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Abstract

For this paper, silica fume (SF), slag (S), and colemanite waste (C) were added to metakaolin (MK)-based geopolymer composites and exposed to 10%
(by volume) hydrochloric acid (HCI) and sulfuric acid (H.SOa) solutions for up to 12 months. Geopolymer composites were examined in terms of weight
loss, compressive strength, and flexural strength at 3, 6, and 12 months in solutions. Furthermore, Scanning Electron Microscopy (SEM), Micro-
computed Tomography (micro-CT), Fourier Transform Infrared Spectroscopy (FTIR), and X-ray Diffraction (XRD) analyses were carried out to examine
the microstructure before and after acid attacks. An important decrease in flexural and compressive strengths was seen when geopolymer mortars
were subjected to sulfuric and hydrochloric acid attacks. The main cause of this situation is the deterioration of the oxy-aluminum bridge (-Al-Si-O)
when exposed to sulfuric and hydrochloric acid. The oxy-aluminum bridge (-Al-Si-O), the primary factor in the geopolymer matrix, plays a significant
role in consolidating the gel and enhancing the bond formed between the matrix components. Despite this, geopolymer mortar samples maintain the
aluminosilicate structure. Compared to hydrochloric acid, sulfuric acid is a stronger solution, resulting in a greater loss of compressive and flexural
strengths.

Keywords: geopolymer, metakaolin, colemanite waste, silica fume, sulfuric acid, hydrochloric acid.

Despite the advantages of Portland Cement, it can be damaged by exposure to acid, sulfates, and seawater as well as
atmospheric carbon dioxide emissions (Elyamany et al.,, 2018; Rivera et al., 2014). Geopolymers are an important
potential source of construction material because they produce low CO2 emissions (Zhang et al., 2014). Metakaolin raw
material has pozzolanic properties obtained through the calcining of kaolin between temperatures of 500 and 900 °C
(Yang et al., 2017). Additionally, it produces a strong reaction due to activator solutions and enhances compressive and
flexural strengths (Belmokhtar et al., 2017). Davidovits (2020) found that metakaolin and slag-based geopolymer
composites showed the best results in terms of mechanical properties and durability. Geopolymerization is based on
the metakaolin type, the amount and concentration of activator solutions, and the curing conditions (Chen et al., 2016).
Waste materials were evaluated and found to be useful in geopolymer production. The biggest boron deposits in the
world are found in Turkey. Boron mines provide resources used in a variety of fields such as energy, medicine, and
agriculture. Boron waste colemanite is used as a mineral additive in the cement and concrete sectors (Sevim, 2011).
Kula et al. (2001) researched the influence of colemanite on the mortar’s engineering properties and found that B20s
content had the greatest effect. Colemanite wastes had a positive influence on the mechanical properties of the mortars
when evaluated as an additive of up to 10% (Ali et al., 2020; Aygérmez, Canpolat, & Al-mashhadani, 2020a, 2020b; Uysal
et al., 2018).

Concrete structures can be exposed to different types of inorganic and organic acids, and acidic environments are a
natural byproduct of industrial, agricultural, and urban activities (Kwasny et al., 2018). The effects of acid depend on
the type and quality of the concrete, the type of acid, concentration, pH, and permeability of the environment
surrounding the concrete (Aiken et al., 2018). The main focus of this study was on high concentrations of sulfuric acid
and hydrochloric acid. These acids cause severe deterioration of hardened cement paste and remove Fe3* and Al** ions
at low pH (Aiken et al., 2018; Kwasny et al., 2018). The combination of acid attack and the subsequent effects increases
in porosity and permeability results in loss of alkalinity, weight, and compressive and flexural strengths. At the same

291


https://www.sciencedirect.com/science/article/abs/pii/S0950061818302940#!
mailto:canpolat@yildiz.edu.tr

time, the Ca?* ion concentration in hardened cement paste is not maintained and the microstructure becomes more
susceptible to attack (Khan et al., 2019).

Portland Cement-based materials generally have a low resistance to the influence of acid, resulting in reduced service
life in exposed structures, and damage to buildings has many social, environmental, and material consequences. As a
precaution against chemical attack, a physical barrier to exposure can be created by applying layers of protective
coatings and sealants to the concrete surface to prevent acids from entering the microstructure of the concrete (Aguiar
et al,, 2008; Almusallam et al., 2003); however, these solutions are costly as they require labor-intensive (Tahri et al.,
2017). Recently, due to its ceramic-like microstructure, geopolymer binders have offered a promising solution against
the acid effect. Extensive studies have been carried out on geopolymers as they hold important advantages in terms of
acid resistance. Geopolymers can provide acid-resistant products that may be used for sewage pipes, water tanks, and
other projects in caustic environmental conditions.

