-EDX. This study showed that the compressive strength of the
MZr05 sample increased significantly by 58.7% compared to the control sample. The test results of the
structure and functional groups did not lead to any new compounds formed in the geopolymerization
reaction. Therefore, the interaction of metakaolin geopolymer with nano-zirconia only creates an
interfacial bonding.

Keywords: compressive strength; metakaolin; nanomaterial; refractory; zirconia

1. Introduction

Geopolymer is one of the materials that has become the center of attention for re-
searchers because it has many advantages in terms of physical, mechanical, and thermal
properties. The compressive strength of geopolymers is superior to portland cement, even
when heat treated above 400 °C [1]. The reaction involves the chemical reaction of various
aluminosilicate oxides (in this case, A13* with IV-fold coordination) with silicate solutions
under high alkaline conditions. It produces Si-O-Al-O (silicon-oxo-aluminate) polymeric
bonds [2,3]. Classified as inorganic polymers, geopolymers based on the silica/alumina
ratio are classified into three groups, namely SiO;/Al,O3 = 2, poly(sialate) (-Si-O-Al-O-),
510,/ Al,O3 = 4, poly(sialate-siloxo) (-Si-O-Al-O-5i-O-), 5i0,/Al,O3 = 6, poly(sialate-
disiloxo) (-5i-O-Al-O-5i-O-5i-O-) [4]. This material consists of an amorphous network
of AlO4 and SiOy tetrahedra connected by oxygen sharing. The presence of positive ions,
such as Na*, K*, Li*’ and Ca?*" is required to balance the negative charge of the IV-fold
coordination of AI** with oxygen [5].

The properties of geopolymer depend on the properties of the precursor. These prop-
erties include fineness, particle distribution, chemical composition, and reactive content
of the geopolymer precursor. The aluminosilicate sources as basic materials used are
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metakaolin, coal fly ash, and blast furnace slag [6-9]. The coal fly ash and blast furnace slag
are cheap and abundant industrial wastes, but they have varying chemical and physical
properties. Mainly they are used for substitution of ordinary Portland cement. In contrast
to kaolin, which has consistent chemical properties and composition, it requires a dihydrox-
ylation/amorphization process to activate its pozzolanic properties by forming kaolin [10].
The required calcination temperature varies between 650-850 °C with a holding time of
2-6 h [10-12].

Metakaolin-based geopolymer has the potential to be applied for encapsulation/
immobilization of nuclear waste [13], bacterial-based self-healing [14], fast hardening after
being given an activator, and reliable mechanical properties at room temperature [15-17].
However, metakaolin-based geopolymers have poor performance for high-temperature
applications [6]. Therefore, it is necessary to add additives for modification to improve
one or more geopolymer properties through chemical reactions and physical changes [18].
The additives can be organic or inorganic materials, solid or liquid, micro or nanoparticles,
or fibers. It has been reported that several inorganic materials used as fillers to improve
geopolymer performance include graphite, micro silica, nano silica, micro TiO, nano TiO,,
zircon, and micro zirconia [16,19-21].

Zirconia is an oxide material with high density and hardness, high thermal stability,
high toughness, inertness, and anti-corrosion, so it is widely applied for structural and
functional purposes [18,22]. This material is rarely found as ZrO, but naturally exists as
Zircon (ZrSiOy), better known as zircon sand. ZrSiO4 can be processed into micro zircon,
nano-zircon, silica, micro zirconia, and nano-zirconia [18,22-24].

The addition of zircon as a metakaolin-based geopolymer filler was reported to in-
crease the compressive strength value by 23% [18]. Micro zirconia, as much as 3% as filler
in fly ash-based geopolymer, increases compressive strength by 31% [23]. So far, the effect
of nano-zirconia on the physical, chemical, and mechanical properties of geopolymer has
not been reported. The addition of nanomaterials can produce ductile geopolymers with
high compressive and tensile strengths [19]. It is because of the surface area to volume
ratio of nanomaterial bulk material that will have different properties from its bulk state.
Therefore, this paper assesses the effect of adding nano-zirconia fillers to change in physical
and mechanical properties of metakaolin-based geopolymer.

