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Abstract: Coating materials are used on surfaces such as steel and ceramic to offer protection,
corrosion resistance, wear and erosion resistance, a thermal barrier, or aesthetics. Although organic
coating materials such as epoxy resins, silane, and acrylic are widely used, there are restrictions and
drawbacks associated with their use, including the ease with which cracking, hazardous and harmful
human health and environment, peeling, and deterioration occur. Organic matrices also have the
capacity to release vapor pressure, which can lead to the delamination of coatings. Geopolymer
coating materials offer an environmentally friendly solution to this concern to encourage sustainable
growth. The simplicity with which geopolymers can be synthesized and their low emission of
greenhouse gases such as CO,, SO, and NOy are advantages of geopolymers. The advent of
geopolymer coatings with photocatalytic properties is advantageous for the decomposition of
pollution and self-cleaning properties. The aim of this paper is to study the optimum solid-to-
liquid ratio of metakaolin geopolymer paste added TiO, and ZnO by adhesion strength. Through
iterative mixture optimization, we investigated the effects of different design parameters on the
performance of a metakaolin-based geopolymer as a coating material. The assessed material was a
metakaolin which was activated by an alkali activator (a mixture of sodium hydroxide and sodium
silicate), with the addition of titanium dioxide and zinc oxide as photocatalyst substances. Varying
proportions of solid-to-liquid ratio were tested to optimize the best mix proportion related to the
coating application. Adhesion analyses of geopolymer coating paste were evaluated after 7 days.
According to the findings, the optimal parameters for metakaolin geopolymer coating material are
0.6 solid-to-liquid ratios with the highest adhesion strength (19 MPa) that is suitable as coating
material and enhanced the properties of geopolymer.

Keywords: solid-to-liquid ratio; metakaolin; geopolymer; adhesion; coating; photocatalyst material

1. Introduction

Geopolymer materials generated by the interaction of an inorganic substance with
an alkaline activator have impressive fire resistance, the ability to encapsulate hazardous
waste, and are affordable; nevertheless, further study is required to fully exploit their
use as a coating material. In addition, since it utilizes minerals of geological origin,
the process is green and environmentally safe. The combination of geopolymers and
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photocatalysts materials such as titanium dioxide and zinc oxide has been utilized to
generate excellent coatings for buildings in the construction sector due to their aesthetic
appearance and economical cleaning maintenance costs [1-3]. Photocatalyst materials
are innovative materials that have emerged in recent years and are now being utilized
to enhance the mechanical strength of cementitious materials as well as to improve
their overall properties [4]. Utilizing geopolymers is one technique to minimize waste,
particularly industrial waste, and investigate creative waste management strategies [5].
Geopolymers are beneficial due to their simplicity of synthesis and low emissions of
greenhouse gases like CO;, SO;, and NOx [6,7].

Geopolymerization is an innovative process that can transform many aluminosilicate
minerals into geopolymers, which are useful products. Geopolymerization is a heteroge-
neous chemical reaction involving solid aluminosilicate oxides and alkali metal silicate
solutions under very alkaline conditions and low temperatures that produce amorphous
to semicrystalline polymeric structures composed of Si-O-Al and Si-O-S5i links [8,9]. The
activator is chosen and the type of material has the greatest impact on the geopolymerization
activity [10-17]. This implies the activation of either material, geological, or industrial origin
in the form of by-products, as a precursor that is abundant in alumina and silica [18-20].
The synthesis of geopolymer is classified into three primary stages. The first step involves
the dissolving of aluminosilicate in a strong alkali solution. Next follows the reorientation of
free ion clusters, and finally, polycondensation takes place. The geopolymerization process
comprises an extremely quick chemical reaction that takes place in alkaline conditions with
silicon and aluminum minerals. This reaction produces a three-dimensional polymeric
chain and ring structure that is composed of bonds between silicon dioxide and aluminum
oxide [21]. Numerous authors conducted in-depth research and monitoring of the geopoly-
merization reaction of metakaolin (MK). When exposed to an alkali solution, this amorphous
form of metakaolin is believed to be very reactive. As a solid precursor, metakaolin, which is
mostly made up of reactive silica and alumina, is utilized in the geopolymerization reaction,
which is described in more detail as follows according to Yao et al. [22].

i Dissolution steps: The Si—O-5i and Si—O-Al bonds of the minerals are segmented,
which results in the formation of reactive precursors (Si (OH)4 and Al (OH)4) in the
solution.

ii  Restructuring steps: The reactive aluminosilicate precursors have the characteristics of
being mobile and thermodynamically stable before being gelled.

iii Polycondensation steps: The polymerization of oligo-sialate molecules, which was
then followed by their reticulation and the development of a network of polysialate
with the three-dimensional framework.