Many studies have been investigated the performance of geopolymer composites and Portland concrete under the
influence of acid. Researchers have studied the durability of geopolymers using fly ash, slag, and other waste products,
but more information is needed on the resistance of metakaolin-based geopolymers to acids. Besides, low
concentrations were generally preferred in these studies that investigated the acid effect. Sulfuric acid and hydrochloric
acid are found on a large scale in many different sectors such as the food industry, mining, sewer pipes, nuclear power
plants. Especially for uranium enrichment in nuclear power plants, uranium metal is easily dissolved in sulfuric acid and
hydrochloric acid, forming uranium salts. Due to this situation, high concentrations (i.e., 10% by volume) of sulfuric and
hydrochloric acid solutions were applied for a long time (1 year) to determine how the geopolymer materials behave in
these intense acid environments without losing their mechanical and physical integrity and to determine the limit
condition of the material against acid. Thus, an alternative product was investigated in the face of these situations. In
addition, not only metakaolin-based geopolymer samples were investigated against the acid effect, but also the benefits
of colemanite waste and silica fume against acid effects were investigated. Colemanite waste and silica fume were
substituted up to 20% in the metakaolin-based geopolymer composites. In this study, three different tests (weight loss,
compressive and flexural strengths) were performed to determine physical properties. The geopolymer samples were
tested after 3, 6, and 12 months. Besides, four different microstructure analyzes (SEM, XRD, FTIR, and micro-CT) were
carried out before and after the test to support the physical conditions.

Materials

In this study, metakaolin (specific gravity is 2.52) was evaluated as the main raw material of the mortar. The activation
temperature for the conversion of the kaolin to metakaolin was set as 750°C. The ratio of silica + alumina + iron oxide
is 97.18% and its pozzolanic activity is high. The percentage of metakaolin remaining on the 45 um sieve is 0.70%, so it
is fine-grained. This indicates that it will be very reactive because smaller particles have a higher Blaine surface area and
are therefore more prone to reaction. Along with metakaolin, slag, colemanite, and silica fume were also used in the
production of geopolymer. The specific gravities of slag, colemanite, and silica fume are 2.91, 2.42, and 2.20,
respectively. The Blaine-specific surface areas of the silica fume and slag are 20,000 m?/kg and 450 m?/kg, respectively.
Table 1 shows the chemical composition of the materials.

Table 1. The materials’ chemical compositions. (Self-Elaboration).

Chemical
analysis, % SiO2 Al203 Fe203 TiO2 Cao MgO K20 Na20 B20s L.O.l.
MK 56.10  40.25 0.85 0.55 0.19 0.16 0.55 0.24 - 1.11
S 40.60 12.83 1.37 0.75 36.08 6.87 0.68 0.79 - 0.03
SF 90.58 1.37 0.15 - 0.35 4.02 2.55 0.58 - 0.40
C 5.00 0.40 0.08 - 26.02 3,00 - 0.50 40.00 25.00

Standard (Rilem) sand (in conformity with BS EN 196-1) was utilized for the preparation of the geopolymer mortars. The
specific gravity and water absorption ratio of standard sand are 2.6 and 1.276, respectively. Sodium hydroxide and
silicates were used as alkali activators. A blend of sodium hydroxide (12M) and sodium silicate (SiO2/Na20 = 3.29) was
used.
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Mortar production and heat treatment