2. Materials and Methods
2.1. Materials

Commercial metakaolin (Metastar 501) was purchased from IMERYS, the UK, with
the mean particle size of 3 um and the content of SiO, and Al,Oj3 is 56.0% and 38.1%,
respectively [15], the microstructure and XRD pattern of which showed in Figure 1a,b
with 12.93% degree of crystallinity (degree of crystallinity determined by Equation (3)).
The moisture of metakaolin was reduced at 60 °C for 24 h. Nano-zirconia as filler was
purchased from Hebei Souyi New Material Technology Co., Ltd., Handan, China, with
an average particle size of 97 nm, the density of 5.88 g/cm?, the microstructure and XRD
pattern shown in Figure 1c¢,d. Sodium hydroxide pellets and sodium silicate solution were
purchased from Merck, Germany, and Brataco Chemical Supply, Indonesia.
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Figure 1. The microstructure and diffractogram of raw material (a) microstructure of metakaolin,
(b) The diffractogram of metakaolin (* = SiO,, T = TiO;), (c) the microstructure of nano-zirconia,
(d) diffractogram of zirconia.

2.2. Methods
2.2.1. Specimen Preparation

Design and sample preparation for geopolymer were similar to the previously re-
ported by Zawrah et al. (2018) [18], with modifications on the molar ratio of Si/Al is 3.5,
while Na,O/SiO; and H,O/SiO; ratios are as shown in Table 1. Geopolymer paste is
differentiated into two categories: control and treated samples. The control sample is a
sample with 100 g metakaolin as the precursor, while other samples are metakaolin with
nano-zirconia addition (2 g (MZr02), 5 g (MZr05), 10 g (MZr10), and 15 g (MZr15).

Table 1. Mix design of geopolymer pastes.

Sample Metakaolin, g Nano-Zirconia, g Na,O/SiO, H,O/Na,O
Control 100 0 0.351 8.933
MZr02 100 2 0.354 9.269
MZr05 100 5 0.359 9.759
MZr10 100 10 0.367 10.538
MZr15 100 15 0.375 11.274

Initially, metakaolin and nano-zirconia are mixed with a stand mixer for 3 h. The
alkali solution is prepared by mixing 5 M NaOH with NaSiOy4. The amount of NaySiO4
considered to obtain the molar ratio Si/ Al on geopolymer paste is 3.5. The mixed material
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was then slowly added alkali solution to form the homogeneity of geopolymer pastes. The
paste was molded in a mortar mold with a volume of 5 x 5 x 5 cm3, then vibrated for
5 min, and the surface was covered with acrylic to decrease evaporation which caused the
water loss. After 24 h at room temperature, samples were removed from the mold, kept at
80 °C for 24 h, and cured at room temperature for 28 days. Finally, the samples were heated
at 100 °C for 24 h to stop the geopolymerization reaction.

2.2.2. Testing and Analysis Method

The functional group of geopolymer was recorded by FTIR spectrometer (Bruker
Alpha II). The phase content and degree of crystallinity for raw material and geopolymer
samples characterized by Bruker X-ray diffractometer (D8 Advanced ECO) using CuK«x1
wavelength (1.54056 A), 26 range from 10°-90° and interval step 0.0195°. The microstruc-
ture and mapping element of geopolymer samples were characterized by SEM-EDX (JOEL
JSM-6390A). The compressive strength of specimens with a curing age of 28 days was
evaluated by Universal Testing Machine according to ASTM C109.

The bulk density (B, g/cm?®) and apparent porosity (P, %) of geopolymer were cal-
culated according to ASTM C20-00 (2010) by Equations (1) and (2) [25]. All data for
compressive strength, porosity, and density from three sample experiments (n = 3) were
represented as mean value and standard deviation. The relationship of nano-zirconia
addition to compressive strength was identified by variance (ANOVA) using GraphPad
Prism 9, and a P value less than 0.05 were considered statistically significant. Quantitative
analysis of XRD data used X'Pert HighScore Plus, which equipped PDF2 data.

D

B= - 1

W_3 1)
W-D

P = g x 100 @)

where D is the samples’ dry weight, S is the suspended weight, and W is the saturated weight.

Areaof Crystalline Peaks "
Areaof all peaks (Cystalline + Amorphous)

Crystallinity = 100 (©)]

3. Results and Discussion

Nanomaterials have different properties than their bulk counterparts, more chemically
reactive owing to the large surface area to volume ratio. It has been reported that adding
3% nano-zirconia in castable refractories has increased flexural strength by up to 50% [26].
For this reason, the effect of nano-zirconia with 2 g, 5 g, 10 g, and 15 g for every 100 g of
metakaolin in an alkaline environment to form geopolymers was studied.