As alkali activators to activate geopolymer, sodium hydroxide (NaOH) and sodium
silicate (Na,SiO3) are utilized. Studies have demonstrated that the performance of geopoly-
mer binders is dependent on a number of characteristics, including activator concentrations
and solid-to-liquid ratios. Alkali activators facilitate the dissolution of reactive amorphous
aluminosilicates for the polycondensation of oligomers and the formation of dense microstruc-
tures [23]. Na* ions from NaOH are utilized to increase the dissolving rate and aid in
the stability of silicate monomers and dimers in the solution [24]. The solid-to-liquid ratio
(S/L) also affects the properties of geopolymer paste as a coating material. Guzman-Aponte
et al. [25] examined the liquid/solid ratio (L/S), which was also manipulated at three different
levels: 0.35 (dry consistency), 0.40 (medium consistency), and 0.45 (fluid consistency). The
previous study shows that an increase in liquid content can speed up the dissolution of Al and
Si precursor species, but it limits the polycondensation processes. Khan et al. [26] reported
the compressive strength was raised from 30 MPa to 38 MPa as a result of the incorpora-
tion of nano-ZnO. It was discovered that the strength achieved its utmost potential when
there was a critical concentration of nano-ZnO present at 0.5 wt.%. After 28 days, Nochaiya
et al. [27] found that increasing the quantity of ZnO used as an additional material led to
improvements in the compressive strength and physical attributes of concrete. According to
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Garg et al. [28] the addition of ZnO into geopolymer paste will enhance the rate of reaction of
sodium hydroxide-activated metakaolin and slow the rate of reaction.

The strength of the coating adhesion is one of the key characteristics that reveals
the coating’s overall quality. Interaction with the substrate requires that the geopolymer
have strong adhesive properties in its capacity as a coating material. The second need for
long-term durability is that the coating must retain its capacity to offer persistent adhesive
during the coating’s entire service life. Jiang et al. [29] studied the effect of geopolymer
coating in concrete using fly ash combined with ground granulated blast-furnace slag,
metakaolin, and Ordinary Portland cement added superplasticizer. The adhesive strength
achieved between 1.5 to 3.4 MPa. Several factors affect the adhesive of coating between
substrates, such as surface interactions, due to coatings that are liquid, have low surface
tension, and have a low viscosity which improves wetting and capillary action. The impacts
of the environment, such as exposure to moisture, light, heat, and pollutants, each play
a factor in the gradual degradation of adhesion over the duration of time. According
to Dilik et al. [30], the adhesive strength of medium-density fiberboard (MDF) samples
covered with polyurethane-based paint was measured to be 3.62 MPa, which was reported
to be the highest value but after being subjected to high levels of humidity, the surface
texture of the MDF samples turned rougher. This served as a form of barrier between
the coat and the substrate, hence lowering the adhesive strength of both. Basri et al. [31]
optimized the rice husk-based geopolymer coating at S/L ratio 0.25 with an adhesion
strength of 4.7 MPa. However, having a significant number of unreacted or partly reacted
particles, may result in poor adhesion.

In this article, the performance of metakaolin geopolymer as a binder for coating
material is examined. We studied the effect of the solid-to-liquid ratio (S/L) ratio on the
adhesion strength of coated substrates at room temperature. This work was done to provide
a suitable in situ application without high-temperature curing that is applicable to coatings
with excellent adhesion strength. Our findings may encourage more research into the use
of sustainable geopolymers in photocatalytic coatings.