Cementless mortars were produced by using Standard sand, metakaolin, silica fume, colemanite, slag, sodium
hydroxide, and sodium silicate. Mortar mixtures were prepared by weight to get sand:binder ratio of 2.5, a
binder:sodium hydroxide ratio of 3, and a binder:sodium silicate ratio of 1.5 for 450 g of binder material. No extra water
was added when preparing the mixture. Water was used when preparing a sodium hydroxide solution. To prepare a 12-
molar sodium hydroxide solution, 480 g of sodium hydroxide pellets were dissolved in distilled water to be completed
to 1 liter. Therefore, instead of the water/binder ratio, the sodium hydroxide/binder ratio and sodium silicate/binder
ratio have been taken into consideration. To give a more detailed explanation for the mixture, series with 100%
metakaolin, which is the control sample from 5 series, has been taken into consideration. For other series, only the
binder material has changed as seen in Table 2. The preparation of the control mixture (100% metakaolin) was as
follows: 450 g of metakaolin were mixed with pre-prepared sodium hydroxide (12M) and sodium silicate mixture using
a mixer drill. The activator solution was blended with the raw material as a ratio of 1:1. Later, 60 g (13% relative to the
binder) of slag were mixed to increase the calcium content and reduce the setting time. The slag has a high Ca
composition of 36%, as well as a high content of silica and alumina. Slag was used in this study to be effective in the
curing behavior of geopolymers, not as a binder material. Due to this situation, slag was added to the mixture after
mixing the binder and alkali activator. In this respect, it is important for early and late age characteristics. Finally,
standard sand was used so that the sand:binder ratio was 2.5:1. The procedure followed in the preparation of the
mixture is shown in Figure 1.

Figure 1. Geopolymer mixing procedure. (Self-Elaboration).
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Next, the mixture was put into molds (40 x 40 x 160 mm prisms and 50 mm side cubes) and shaken. After mixing, the
samples were removed from the molds with the slag effect after two hours and kept at room temperature (23 + 2 °C)
and relative humidity (50 £ 4%) for 24 hours. Here, the heat curing was not applied immediately, but one day after its
production. The main reason for this is that the high relative humidity applied before the heat curing contributes to the
improvement of compressive and flexural strengths and reduction of shrinkage. The geopolymer specimens were then
placed in nonflammable oven bags before heat curing to prevent evaporation in the drying oven at 60 °C for three days.
After curing, the specimens were taken out of the oven bags and put into plastic bags. The geopolymer samples were
stored until 28 days for the target tests. In addition to the mixture prepared with 100% metakaolin, silica fume and
colemanite were substituted for up to 20%. A total of five series were prepared, and the pure metakaolin mixture is
denoted as MK. Mixtures with 10% and 20% added silica fume are shown as 10SF and 20SF, respectively. Likewise, 10%
and 20% colemanite were added to the mixtures denoted as 10C and 20C, respectively. The geopolymer series are
shown in Table 2.

Table 2. Geopolymer mixing proportions (g). (Self-Elaboration).

Mix ID Metakaolin Silica Colemanite Slag NaOH Na2SiOs Sand
Fume (12Mm)

MK 450 - - 60 150 300 1125
10SF 405 45 - 60 150 300 1125
20SF 360 90 - 60 150 300 1125

10C 405 - 45 60 150 300 1125
20C 360 - 90 60 150 300 1125
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Acid attack test

After 28 days, the acid attack tests were applied. Before the acid attack, the samples were placed in a drying oven and
exposed to 105°C for 24 hours. This method was applied to ensure that the solutions were absorbed more effectively.
Then, the geopolymer mortars were exposed to 10% (by volume) hydrochloric acid (HCl) and 10% (by volume) sulfuric
acid (H2S04) solutions in plastic storage boxes at room temperature for 12 months. The solutions were renewed at the
1st, 2nd, 3rd, and 6th months to maintain the solutions’ concentration. Four units of solution (by volume) per one unit
of the sample were placed in the plastic storage boxes. After 3, 6, and 12 months, compressive and flexural strengths,
and weight losses were recorded. The samples were dried at room temperature (23 + 2 °C) immediately after removal
from the solution. A wire brush was then used to clean the surfaces. Fifty-millimeter cubes were used for compressive
strength tests, and prismatic molds were used for flexural strength tests. Each test was performed using three samples,
and the data obtained was calculated according to the average of the three samples. Before and after the tests, SEM,
XRD, FTIR, and micro-CT analyzes were carried out.

Visual inspection

Visual inspections of the inner core and the outer surface of the geopolymer mortars were made after the acid attacks.
The state of the inner core of the geopolymer samples at the end of the flexural strength test is shown in Figure 2. From
this photo, the area of action of sulfuric acid can be seen. A two-layer image is formed. The outer surface’s visual
appearance of the geopolymer samples after the sulfuric acid effect is shown in Figure 3. Deterioration is seen on the
surface of samples exposed to sulfuric acid. Since the acid solution concentration is high, damage to the surface is high.
As the test period progresses, the surface becomes slightly softer, although it is not easily scratched with a fingernail.
Nevertheless, the samples maintain their stability.