The effect of nano-zirconia addition of metakaolin geopolymer to phase development
and degree of crystallinity was observed using XRD. Figure 2a shows diffractograms of
samples with and without nano-zirconia addition. The control sample shows the crystalline
phases of SiO; and TiO, with PDF numbers 01-080-2147 and 00-021-1272, respectively. The
metakaolin used as the base material has a crystallinity value of 12.93%, while after being
mixed with alkali solution, the effect of hump was observed between the angles of 20° and
40° 20, and the degree of crystallinity decreased to 8.06%. This phenomenon indicated that
the presence of an amorphous silica phase due to geopolymerization reaction [27].

After adding nano-zirconia, only ZrO, with PDF number 00-037-1484 was detected
as a new phase and the degree of crystallinity was increased (Figure 2b). The qualitative
analysis of the crystalline phase did not show any compound formed other than SiO;, TiO,,
and ZrO,. This indicates that the nano-zirconia, although it has a larger surface area to
volume ratio than micro zirconia, does not show chemically different effects. Thus, the
interaction between geopolymer and nano-zirconia was merely physical.
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Figure 2. The XRD pattern of geopolymer samples with and without nano-zirconia addition (a,b)
(* =SiOy, T = TiOy, and # = ZrOy).

The spectra of FTIR are shown in Figure 3. The starting material, metakaolin spectra
transmittance on wavenumber 1075 cm ™! and 790 cm ™! refer to asymmetric stretching vi-
bration Al-O-5i of metakaolin and octahedral O-Al-OH functional groups [11,28], whereas
the transmittance of zirconia in wavelength 756 cm~! and 667 cm ™! are characteristic of
monoclinic zirconia band [29]. The geopolymer samples showed similar spectra and the
vibration around 976-991 cm ™!, representing Al-O-Si vibration. The shift of Al-O-Si vibra-
tion is owing to the amorphous formation from aluminosilicate gel [28]. The appearance of
this vibration exhibits that the geopolymer network was successfully formed. Another vi-
bration on 1650 cm~! represents H-O-H, it might be formed during the geopolymerization
process due to the replacement position of counter ion from the source of base activator into
geopolymer network, the H,O molecule only adsorbs as physical adsorption on the surface
of geopolymer, it cannot form the chemical bond with the geo-polymer network. The
vibration of Zr-O appears at around 690-700 cm ™!, there is no vibration which represents
the formation of Zr-O-5i or Zr-O-Al in these spectra. Based on data, it can be suggested
that there is no chemical interaction between ZrO, and the geopolymer network. It might

be concluded that the formation of the composite can strengthen the physical properties of
the geopolymer.
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Figure 3. The FTIR spectra of starting materials and geopolymer samples.
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The compressive strength of geopolymer was tested at the optimum strength de-
velopment at the curing age of 28 days at room temperature, which is the same as for
Ordinary Portland Cement-based material [7,14,17,30-33]. The same reference is applied
to geopolymer composites [18,34,35]. Figure 4 shows the average compressive strength as
an additional function of nano-zirconia with a molar Si/ Al ratio of 3.5. The sample with-
out adding nano-zirconia was used as a control sample compared to the effect of adding
nano-zirconia to the compressive strength value. The control sample shows a compressive
strength value of 33 MPa. Using the same metakaolin but different formulations of alkali
activator resulted in different compressive strength values. Alkali activator with NaOH and
water glass ratio 1:2 on metakaolin Metastar 501 only produces a compressive strength of
22.14 MPa [31]. The Si/ Al molar ratio also influences compressive strength; it was reported
that the S5i/ Al molar ratio of 2.2 resulted in a compressive strength value of 23 MPa [36].

=2
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o
1

0- T T
> & O 0 »
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ooé‘ @'b @s"' @'b é"

Compressive Strength (MPa)

Geopolymer Samples

Figure 4. Compressive strength of geopolymer samples.

MZr02, MZr05, MZr10, and MZr15 showed compressive strength values of 40.59 MPa,
52.94 MPa, 32.89 MPa, and 32.33 MPa, respectively. The MZr05 sample showed a significant
increase in compressive strength compared to the control sample, 58.75%, but MZr10 and
MZr15 decreased the compressive strength value. The reduction of compressive strength
is thought to be due to the addition of filler that exceeds the limit, inhibiting the reaction
between aluminosilicate and alkali activator to form geopolymers [18].