2. Experimental Methods
2.1. Materials

Metakaolin is derived from kaolin clay and amorphous kaolinite is formed by heating
kaolin between 500 °C and 800 °C. Metakaolin is classified as an aluminosilicate substance
due to the varying quantities of alumina and silica. Metakaolin in this research was
supplied by Kaolin (Perak, Malaysia) Sdn. Bhd. The chemical composition of metakaolin
was determined using X-ray Fluorescent (XRF) spectrometer consists mainly SiO, (55%)
and Al,Os (38.3%) with a minor content of TiO, (2.48%) and Fe,Os (1.53%). Figure 1
indicated the SEM images of metakaolin.

i 3 ‘\ ,- 5
TM3000_

Figure 1. SEM images of metakaolin.
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The alkali activator solution was prepared by mixing sodium hydroxide (NaOH) and
sodium silicate (Na25i03) with mechanical stirrer for 5 min to obtain homogeneous solution.
NaOH flakes with 98% purity obtained from AGC Chemicals (Bangkok, Thailand) Co., Ltd.
was used to produce 10 M molarity by dissolving in a distilled water. Na;SiO3 supplied by
PubChem has a specify gravity of 1.38 with liquid gel appearance. The alkaline solution
was made 24 h prior to mixing before it was utilized to achieve a full exothermic reaction.
This is to prevent the sudden setting of paste samples owing to the heat generated by
hydration. Titanium dioxide (TiO;) 98.0%-100% from Acros Organics (Geel, Belgium) was
used in this study with density 4.23 g/cm?3, and 79.88 g/mol molar mass. Zinc oxide from
Sigma-Aldrich (Saint Louis, MS, USA), varied from 0.1 up to 0.9% chosen as photocatalyst
material added in geopolymer paste.

2.2. Mix Design and Preparation of Metakaolin Geopolymer Paste

The solid-to-liquid (S/L) ratio varied throughout this analysis as shown in Table 1. The
geopolymer paste (GP) was prepared by mixing metakaolin with Na,SiO3 and NaOH (alkaline
activator solution) with overhead mechanical stirrer for 5 min until homogenously. Alkali
activator ratios were fixed at 2.5 and NaOH molarity at 10M based on previous research. Then,
the GP was added with 5 wt.% of TiO, (GPTiO,) and varying percentages of ZnO (0.1, 0.3, 0.5,
0.7 and 0.9 wt.%) by weight (GPTiO,Zn). After prior mixing homogeneously, geopolymer
paste was coated onto substrate by using brushing method. Mild steel plate was used as
the substrate was cleaned with sandpaper to eliminate dirt and roughen the surface. The
dimension of the mild steel substrate was 5.0 cm x 2.5 cm x 0.3 cm. Three layers of coating
was applied to the substrate. After coating, the samples were cured at room temperature for
7 days. After 7 days of curing, the samples were tested with adhesion strength. The flow
process has been summarized as Figure 2.

Table 1. Mix proportions of various S/L ratio of metakaolin geopolymer paste.

Mix S/L Metakaolin (g) Alkali Activator (g)  TiO, (wt.%) ZnO (wt.%)
1 0.4 107 267.5 - -
2 0.4 107 267.5 5 -
3 0.4 107 267.5 5 0.1
4 0.4 107 267.5 5 0.3
5 04 107 267.5 5 0.5
6 0.4 107 267.5 5 0.7
7 0.4 107 267.5 5 0.9
8 0.6 93.8 156.3 - -
9 0.6 93.8 156.3 5 -
10 0.6 93.8 156.3 5 0.1
11 0.6 93.8 156.3 5 0.3
12 0.6 93.8 156.3 5 0.5
13 0.6 93.8 156.3 5 0.7
14 0.6 93.8 156.3 5 0.9
15 0.8 83.3 104.1 - -
16 0.8 83.3 104.1 5 -
17 0.8 83.3 104.1 5 0.1
18 0.8 83.3 104.1 5 0.3
19 0.8 83.3 104.1 5 0.5
20 0.8 83.3 104.1 5 0.7
21 0.8 83.3 104.1 5 0.9
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Figure 2. Schematic figure of flow process preparation of metakaolin geopolymer paste for coating.