The outer surface of the samples after exposure to hydrochloric acid is shown in Figure 4. The samples exposed to the
hydrochloric acid solution have a similar appearance with only minor signs of deterioration. Even with the effect of a
10% hydrochloric acid solution, geopolymer samples are not greatly damaged compared to samples exposed to sulfuric
acid. Also, it can be observed that the samples maintain their stability.

Visual examination of exposed geopolymer mortar samples shows a minimal physical change. No significant physical
damage can be observed and a solid structure is maintained. Only some erosion occurs in the corners and near the edge
areas; however, in the case of exposure to H2SOs, more visible surface degradation occurs, and the accumulation of
white flaky material can be observed on sample surfaces. The main reason for this difference in behavior between the
two acid solutions is linked to the formation of gypsum crystals that form high volumetric expansions and cause dispersal
of the surface layer. However, it can be observed that physical deterioration doesn’t reflect the order of the mortars’
resistance to acid (Vafaei et al., 2018).

Figure 2. Visual inspection of the inner parts after exposure to sulfuric acid. (Self-Elaboration).
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Figure 3. Visual inspection with sulfuric acid effect in all samples a) over 6 months, b) over 12 months. (Self-Elaboration).
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Figure 4. Visual inspection with hydrochloric acid effect in all samples a) over 6 months, b) over 12 months. (Self-Elaboration).
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Compressive and flexural strength results

The compressive strength results were checked with the 28-day results (Figs. 5-6). Metakaolin has the potential to
partially replace cement. In this sense, it is an important binding material for geopolymer, which is a cementless product.
In this case, the acceleration of the pozzolanic reaction and its fineness play an important role. Thus, significant initial
compressive and flexural strength results are obtained by using only Metakaolin-based geopolymer production
(Aygormez, Al-mashhadani, et al., 2020c). However, using different materials can increase these results. For all samples,
maximum deterioration was observed after 365 days of exposure. The samples’ residual compressive strength results
at any given time depended on the samples’ initial compressive strength and the total damaged cross-sectional area;
therefore, higher strength results were obtained after exposure to acid for samples 20SF and 10C, each with high initial
compressive strength. If a more specific explanation is required, it has been shown that colemanite performs well at the
task of filling voids and creating a protective layer by using it as an additive up to 10%, thus helping to improve

mechanical properties based on permeability properties of the geopolymeric matrix (Celik et al., 2018; Uysal et al.,
2018).
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According to the literature, it is thought that after a critical ratio (10%), some anions and cations formed by unstable
compounds in the system interfere with the cement activation mechanism and cause a decrease in compressive
strength. As a general result, silica fume has a favorable influence on the properties when used as an additive of up to
20%. Since silica fume is thin, it can reduce the size of the voids and has been shown to improve geopolymeric matrices
by decreasing the voids ratio, but it was also observed to have an unfavorable effect on the mortar’s properties by
decreasing its workability with the use (Bani Ardalan et al., 2017; Wu et al., 2019). This can be explained by the fact that
a high Blaine-specific surface area of silica fume particles reduces the workability of the mortars. Using sulfuric acid,
29.69, 15.32, and 10.67 MPa of residual compressive strengths were obtained for sample 20SF after 3, 6, and 12 months,
respectively. For sample 10C, the compressive strengths were 26.63, 13.64, and 7.73 MPa after 3, 6, and 12 months,
respectively.