Figure 5 shows morphology geopolymer samples with different amounts of nano-
zirconia addition. Based on the XRD results in Figure 2, it is identified that the geopolymer
samples are generally amorphous in shape, and there is unreacted metakaolin. The presence
of unreacted metakaolin was due to the fast geopolymerization process. The unreacted
metakaolin can cause structural defects so that it can reduce the compressive strength of
geopolymer mortar [37,38]. The microstructure shown in Figure 5 indicates the microcrack
triggered by the presence of unreacted metakaolin, which prevents a chemical reaction
with alkali activator that leads to geopolymerization.

Figure 6 shows how the main elements of the sample are distributed, namely Al, Si,
and Zr for samples MZr05 (a) and MZr15 (b). Green represents Al, Si is blue, and Zr is red.
Based on the EDX results, the distribution of nano-zirconia in matrix geopolymer is almost
homogenously distributed, although the existence of ZrO, piles of seen in some areas.
Nevertheless, the ANOVA test’s statistical tests showed that adding nano-zirconia as a filler
in geopolymer composites had a significant effect with a p value of 0.0026 and R? = 0.934.
Compared to the XRD pattern in Figure 2 and the FTIR spectra in Figure 3, it does not
show any new phases and bonds between Zr-O-5i. This indicates that there is no chemical
interaction between nano-zirconia and geopolymer but only physical interaction. Nano-
zirconia functions as a filler in metakaolin-based geopolymer matrix that can precipitate
and penetrate between the generated 3D network polysialate structures [18]. The decrease
in compressive strength in samples MZr10 and MZr15 indicates that the limit amount of
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nano-zirconia is 5 g for 100 g of metakaolin, where the excess filler can slacken the reaction
of aluminosilicate and alkaline activator solution [7].

Figure 5. Microstructure of geopolymer sample, (a) Control, (b) MZr02, (c) MZr05, (d) MZr10, and
(e) MZr15.

Figure 6. Scatter diagram of elements in geopolymer samples. (a) MZr05 and (b) MZr15.

The value of bulk density was obtained using the Archimedes method and calculated
by Equation (1). The density of metakaolin is 2.62 g/cm?, while the nano-zirconia density of
nano-zirconia is 5.88 g/cm3. Therefore, the increase in density will be directly proportional
to the rise in the amount of zirconia contained in the sample. The resulting density value is
1.33-2.19 g/cm? (Figure 7). This value is greater than that of geopolymer with the addition
of zircon, which is between 1.72-1.81 g/ cm? [18].
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4. Conclusions

Geopolymer metakaolin-based material has been prepared with the addition of nano-
zirconia. XRD data showed that increasing content of nano-zirconia is in line with increasing
degree of crystallinity specimens. Nano-zirconia addition improves compressive strength
until 58.7% for 5 g nano-zirconia in 100 g metakaolin. The FTIR and XRD data revealed
that interaction with nano-zirconia in geopolymer systems is only physical interaction.

Author Contributions: Conceptualization and validation, M.S., D.M.N., and S.A.; Methodology,
M.S., RM.I, and S.A.; Investigation, M.S., A.N.L., and H.I.; Resources, S.A.; Data curation, M.S.
and R.M.I; writing—original draft preparation, M.S., A.N.L., RML.L; writing—review and editing,
S.A. and D.M.N,; visualization, H.I.; Supervision, S.A.; Project administration, A.N.L., and S.A.;
Funding acquisition, M.S. and S.A. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was supported by grants from the Ministry of Education, Culture, Research,
and Technology of Indonesia through the Research Collaboration Between Universities (PKPT) 2021
research scheme with the contract number: 60/LL11/KM/2021.

Acknowledgments: The authors would like to thank Musyarofah for the XRD and FTIR data acquisi-
tion at Kalimantan Institute of Technology (ITK).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Rahjoo, M.; Goracci, G.; Martauz, P; Rojas, E.; Dolado, ]. Geopolymer Concrete Performance Study for High-Temperature Thermal
Energy Storage (TES) Applications. Sustainability 2022, 14, 1937. [CrossRef]

2. Shoaei, P; Ameri, F; Karimzadeh, M.; Atabakhsh, E.; Zareei, S.A.; Behforouz, B. 20—Difference between Geopolymers and
Alkali-Activated Materials. In Handbook of Sustainable Concrete and Industrial Waste Management; Colangelo, E.,, Cioffi, R., Farina, I.,
Eds.; Woodhead Publishing Series in Civil and Structural Engineering; Woodhead Publishing: Cambridge, UK, 2022; pp. 421-435.
ISBN 978-0-12-821730-6.