2.3. Adhesion Strength Test

The most significance testing for coating is adhesion strength. The strength of metakaolin
geopolymer paste added photocatalyst material was evaluated after 7 days of curing using Pull
off Adhesion Tester brand Elcometer F106/3 from Elcometer Limited Company (Manchester,
UK) according to ASTM D4541. A minimum of three samples were tested to evaluate
the strength gain for the specimens. An adhesive was utilized to bond a test dolly to the
metakaolin geopolymer layer for the adhesion procedure for 2 min. A pull-off adhesion test
was utilized throughout the process to evaluate the level of cohesiveness that exists between
the substrate and the coating. As the tension on the adhesion tester was increased, a spring
system applied a lift force to the dolly. An indication on the scale depicts the numerical value
of adhesion strength measured in terms of force per unit area. Figure 3 shows schematic
diagram of the method of adhesion test occurs.

Pull off

Coating

Dolly

Adhesive glue
|

Figure 3. Schematic diagram of adhesion test.
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2.4. Water Absorption and Density Test

The metakaolin geopolymer coating was tested for water absorption at 7 days of aging.
The water absorption test was performed in accordance with ASTM D570-09 by immersing
the samples in distilled water for 24 h. The samples were weighed, and their saturated weight
was recorded after 24 h of immersion in distilled water. Equation (1) below specifies the water
absorption calculation. Density was determined by weighing (W) and measuring the volume
(V) of the samples using Densimeter MD-2003 (Qualitest, Plantations, FL, USA) to detect the
specific gravity of the samples. The following Equation (2) was used to measure the density:

Water absorption (%) = {[saturated weight — initial weight]/saturated weight} x 100 €))]

Density (g/cm?) = mass of sample/volume of sample (2

2.5. Microscopic Test

Scanning electron microscopy: model TESCAN Vega, (Brno, Czech Republic) is
used to analyze the microstructure properties of metakaolin geopolymer coating of
each sample with acceleration voltage 20 kV. The energy dispersive spectroscopy (EDS)
was performed on SEM images to identify the chemical compositions. For morphology
of coating samples, the samples were cut into small pieces and the surface must be
conductive before analyzing by coated with a gold monolayer of conductive substances.
Auto Fine Coater Model JEOL JFC 1600 from Tokyo, Japan has been used for sputtering
coater the samples with gold for conductivity.

3. Results and Discussion
3.1. Adhesion Strength Analysis

The adhesion strength was determined to identify the workability of metakaolin
geopolymer paste for coating. The excellent adhesive strength of geopolymers is the basis
for their application as substrate-interacting coating materials. Figure 4 shows the effect of
S/L ratio based on adhesion strength between coating and substrate. The results indicate
the optimum strength when S/L ratio is 0.6 before decreasing later due to faster setting
time of the geopolymer paste at S/L ratio of 0.8. GPTiO,Zn0.5 at S/L ratio 0.6 achieved the
highest adhesion strength (19 MPa), while GPTiO,Zn0.9 at S/L ratio 0.8 (2 MPa) drastically
decreased the strength due to cracks occurring on the coating surface.

mGP B GPTiO2 GPTiO2Zn0.1 ™ GPTiO2Zn0.3
B GPTiO2Zn0.5 mGPTiO2Zn0.7 m GPTiO2Zn0.9

| ”‘
il lly i,

Solid/Liquid (S/L) Ratio

= - N N
o wu o (%]

Adhesion Strength (MPa)
(6]

Figure 4. Adhesion strength of metakaolin geopolymer coating with various S/L ratios.
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Figure 5 demonstrated the metakaolin geopolymer-coated sample with failure at S/L
ratio of 0.6 for GP, GPTiO,Zn0.5, and GPTiO,Zn0.9. Coating samples with the highest and
lowest adhesion strength together with GP as control sample were analyzed to learn which
factors contributed to their respective performances.

Figure 5. Adhesive failure on coating substrate (a) GP; (b) GPTiO,Zn0.5; (c) GPTiO,Zn0.9.