Figure 5. Residual compressive strength results after the sulfuric acid effect. (Self-Elaboration).
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Figure 6. Residual compressive strength results after the hydrochloric acid effect. (Self-Elaboration).
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Compressive strength loss was observed in sulfuric and hydrochloric acids when exposed to high exposure. The main
cause of the reduction in compressive strength is the deterioration of the (-Al-Si-O) in the geopolymeric gel under acid
attack because the oxy-aluminum bridge is the primary factor in the geopolymer matrix that plays a significant role in
consolidating the gel and enhancing the bonds formed within the matrix (Chang et al., 2005; Nematollahi et al., 2017).
This situation can be explained in more detail. The term poly(sialate) is used in the chemical description of the
geopolymer. Poly(sialates) is an abbreviation for silicon-oxo-aluminate and are ring and chain polymers containing Al*
and Si** in 4-fold coordination with oxygen. The rings and chains are cross-linked when formed by a sialate Si-O-Al bridge.
The alumino-silicate bridge possessed by the geopolymer is attacked by the action of hydrogen ions (H*) consisting of
HCI and H2S0a acid ionization. H* ions break down the alumino-silicate network (Al — O — Si — O—) at aluminum sites,
revealing silicic acid (Si(OH).) and aluminum ions (AI**). Thus, by the breaking of the oxy-aluminum bridge (—Al-0-Si-0),
the geopolymer becomes sensitive to acid (Chindaprasirt et al., 2013). Compressive strength loss also occurs due to the
depolymerization of geopolymeric products and the formation of zeolites; however, the geopolymerization mechanism
produces reaction products due to strong alumina-silicate bonds which are not easily affected by acid, thus good results
are obtained. Geopolymer stability in a caustic environment depends on the crystalline phase formation, which means
more formation of the crystalline phase provides greater stability (Mehta & Siddique, 2017).
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Another factor in the resistance of the binder to the acidic solution is the morphology of the sample because it is thought
that pore size has a significant effect on durability. Due to the low porosity, threshold pore diameter, and higher total
pore surface area of geopolymer composites, there is limited acid diffusion into the microstructure of the geopolymer
as compared to Portland Cement because the geopolymer creates a layer that protects the cement from exposure to
acid and thus reduces the degree of degradation (Singh et al., 2015). The addition of silica fume to the mortar base
improves the residual compressive strength because the addition of silica fume creates a more compact structure, which
prevents sulfuric acid from entering the mortar. The colemanite has a favorable influence on the results when is
substituted up to 10% in the mortar. Since silica fume and colemanite additives reduce the voids ratio, they reduce acid
diffusion and the rate of deterioration as well. By intensifying the interfacial transition region formed in the geopolymer,
a less porous and nonpermeable aggregate-paste interface forms, and the effect is to restrict the passage of acidic fluids
by the capillary effect. The lower input of harmful ions can be considered to be associated with a decrease in the
effective water:solid ratio, resulting in a dense geopolymer microstructure with reduced porosity (Afridi et al., 2019;
Mobili et al., 2016).

The low Ca content in the geopolymer material is the other factor that provides superior durability compared to the
Portland binder. Geopolymer composites show better performance in acidic environments because geopolymer binder
materials are not as lime-bound as Portland cement and have lower calcium content. On the other hand, the main cause
for the compressive strength decrease in Portland cement is the presence of calcium oxide, which triggers gypsum and
ettringite formation with the passage of harmful ions from the acid solution to the matrix. This triggers expansion,
cracking, and spreading in Portland cement and results in compressive strength loss (Omrane et al., 2017).

The degree of deterioration of geopolymer samples for hydrochloric acid was less than that of sulfuric acid because
sulfuric acid is stronger than hydrochloric acid (Degirmenci, 2017). This situation can be explained in more detail. Both
sulfuric acid and hydrochloric acid are strong acids. Acids decompose into ions due to their dissolution in water. During
decomposition, hydrochloric acid dissociates into H* and CI°, while sulfuric acid dissociates into H* and HSOZ . But HSO,
can give another proton, unlike CI. So while both are strong acids, one mole of sulfuric acid produces twice as much H*
than one mole of hydrochloric acid. In this sense, even if they are of equal molarity, sulfuric acid becomes more effective
by producing more free protons. The fact that H2SO4 causes faster and greater deterioration than HCl is due to internal
degradation stresses caused by gypsum crystals in the matrix; this triggers cracking, disintegration, and deterioration of
the sample. This occurs in addition to the leaching of alkali metals from the matrix and the matrix’s dealumination under
the influence of HCI (Vafaei et al., 2018). Under the effect of the hydrochloric acid, 44.98, 23.70, and 18.63 MPa of
residual compressive strengths were obtained for sample 20SF after 3, 6, and 12 months, respectively. For sample 10C,
the compressive strengths were 40.82, 21.47, and 16.77 MPa after 3, 6, and 12 months, respectively.