3.  Sotelo-Pifia, C.; Martinez-Luévanos, A. Geopolymers: Past, Present, and Future of Low Carbon Footprint Eco-Materials. In
Handbook of Ecomaterials; Springer: Cham, Switzerland, 2019; pp. 2765-2785.

4. Davidovits, ]. Geopolymers: Inorganic Polymeric New Materials. |. Therm. Anal. Calorim. 1991, 37, 1633-1656. [CrossRef]

5. Abdullah, M.M.A B.; Ming, L.Y.; ChengYong, H.; Tahir, M.EM. Clay-Based Materials in Geopolymer Technology; IntechOpen: London,
UK, 2018; ISBN 978-1-78984-154-1.

6. Poon, C.-S.; Azhar, S.; Anson, M.; Wong, Y.-L. Performance of Metakaolin Concrete at Elevated Temperatures. Cem. Concr. Compos.

2003, 25, 83-89. [CrossRef]


http://doi.org/10.3390/su14031937
http://doi.org/10.1007/BF01912193
http://doi.org/10.1016/S0958-9465(01)00061-0

J. Compos. Sci. 2022, 6, 293 90of 10

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Amin, M.; Elsakhawy, Y.; Abu el-hassan, K.; Abdelsalam, B.A. Behavior Evaluation of Sustainable High Strength Geopolymer
Concrete Based on Fly Ash, Metakaolin, and Slag. Case Stud. Constr. Mater. 2022, 16, e00976. [CrossRef]

Yavuz, E.; Kul Gul, N.I; Kockal, N.U. Characterization of Class C and F Fly Ashes Based Geopolymers Incorporating Silica Fume.
Ceram. Int. 2022. [CrossRef]

Allaoui, D.; Nadi, M.; Hattani, F.; Majdoubi, H.; Haddaji, Y.; Mansouri, S.; Oumam, M.; Hannache, H.; Manoun, B. Eco-Friendly
Geopolymer Concrete Based on Metakaolin and Ceramics Sanitaryware Wastes. Ceram. Int. 2022. [CrossRef]

Shvarzman, A.; Kovler, K.; Grader, G.S.; Shter, G.E. The Effect of Dehydroxylation/ Amorphization Degree on Pozzolanic Activity
of Kaolinite. Cem. Concr. Res. 2003, 33, 405-416. [CrossRef]

Cheng, Y.; Xing, ].; Bu, C.; Zhang, ].; Piao, G.; Huang, Y.; Xie, H.; Wang, X. Dehydroxylation and Structural Distortion of Kaolinite
as a High-Temperature Sorbent in the Furnace. Minerals 2019, 9, 587. [CrossRef]

Bich, C.; Ambroise, J.; Péra, J. Influence of Degree of Dehydroxylation on the Pozzolanic Activity of Metakaolin. Appl. Clay Sci.
2009, 44, 194-200. [CrossRef]

Vance, E.R; Perera, D.S. 18—Geopolymers for Nuclear Waste Immobilisation. In Geopolymers; Provis, J.L., van Deventer, J.S.].,
Eds.; Woodhead Publishing Series in Civil and Structural Engineering; Woodhead Publishing: Cambridge, UK, 2009; pp. 401-420.
ISBN 978-1-84569-449-4.

Tanyildizi, H.; Ziada, M.; Uysal, M.; Dogruéz Giingor, N.; Coskun, A. Comparison of Bacteria-Based Self-Healing Methods in
Metakaolin Geopolymer Mortars. Case Stud. Constr. Mater. 2022, 16, €00895. [CrossRef]

Kuenzel, C.; Neville, T.P,; Donatello, S.; Vandeperre, L.; Boccaccini, A.R.; Cheeseman, C.R. Influence of Metakaolin Characteristics
on the Mechanical Properties of Geopolymers. Appl. Clay Sci. 2013, 83-84, 308-314. [CrossRef]