Based on its smaller particle size, metakaolin has considerably greater water consump-
tion when compared to the other kind of geopolymer. This causes the workability of the
metakaolin geopolymer paste to decrease when its S/L ratio is increased [23]. According
to Ramasamy et al. [32], kaolin-based geopolymer specimens with a S/L ratio of less than
0.6 fail the curing stage due to the formation of major cracks. When ZnO 0.7 wt.% is added
at various S/L ratios, the strength tends to decrease. The adhesion strength dropped when
the ZnO doped was 0.7 and 0.9% because of agglomeration of nanoparticles that were not
uniformly distributed throughout the material. However, by addition of TiO, and ZnO
proof the cracks do not occur at S/L up to 0.6. ZnO is known as retarder in geopolymer
system as if the amount of ZnO exceed more than 0.7 wt.%, it will affect the initial and final
setting time [21]. Geopolymers containing ZnO demonstrated greater adhesion strength
than unmodified geopolymer paste coating. This occurred because the interfacial adhesion
that existed between the ZnO particles and the geopolymers resulted in the interfacial tran-
sition zone being reduced [33]. The data presented in the figure clearly showed adhesion
strength improves as the amount of Si content and Na content increases. Poor adhesion
was indicating at an S/L ratio of 0.8, which suggests that the amount of sodium hydroxide
present plays an important role in the geopolymerization process. The adhesion strength
first increases but subsequently declines as the ratio continues to increase.

Figure 6 indicates the schematic diagram of mechanism reaction between ZnO and
geopolymer that contribute to enhancement in adhesion strength. Based on research by
Wan et al. [34], through a combination of physical encapsulation and the adsorption of
leached Zn?* by geopolymer gel, zinc is enabled to become immobilized in the geopolymers.
ZnO was partially dissolved in the leachate, and the geopolymers are responsible for the
adsorption of the generated Zn?*. In charge-balancing sites inside the framework of
geopolymer gel, Zn?* partially replaced Na* [21]. When the Ti and Zn filled the Na*, the
voids on geopolymer structure will improve and increased the strength. The nucleation of
the N-A-5-H gel is influenced by zinc and titanium interaction with phases involved in the
alkali-activation process. The findings were relevant to the statement that the geopolymer
has great ability for the adsorption of metal cations [35] which is related to the greater the
formation of geopolymer gel, the higher number of cations absorbed. This resulting the
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geopolymer exhibits a nucleation and filling effect, which contribute to the acceleration of
the degree of reaction [25] when TiO; and ZnO have smaller particle size than the precursor
and function as nucleation spots, hence facilitating the creation of reaction products [36].

(o]
o 00
\+/ qy\’/ ALKALI ACTIVATOR
(o]
0 0% + (NaOH + Na2Si0s)

Si—Al raw material Dissolution

(0] Na o
O
Na o Na
(0} o) I
\’\ TiO: + ZnO N \’\
O o 0
W °
Na
N o
Zn »\
o}
Zn? replace part of Na*

in geoplymer network

\

0

o H:20, Na*, OH"
(o)

Figure 6. Schematic diagram of mechanism reaction between ZnO and geopolymer.

The usage of geopolymers as coating materials have a high adhesive strength, which
allows them to function well with the substrate. Since the polymerization of a geopolymer
happens extremely fast, geopolymers able to achieve a high strength during the early
stages of their curing process [37,38]. Within seven days, the bonding strength of coatings
reaches a maximum, then it remains constantly relevant with the previous statement from
Khan et al. [26] stated the coatings may reach their greatest strength within the first 3 days
of the curing process, and that the adhesion strength practically maintains the same even
when the curing process is extended up to 180 days.