The flexural strength results obtained after treatment with acid solutions were checked with the 28-day results (Figs.
7-8). Maximum deterioration was seen in all the samples after 365 days of exposure. The decrease in flexural strength
due to the acid effect is attributed to reasons similar to the compressive strength (Mehta & Siddique, 2017). The flexural
strength decrease caused by sulfuric acid was greater than the loss in hydrochloric acid because sulfuric acid is stronger
than hydrochloric acid (Degirmenci, 2017). Samples treated with sulfuric acid showed 6.72, 3.73, and 2.07 MPa of
residual flexural strength in sample 20SF after 3, 6, and 12 months, respectively. In sample 10C, the results were 5.29,
3.22, and 1.64 MPa after 3, 6, and 12 months, respectively. For samples treated with hydrochloric acid, 6.81, 4.70, and
3.43 MPa of residual flexural strength were obtained for sample 20SF after 3, 6, and 12 months, respectively. In sample
10C, the results were 5.74, 4.08, and 3.03 MPa after 3, 6, and 12 months, respectively. The difference in compressive
and flexural strength results is due to the silica fume effect. The mixture with 10% silica fume exhibited a variable
performance, while the mixture with 20% silica fume produced more stable results in terms of compressive and flexural
strengths. In this case, the fact that the addition of 20% silica fume significantly increased the Si/Al ratio effective in
geopolymerization plays a role. Thus, significant increases were seen in flexural and compressive strength, rather than
variable performance (Uysal et al., 2018).
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Figure 7. Residual flexural strength results after the sulfuric acid effect. (Self-Elaboration).
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Figure 8. Residual flexural strength results after the hydrochloric acid effect. (Self-Elaboration).
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Loss in weight

A weight-loss increase was observed with an increase in exposure time. When the samples are exposed to sulfuric acid,
the calcium hydrated products tend to react with acids to form calcium sulpho-aluminates and calcium sulfates. Calcium
sulfate forms gypsum which precipitates on the surface of the specimen forming a weak layer. So the weak layer can
dissolve in acid solution and cause weight loss (Rajamane et al., 2012). The acid effect of sulfuric acid and hydrochloric
acid resulted in little weight loss in geopolymer samples. This low weight loss is based on the stability of the geopolymer
aluminosilicate structure. In his study, Davidovits (2020) reported a weight loss of geopolymer cement between 5 and
8% and a weight loss between 30 and 60% in Portland cement samples in acidic media and reported higher stability of
geopolymer samples. Song et al. (2005) produced fly ash-based geopolymer samples and only 3% weight loss was
observed after 56 days in 10% sulfuric acid solution, while 41% weight loss occurred in traditional concrete samples in
only 28 days. Thus, geopolymer mortars appear to be stable and resistant to the effects of sulfuric and hydrochloric
acid.

It is also known that geopolymer performance under the influence of acid depends on the average pore diameter
(Mehta & Siddique, 2017). A Na-rich gel can neutralize the acid effect through an acid-base reaction and thus reduce
the devastating influences in gel structure. Therefore, Na-rich gel can be counted as another factor that demonstrates
the resistance of geopolymers to acid.

The substitution of silica fume reduces weight loss by creating a more compact structure, which prevents acid from
entering the mortar. Because sulfuric acid is stronger than hydrochloric acid (Degirmenci, 2017), the weight loss in the
H2S04 solution was higher than the samples kept in the HCl solution because the chemical reaction between sulfates
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and calcium compounds forms gypsum crystals and leads to the formation of spalling on surface layers and internal
disintegration due to stress (Sata et al., 2012). This indicates that, in addition to acidic salt types, the acid resistance in
mortars depends on the type of oxide composition (SiO2, CaO, and Al203) and the chemical stability of the materials
used.

Under the effect of sulfuric acid, weight-loss rates were between 0.96 and 1.46% after 3 months, weight-loss rates after
6 months were between 1.04 and 1.85%, and weight-loss rates after 12 months were between 2.36 and 3.02% (Fig. 9).
Under the effect of hydrochloric acid, the weight-loss rates of geopolymer mortars after 3 months were between 0.63
and 0.93%, weight-loss rates after 6 months were between 0.94 and 1.39%, and weight-loss rates after 12 months were
between 1.88 and 2.43% (Fig. 10).