Saukani, M.; Arief, S.; Syahrillah, G.R.F.; Hidayat, N. The Low Concentration of Sodium Hydroxide Influence on The Compressive
Strength of Fly Ash/Natural Kaolin-Based Geopolymer. IOP Conf. Ser. Mater. Sci. Eng. 2019, 515, 012063. [CrossRef]

Wang, X.; Zhang, C.; Zhu, H.; Wu, Q. Reaction Kinetics and Mechanical Properties of a Mineral-Micropowder/Metakaolin-Based
Geopolymer. Ceram. Int. 2022, 48, 14173-14181. [CrossRef]

Zawrah, M.E; Farag, R.S.; Kohail, M.H. Improvement of Physical and Mechanical Properties of Geopolymer through Addition of
Zircon. Mater. Chem. Phys. 2018, 217, 90-97. [CrossRef]

Rashad, A.M. Effect of Nanoparticles on the Properties of Geopolymer Materials. Mag. Concr. Res. 2019, 71, 1283-1301. [CrossRef]
Mohamed, H.; Deutou, ].G.N.; Kaze, C.R.; Beleuk a Moungam, L.M.; Kamseu, E.; Chinje Melo, U.; Leonelli, C. Mechanical and
Microstructural Properties of Geopolymer Mortars from Meta-Halloysite: Effect of Titanium Dioxide TiO2 (Anatase and Rutile)
Content. SN Appl. Sci. 2020, 2, 1573. [CrossRef]

Amritphale, S.S.; Bhardwaj, P.; Gupta, R. Advanced Geopolymerization Technology; IntechOpen: London, UK, 2019; ISBN 978-1-
78985-539-5.

Septawendar, R.; Sutardi, S.; Karsono, U.; Sofiyaningsih, N. A Low-Cost, Facile Method on Production of Nano Zirconia and
Silica from Local Zircon in a Large Scale Using a Sodium Carbonate Sintering Technology. J. Aust. Ceram. Soc. 2016, 52, 11.
Phair, ].W.; Van Deventer, ].S.].; Smith, J.D. Interaction of Sodium Silicate with Zirconia and Its Consequences for Polysialation.
Colloids Surf. A Physicochem. Eng. Asp. 2001, 182, 143-159. [CrossRef]

Musyarofah; Lestari, N.D.; Nurlaila, R.; Muwwagqor, N.F; Triwikantoro; Pratapa, S. Synthesis of High-Purity Zircon, Zirconia,
and Silica Nanopowders from Local Zircon Sand. Ceram. Int. 2019, 45, 6639-6647. [CrossRef]

Shee-Ween, O.; Cheng-Yong, H.; Yun-Ming, L.; Abdullah, M.M.A.B.; Li Ngee, H.; Chan, L W.L.; Wan-En, O.; Jaya, N.A.; Yong-Sing,
N. Cold-Pressed Fly Ash Geopolymers: Effect of Formulation on Mechanical and Morphological Characteristics. J. Mater. Res.
Technol. 2021, 15, 3028-3046. [CrossRef]

Gogtas, C.; Lopez, H.E; Sobolev, K. Effect of Nano-YSZ and Nano-ZrO2 Additions on the Strength and Toughness Behavior of
Self-Flowing Alumina Castables. Ceram. Int. 2016, 42, 1847-1855. [CrossRef]

Phair, ].W.; Van Deventer, ].S.J.; Smith, ].D. Mechanism of Polysialation in the Incorporation of Zirconia into Fly Ash-Based
Geopolymers. Ind. Eng. Chem. Res. 2000, 39, 2925-2934. [CrossRef]

Tchakoute Kouamo, H.; Elimbi, A.; Mbey, J.A.; Ngally Sabouang, C.J.; Njopwouo, D. The Effect of Adding Alumina-Oxide to
Metakaolin and Volcanic Ash on Geopolymer Products: A Comparative Study. Constr. Build. Mater. 2012, 35, 960-969. [CrossRef]
Routray, S.; Mohanty, R.; Swain, R.; Sahu, S.; Mishra, B.R. Preparation and Characterisation of Zirconia Nano-Materials Prepared
From Zircon Minerals of Brahmagiri Coast. |. Inst. Eng. India Ser. E 2021, 102, 87-95. [CrossRef]

Albidah, A.; Alqarni, A.S.; Abbas, H.; Almusallam, T.; Al-Salloum, Y. Behavior of Metakaolin-Based Geopolymer Concrete at
Ambient and Elevated Temperatures. Constr. Build. Mater. 2022, 317, 125910. [CrossRef]

