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ABSTRACT

Carbon dioxide (CO2) emissions from the production of Ordinary Portland Cement (OPC) contributed
approximately 9% to greenhouse gases (GHGs) in the atmosphere which leads to global warming. Replacement
of OPC in construction with supplementary cementitious materials (SCMs) is suggested by many researchers.
Geopolymer concrete (GPC) strength characteristics for grades, mix proportions, and suitable precursors are major
concerns in structural engineering. A mix design for a target compressive strength of 25 N/mm? with a Design of
Experiment (DOE) using randomized block factorial design and laboratory investigations were conducted.
Response Surface Method (RSM) analysis is employed for DOE and optimization of the geopolymerization
process. Research findings in materials science and engineering led to the development of a mathematical model.
The material was characterized using XRF and FTIR spectra, and the result of the XRF indicates that the chemical
composition of the precursor conformed to BS EN 197:2011 for natural calcined pozzolans (Q). The FTIR result
shows that polycondensation occurred at the end of the reaction and was accompanied by a water vaporization
process. However, GPC exhibits a good compressive strength of 23.7 N/mm? with a NaOH molar concentration
of 14 M and a Na2Si30/NaOH ratio of 2.5 at a 28-day curing period.

Keywords: Geopolymer, Precursors, Alkaline, DOE, Optimization, Mathematical Model.
1. INTRODUCTION

Carbon dioxide (CO2) emissions from the production of ordinary Portland cement (OPC) contributed
approximately 9% to greenhouse gases (GHGs) in the atmosphere that lead to global warming (Mehta 2001; Lei
et al., 2011). The replacement of OPC in construction with supplementary cementitious materials (SCMs) has
been suggested by many researchers. Hafeez (2008); Karthikeyan et al. (2015) The geopolymerization process
involves the activation of an alumino-silicate material or precursor from a geological source (meta bentonite,
metakaolin) or an industrial by-product (fly ash, ground granulated blast furnace slag) with a strong alkali solution
such as sodium silicates and sodium hydroxide, which is then mixed with aggregates to form a fresh geopolymer
concrete (GPC) that is allowed to set, demoulded after 24 hours, and cured at 60 oC for another 24 hours (Xu and
Van Deventer, 2000).

Researchers are suggesting partial or full replacement of ordinary Portland cement (OPC) in concrete construction
with supplementary cementitious materials (SCMs) (Al-Bakri et al., 2011). Geopolymer is an emerging and
innovative binder that can provide an environmentally friendly replacement for OPC (Bharat and Kamal, 2015).
It has been estimated that geopolymer binder generates 85% less CO2 emissions and requires 60% less energy to
manufacture than OPC (Duxson et al., 2007). Extensive research has been carried out on the development of
geopolymer as a sustainable binder (Wallah and Rangan, 2021; Sumajouw and Rangan, 2006). Some recent
studies have revealed that the positive effects of meta bentonite on the mechanical and microstructural properties
of GPC are like those of conventional concrete with metabentonite or metakaolin. Mirza et al., 2009; Law et al.,
2014). This study aimed at optimizing the geopolymer concrete strength parameters, and the following specific
objectives were achieved: Establishing a mix design for a target compressive strength of 25 N/mm? and
performing the design of experiment (DOE) using the Response Surface Method (RSM) conducting a laboratory
experiment and using the exploratory data acquired from the lab to perform regression analysis and analysis of
variance (ANOVA) to develop a mathematical model. Conducting microstructural characterization of the
metabentonite/metakaolin-based geopolymer (BKGP) concrete products using Fourier transform infrared (FTIR)
spectral Optimizing the response (compressive strength) properties of the BKGP concrete using RSM (Akbar et
al., 2013)
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2. THEORETICAL ANALYSIS

The polymerization process includes chemical reactions under highly alkaline conditions on Al-Si minerals,
yielding polymeric Si-O-Al-O bonds as shown by equation (1), where M is the alkaline element, z is 1, 2, or 3,
and n is the degree of polycondensation (Davidovits, 2008).

Mn [-(Si - 02) z - Al - O] n.H20 (1)

Figure 1 shows the optimization of the geopolymerization process by reshuffling the precursor (metabentonite
and metakaolin) and the alkali solution (sodium silicates and sodium hydroxide) to form the best constituent
combination and the optimum strength characteristic of the hardened geopolymer concrete (Lima-Guerra et al.,

2014).

2.1 Response Surface Method (RSM):

In RSM, the standard factorial in a randomized block design, choosing a model type depends on the nature of
accessible information and levels for each factor. For the most part, for an experiment matrix that has been as of
now built up, the historical data or user-defined model is applied for the development and investigation of a model
(Myers and Montgomery, 2002).

The polynomial equation of the correlation between the response variables and independent variables can be
expressed in a general form as shown in equation 2.

=1
Y = B+ 218X +Zi'(:1.8iiXi2i + Zf:leigigjﬁijxixj +e 2

Where Y is the response, xi and Xj are the independent variables (i and j are the range from 1 to k), o is the
constant coefficient, Bi, Bi.Bi are the coefficient for the linear, quadratic and interaction effects, and € represent the
error. The coefficient of correlation (R?), ranging from 0 to 1 was employed to predict the fitness of the developed
model. A highly significant and accurate model is indicated by R? close to 1 (Montgomery, 2017).