Figure 9. Weight loss results after the sulfuric acid effect. (Self-Elaboration).
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Figure 10. Weight loss results after the hydrochloric acid effect. (Self-Elaboration).
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Microstructural analysis

In this study, SEM analyzes of samples MK, 10C, and 20SF before and after the sulfuric acid effect were performed to
examine the condition of the geopolymer composites after the acid effect and compare with the pre-test situation.
When the SEM analyzes of the samples before the test are examined, it can be seen that the geopolymeric gel has a
good degree of homogeneity. When the samples 10C and 20SF are examined, the continuity of the matrix can be seen.
In this case, it can be seen that a good bond is obtained in the geopolymeric system with colemanite and silica fume
(Uysal et al., 2018). At the same time, a consistent and compact structure can be seen. SEM analyzes before and after
the tests are shown in Figs. 11-12.

The dense microstructure becomes porous caused by acid-induced fragmentation of the Si-O-Al bonds in the
geopolymer network after exposure for the samples MK, 10C, and 20SF (Mehta & Siddique, 2017). Micrographs reveal
bubbles and cracks along with needle or larger particles that are occurred in the pores or on broken surfaces. The micro-
cracks are due to the shrinkage of the gel layer, making it easier for sulfuric acid to pass into the interior microstructural
areas of the mortar. The disappearance of the observed needle-shaped particles can be explained by the dissolution of
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these species in the acid solution. The presence of sulfur is caused by the reaction between the geopolymer gel and
sulfuric acid. When the microstructure of the samples is examined, it can be observed that new crystals have formed
resembling the gypsum’s crystal structure (CaSOa4.2H.0) (Sata et al., 2012; Song et al., 2005). The gypsum produces a
whitish layer with sulfuric acid. The degradation degree in the geopolymer framework of the sample can be shown by
the creation of a distinct gypsum phase. This indicates that the acid leaches a significant amount of calcium from the
geopolymer gel which reacts with the sulfate ions in the pore solution to create the gypsum precipitate. Thus, the
presence of a certain calcium amount in the geopolymer framework accelerates gypsum development. Cracks form
together with gypsum crystals to cause compressive and flexural strength loss. The attitude of the geopolymer sample
caused by sulfuric acid is linked to its connectivity and pore structure. This conclusion demonstrates that permeability
is one of the factors that determine the geopolymer mortar’s durability properties, in addition to the fact that Na-rich
gel in the sample improves acid resistance (Yankwa Djobo et al., 2016). However, after the acid attack, the samples still
maintain the classical metakaolin-based structure of the geopolymer mortar (Criado et al., 2008). Pimraksa et al. (2011)
showed that the Si:Al ratio affected the degree of polymerization. In this study, an insignificant decrease in Si:Al ratio
was seen in all samples after exposure to sulfuric acid.

Figure 11. SEM images of a)MK b)10C and c)20S
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Figure 12. SEM images of a)MK b)10C and c)20SF after exposure to sulfuric acid attacks. (Self-Elaboration).
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XRD analyzes of the samples MK, 10C, and 20SF were performed before and after the sulfuric acid effect. When XRD
analyzes are examined before the acid effect, quartz crystal peaks are seen. Along with quartz, mullite is also obtained
in diffraction. The broadband seen at 20 between 25° and 30° shows satisfactory geopolymer characteristics. In sample
10C, there are no significant differences in the location of the peaks except for slight shifts. In the sample 20SF, since
the silicon oxide content increases significantly, quartz peaks are predominantly (Uysal et al., 2018).

Figures 13-14 show the XRD spectrums of MK, 10C, and 20SF before and after the sulfuric acid effect. Samples MK, 20SF,
and 10C are significantly changed by exposure to the sulfuric acid solution. Metakaolin consists mainly of kaolinite
followed by quartz and mullite. According to the figures, the XRD analysis of metakaolin-based geopolymers shows a
semi-crystalline structure, and some peaks from raw materials are preserved in the patterns. The quartz peaks are
preserved at 26 between 25° and 30° which corresponds to the typical amorphous gel phase after the acid effect
(Bouguermouh et al., 2017). After the acid effect, the crystalline components (mullite and quartz) and amorphous
phases were examined, and it can be observed that although the peaks decrease, they retain their general structure.
These results show that the basic geopolymer matrix is resistant to attack by the acid medium in which it is placed. The
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mechanism for forming geopolymers involves polymerization reactions involving strong aluminosilicate bonds, but with
prolonged exposure to sulfuric acid, depolymerization occurs in the aluminosilicate polymers due to degradation. When
the previous studies were observed, it was seen that geopolymer concrete had better acid resistance than conventional
concrete (Cevik et al., 2018).