Astutiningsih, S.; Tambun, D.; Zakiyuddin, A. Characterization and Comparison of Geopolymer Synthesized Using Metakaolin
Bangka and Metastar as Precursors. E3S Web Conf. 2018, 67, 03022. [CrossRef]

Li, M,; Luo, R;; Qin, L.; Liu, H.; Duan, P; Jing, W.; Zhang, Z.; Liu, X. High Temperature Properties of Graphene Oxide Modified
Metakaolin Based Geopolymer Paste. Cem. Concr. Compos. 2022, 125, 104318. [CrossRef]

Feng, B.; Liu, J.; Chen, Y,; Tan, X.; Zhang, M.; Sun, Z. Properties and Microstructure of Self-Waterproof Metakaolin Geopolymer
with Silane Coupling Agents. Constr. Build. Mater. 2022, 342, 128045. [CrossRef]

Sun, K.; Peng, X.; Chu, S.H.; Wang, S.; Zeng, L.; Ji, G. Utilization of BOF Steel Slag Aggregate in Metakaolin-Based Geopolymer.
Constr. Build. Mater. 2021. [CrossRef]


http://doi.org/10.1016/j.cscm.2022.e00976
http://doi.org/10.1016/j.ceramint.2022.07.163
http://doi.org/10.1016/j.ceramint.2022.08.068
http://doi.org/10.1016/S0008-8846(02)00975-4
http://doi.org/10.3390/min9100587
http://doi.org/10.1016/j.clay.2009.01.014
http://doi.org/10.1016/j.cscm.2022.e00895
http://doi.org/10.1016/j.clay.2013.08.023
http://doi.org/10.1088/1757-899X/515/1/012063
http://doi.org/10.1016/j.ceramint.2022.01.304
http://doi.org/10.1016/j.matchemphys.2018.06.024
http://doi.org/10.1680/jmacr.18.00289
http://doi.org/10.1007/s42452-020-03396-5
http://doi.org/10.1016/S0927-7757(00)00737-8
http://doi.org/10.1016/j.ceramint.2018.12.152
http://doi.org/10.1016/j.jmrt.2021.09.084
http://doi.org/10.1016/j.ceramint.2015.09.149
http://doi.org/10.1021/ie990929w
http://doi.org/10.1016/j.conbuildmat.2012.04.023
http://doi.org/10.1007/s40034-020-00201-1
http://doi.org/10.1016/j.conbuildmat.2021.125910
http://doi.org/10.1051/e3sconf/20186703022
http://doi.org/10.1016/j.cemconcomp.2021.104318
http://doi.org/10.1016/j.conbuildmat.2022.128045
http://doi.org/10.1016/j.conbuildmat.2021.124024

J. Compos. Sci. 2022, 6, 293 10 of 10

35. Korniejenko, K.; Fraczek, E.; Pytlak, E.; Adamski, M. Mechanical Properties of Geopolymer Composites Reinforced with Natural
Fibers. Procedia Eng. 2016, 151, 388-393. [CrossRef]

36. Ogzer, I.; Soyer-Uzun, S. Relations between the Structural Characteristics and Compressive Strength in Metakaolin Based
Geopolymers with Different Molar Si/ Al Ratios. Ceram. Int. 2015, 41, 10192-10198. [CrossRef]

37. daSilva Rocha, T.; Dias, D.P; Franca, F.C.C.; de Salles Guerra, R.R.; de Oliveira Marques, L.R.D.C. Metakaolin-Based Geopolymer
Mortars with Different Alkaline Activators (Nat and K*). Constr. Build. Mater. 2018, 178, 453-461. [CrossRef]

38. Zhang, F; Zhang, L.; Liu, M.; Mu, C,; Liang, Y.N.; Hu, X. Role of Alkali Cation in Compressive Strength of Metakaolin Based
Geopolymers. Ceram. Int. 2017, 43, 3811-3817. [CrossRef]


http://doi.org/10.1016/j.proeng.2016.07.395
http://doi.org/10.1016/j.ceramint.2015.04.125
http://doi.org/10.1016/j.conbuildmat.2018.05.172
http://doi.org/10.1016/j.ceramint.2016.12.034

	Introduction 
	Materials and Methods 
	Materials 
	Methods 
	Specimen Preparation 
	Testing and Analysis Method 


	Results and Discussion 
	Conclusions 
	References