3.2. Microstructure Analysis

Figure 7 illustrates the microstructure of metakaolin geopolymer coating after 7 days
of curing with an optimum S/L ratio of 0.6. These images show that geopolymerization
products were formed in virtually all the samples despite the various amounts of ZnO and
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addition of TiO,. Figure 7a shows geopolymer paste (GP) with several unreacted and half-
reacted metakaolin with rough and uneven surfaces as indicated by the EDS test (Figure 8a).
During the process of dissolving and polycondensing metakaolin, it was discovered that
GP had unreacted metakaolin. This was caused by the fact that the metakaolin had not
been dissolved by the alkaline activation conditions. This finding was in satisfactory
correlation with research by Gutiérrez et al. [39]. Figure 7b indicates dispersion of TiO, and
homogenously reacted between MK and TiO,. Due to the filling effect, the inclusion of TiO,
will increase the strength of the structure and decrease the porosity of the cement composites
as reported by several researchers [40,41]. Incorporating ZnO into the geopolymer matrix
led to an improvement in the homogeneity of the matrix with the increasing amount of ZnO
which resulted in the network being denser and more compact as displayed in Figure 7c-g.
According to the SEM, a homogeneous geopolymer matrix is produced when there is a high
ratio of SiO, to Na,O. This matrix becomes denser as the S/L ratio rises. This is caused
that an increase in the S/L ratio will result in a denser gel structure, as well as a higher
degree of dissolution and gel formation [42]. Wang et al. [43] and Alomayri et al. [44]
stated because of the filling of voids in the microstructure, there is an interacted adhesion
between the geopolymer matrix and the ZnO. It has been discovered that the incorporation
of nanoparticles into geopolymer composites improves the strength of production of C-5-H
gel and strengthens the interfacial transition zone [45]. It is conceivable that the Zn?* cations
contributed to the creation of a new gel phase and functioned in a way that was identical
to that of Na*. Meanwhile, at 0.7-1.1 wt.% of ZnO added into the geopolymer matrix
causes decreasing of adhesion strength. This phenomenon known as agglomeration of ZnO
nanoparticles, which in turn, influences the formation of geopolymer gels by increasing
the number of voids and, thus, decreasing the strength of the gels [46]. However, large
portion of the activated raw materials which transformed into a dense gel matrix when
ZnO added into the geopolymer due to the zinc is immobilized in the geopolymers through
physical encapsulation and adsorption of the leached Zn?* by geopolymer gel to form
dense structure.

Figure 8a illustrates the EDS spot analysis for metakaolin geopolymer coating (GP)
which shows the samples present homogenous chemical compositions with main elements
consisting of sodium (Na), aluminum (Al) and silicon (5Si). From Figure 8b, it is noticeable
that the geopolymer matrix comprises the Al, Na, and Si with the trace of doping Ti and
Zn. This element mentions confirmed the formation of N-A-S-H aluminosilicate binder
nucleation which is responsible for the high strength. Decreasing Na content was observed
with the replacement of Ti and Zn. When the Ti and Zn filled the Na*, the voids on
geopolymer structure will improve and increase the strength.

3.3. Water Absorption and Density Analysis

Table 2 represents the water absorption and density of metakaolin geopolymer paste
coating without ZnO and with various amounts of ZnO at S/L 0.6. The results indicate that
increasing the percentage of ZnO decreased the absorption of water into the geopolymer
coating and increased the density. GP sample without the addition of TiO, and ZnO shows
the highest percentage of water absorption (1.92%) while GPTiO2Zn0.9 has the lowest
percentage which is 0.76%. It was discovered that the percentage of water absorption ranged
from 0.76% to 1.92%. According to the findings of the research that Deshmukh et al. [47]
carried out, the mass of the samples taken from each different mix did not alter substantially.
This is because TiO, and ZnO nanoparticles have microporous diameters, which are
beneficial to the development of adsorption and separation processes suitable to statement
reported by Mustapha et al. [48]. Additionally, the range percentage of water absorption
for this study was in excellent condition since the water absorption rate was less than 5%
as mentioned by Mohd Azhar et al. [49].



Coatings 2023, 13, 236 10 of 15

Homogeneously
reacted

Dispersion
of TiO:

Homogeneously
reacted

More compact
and denser

& More compact
Homogeneously % and denser
-
reacted e _-m):‘ e
= L SHD

Homogeneously
reacted

A . - More compact
Homogeneously b VN : and denser
reacted .