Figure 13. X-ray diffraction pattern of a) MK b) 10C and c) 20SF before sulfuric acid attacks. (Self-Elaboration).
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Figure 14. X-ray diffraction pattern of a) MK b) 10C and c) 20SF after sulfuric acid attacks. (Self-Elaboration).
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FTIR analyzes of samples MK, 10C, and 20SF before and after sulfuric acid effect are shown in Figures 15-16. The
absorbance at 3465.03 cm™ and 2346.15 cm™ before the acid effect is due to the asymmetric stretching (-O-H), which
depends on the water and silanol groups. The broad peak centered around 1000 cm™ provides important information
about the formed geopolymerization. This corresponds to Si-O-T (T = Si or Al) vibrations in the geopolymer. While the
value of the broad peak in the sample MK is 991.07 cm™,, this value increases to 996.22 cm™ in sample 10C. In the sample
20SF, this value increases due to the presence of quartz and becomes 1001.03 cm™. As a result, all series show similar
spectra with a small variation. This situation decreases slightly after the sulfuric acid effect. The values of broad peaks
after the sulfuric acid effect in samples MK, 10C, and 20SF are 968.32 cm™, 973.72 cm™, and 977.54 cm™, respectively.
This shows that geopolymer samples are resistant to the sulfuric acid effect (Arslan et al., 2019; Pern3d et al., 2019;
Preethi & Venkatarama Reddy, 2020).
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Figure 15. FTIR results of samples of a)MK b)10C and c)20SF before sulfuric acid attacks. (Self-Elaboration).
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Figure 16. FTIR results of samples of a)MK b)10C and c)20SF after sulfuric acid attacks. (Self-Elaboration).
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Figure 17 shows the micro-CT analyzes before and after the sulfuric acid effect of samples MK, 10C, and 20SF. The
analysis shows a representative cross-sectional view. Significant cracks are not seen before the sulfuric acid effect. The
cracks formed are of small size. Shrinkage occurs after the sulfuric acid effect. Incompatibilities between shrinkage
trigger crack formation. Similar to loss of compressive and flexural strengths, the crack formation has increased.
Components are shown in bold colors due to low or non-X-ray attenuation. This dark color corresponds to air voids.
These air voids are formed under the effect of sulfuric acid. It can be also observed that these air voids are lower in
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sample 20SF with the effect of silica fume. As a result, it was determined that the acid effect is limited in geopolymer
samples (Aygoérmez, Canpolat, Al-mashhadani, et al., 2020d).

Figure 17. Micro-CT images for samples a)MK b)10C and c)20SF before sulfuric acid attacks and d)MK e)10C and f)20SF after sulfuric acid attacks. (Self-Elaboration).

Conclusions

This study investigated the feasibility of adding various materials to a geopolymer matrix to increase the mechanical
and durability properties of the samples produced:

e When the results of the tests were examined, it was found that a substitution of 20% silica fume and 10% boron
waste colemanite was critical according to mechanical properties. Higher utilization of silica fume reduces
workability, while higher utilization of colemanite results in poor performance.

e The geopolymer samples suffered a loss of compressive and flexural strengths at the end of one year but were shown
to maintain their stability. Samples 10C and 20SF, which had higher initial compressive and flexural strengths before
exposure to the acid solution, were found to have high residual compressive and flexural strengths at the end of the
test. The fact that sulfuric acid is stronger than hydrochloric acid made it more effective.

e When the results were examined, sample 20SF has achieved an increase of 15%-40% in compressive strength and
30%-60% in flexural strength compared to the control sample against the acid effect. Sample 10C, on the other hand,
increased the compressive strength between 5%-20% and the flexural strength by 15% -30% compared to the control
sample against the acid effect.

e The main reason for higher stability in geopolymer samples is the existence of the oxy-aluminum bridge (-Al-Si-O)
which is resistant to the acid effect, and the calcium oxide ratio is lower thus the formation of gypsum and ettringite
is less. This prevents acid-induced expansion, cracking, and spreading of geopolymer samples as compared to
Portland cement.

e An increase in weight loss was observed with prolonged exposure. The microstructures of the samples after
exposure to sulfuric acid were highly porous with the presence of microcracks due to the Si-O-Al bonds degradation
as confirmed by SEM analysis; however, the samples still maintained the basic structure of classic geopolymers as
evidenced by XRD, FTIR and micro-CT analyzes.
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