Homogeneously
reacted

More compatct
and denser
3N D2

Figure 7. SEM images of metakaolin geopolymer coating: (a) GP; (b) GPTiO,; (c) GPTiO,Zn0.1;
(d) GPTiO,Zn0.3; (e) GPTiO,Zn0.5; (f) GPTiO»Zn0.7; (g) GPTiO»Zn0.9.
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Zn

Na AlSi

Element | Atomic (%) | Weight (%)
Al 26.35 26.98
Si 45.4 48.38
Na 28.25 24.64

Element | Atomic (%) | Weight (%)
Al 24.78 21.63

Si 39.89 36.24

Na 20.09 14.95

Ti 8.91 13.8

Zn 6.32 13.38

Figure 8. EDS analysis of metakaolin geopolymer coating: (a) GP; (b) GPTiO,Zn0.5.

Table 2. Water absorption and density analysis of metakoalin geopolymer coating at S/L ratio 0.6.

Mix Water ﬁgos)orptlon Density (g/cm?) Specific Gravity
GP 1.92 5.95 6.951
GPTiO, 1.74 6.17 6.919
GPTiO,Zn0.1 1.58 8.26 6.420
GPTiO,Zn0.3 117 8.17 7.129
GPTiO,Zn0.5 1.1 7.45 7.345
GPTiO,Zn0.7 1.12 7.46 7.346
GPTiO,Zn0.9 0.76 7.99 7.055

The relationship between water absorption and density of metakaolin geopolymer
coating is illustrated in Figure 9. The graph presented a clear illustration of an inverse
correlation. As density from different mix designs increased, the water absorption from
different mix designs decreased. As shown in SEM images previously, the decreased water
absorption that occurs as a result of an increase in density is due to the microstructure
geopolymer matrix being denser, more compact, and decrease in the number of pores. In
addition, the incorporation of TiO, and ZnO into the geopolymer matrix helped to fill
the small holes and enhance the microstructure of the material [50]. Zidi et al. [51] and
Guzman et al. [25] reported similar findings that discovered the relationship between water
absorption and density and found that the optimum ratio was GPTiO,Zn0.5. Consequently,
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this resulted in an improvement in both the water absorption and density of the metakaolin
geopolymer coating [52]. The results demonstrated clearly that the addition of ZnO led to
an improvement in the structural properties of geopolymers.
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Figure 9. Water absorption versus density of metakaolin geopolymer coating paste.

4. Conclusions

According to the findings of the research that was carried out, the ratio of solid to
liquid, together with the incorporation of photocatalyst components, plays a significant
part in the capabilities of the metakaolin geopolymer coating in terms of adhesion strength,
water absorption, and density. Metakaolin geopolymer coating paste contributed to the
optimal S/L ratio of 0.6, as determined by the results of this investigation. The effects
of adding TiO; and ZnO particles into the S/L ratio on metakaolin-based geopolymer
were evaluated. The results indicate that the addition of titanium dioxide particles at
fixed 5 wt.% and ZnO at up to 0.5 wt.% affect the formation of the N-A-S-H gel and these
particles coexisted within it with the replacement of Na*. The nucleation of the N-A-S-H
gel is influenced by zinc interaction with phases involved in the alkali-activation process.
The maximum value of adhesion strength was achieved at 7 days of curing (19 MPa) at S/L
0.6 after the addition of 0.5 wt.% of Zn. However, the incorporation of 0.7 and 0.9 wt.% ZnO
decreased the properties of the geopolymers. No improvement in the adhesion strength
was found for materials with an S/L 0.8 due to cracks occurring on the surface.

The S/L ratio of metakaolin geopolymer paste and the percentage of photocatalyst
materials added significantly impact the characteristics of metakaolin-based geopolymers.
Between 0.6 and 0.8, the S/L ratio is associated with increased strength and decreased
water absorption. It was discovered that the percentage of water absorption ranged from
0.76 to 1.92% excellent in coating properties as the water absorption is less than 5%. The
microstructure of metakaolin geopolymer coating became denser and more compact after
the addition of ZnO and TiO,. The S/L ratio of less than 0.6 has a negative impact on
porosity due to the formation of air bubbles. Due to the increased water consumption of
metakaolin particles, a greater value of S/L decreases the workability. It is concluded that
geopolymer with the addition of photocatalyst materials can be used as a green coating
with high adhesion strength. Further studies, including self-cleaning characterization and
pollutant degradation of coating, will be studied in the future.
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