2.2 Optimization

The desirability function approach is one of the most widely used methods in the industry for the optimization of
the response process. It is based on the idea that the "quality" of a product or process that has multiple quality
characteristics, with one of them outside of some "desired" limits, is completely unacceptable. The method finds
operating conditions x that provide the "most desirable" response values.

For each response, Yi(x), a desirability function di(Y1i) assigns numbers between 0 and 1 to the possible values of
Yi, with di(Yi) = 0 representing a completely undesirable value of Yi and di(Yi) = 1 representing a completely
desirable or ideal response value. The individual desirabilities are then combined using the geometric mean, which
gives the overall desirability D:

D= (di(Y1) x d2(Y2) X .... x du(Yi))"¥ 3)

with k denoting the number of responses. Notice that if any response ¥i is completely undesirable (di(¥i) = 0),
then the overall desirability is zero. In practice, fitted response values i are used in place of the ¥i.

If a response is of the "target is best" kind, then its desirability function is with the exponents s and # determining
how important it is to hit the target value. For s = ¢ =1, the desirability function increases linearly towards 7i; for
s <1, t<1, the function is convex, and for s> 1, ¢ > 1, the function is concave.

4 i Vo) < L
(%) (UI%J%L) f L<V(e)< T
(T = 3 .
(B2s) « n<t@<m
0 i Pi(e) > Us “
If a response is to be maximized instead, the individual desirability is defined as with
0 if Pife) < L;
) = (% i ;< Va) < T:
1.0 i File) > T: o

Ti in this case interpreted as a large enough value for the response.
Finally, if we want to minimize a response, we could use Ti denoting a small enough value for the response.
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1.0 if }”1(-’2) < Ti
aPy =1 (Ble) » wx<BEigw

0 i Pile) > U; (6)
3. MATERIALS AND METHODS

3.1 Raw Materials

The bentonite clay used in this study was sourced, beneficiated, and heated at 105 °C for 24 h to remove the water
content. The dried bentonite was crushed and ground (3000 cycles) in a ball mill to increase its fineness as cement
(range of 100 m), calcined at 650 °C for two hours to improve its chemical composition, and acquired the
metabentonite. Kaolin clay was sourced and processed, ball milled and calcined at 700 °C for two hours to improve
its chemical composition and obtain the metakaolin.

Table.1 Chemical composition of Metabentonite and Metakaolin.

Components  SiO2 AI203 Fe203 Na20 CaO MgO K20
Metabentonite  51.10 26.01 13.89 0.01 6.04 0.02 0.43
Metakaolin 52.43 42.22 1.90 0.29 0.17 0.17 0.61

Fine aggregate was sourced locally and coarse aggregate was sourced from the quarry site and supplied to the
laboratory and tests were carried out following BS EN 933-1 and BS EN 12620. Alkali (Sodium Hydroxide and
Sodium Silicates) was sourced from a chemical supplier. The NaOH was in pellet form while Na>SiO3 was in the
form of gel.

3.2 Mix Design:

In the study, 22-factor designs were considered to test two factors, A (bentonite) and B (alkali doss), each
measured in percentage. If A has (a =5; 10, 20, 30, 40, and 50) levels and B has (b = 5; 50, 60, 70, 80, and 90)
levels, each complete replicate of the experiment will contain (a x b=15 x 5 =25) runs (or treatment combinations)
is most commonly used for two-level factorial designs where the main effect can be estimated as the average
change of the response variable (y) when the factor is changed from its low to its high level (Caijun, 1996). The
interactions between the variables (bentonite, kaolin, and the alkaline activator) and responses (compressive
strength) were determined from diagnostic, ANOVA, and 2D and 3D contour plots. The volumetric percentage
of bentonite precursor and alkaline activator were selected as the factors and were coded as A and B, respectively,
as shown in Table 1.

Table 1: Factors and Factor Levels Adopted

Factor Name Units Type Sub Min. Max. Coded Coded Mean Std.
Type Low High Dev.

A Metabentonite % Numeric  Discrete 10.00 50.00 -1 +1 30.00 14.19

B Alkali Dosage % Numeric  Discrete  50.00  90.00 -1 +1 70.00 14.19

Twenty-five proportions of geopolymer concrete were used in this experiment for cube samples. The substitution
of metakaolin by metabentonite was done in geopolymer concrete mixes at varying metabentonite proportions of
(10 %, 20 %, 30%, 40% and 50 %) with five different volumetric percentages of alkaline activators of (50 %, 60
%, 70, 80, and 90 %) by mean DOE using randomized block factorial design in Design Expert 13.

3.3 Mixing Procedure for Geopolymer Concrete

The mixing method for geopolymer concrete was performed by adopting the traditional techniques used in the
production of normal concrete. Firstly, all materials (bentonite, kaolin, fine aggregate, and coarse aggregate) were
mixed in a dry condition in the concrete mixer for approximately three minutes (Pavithra et al., 2016). The alkaline
solution was mixed for approximately two minutes. After that, the liquid activator component was added to the
dry materials and mixed for four minutes in the concrete mixer (Rangan, 2011).

3.4 Preparation of Alkaline Solution for Geopolymer

The alkali activator materials (AAMs) are constituted of sodium silicate and sodium hydroxide and were mixed,
stirred, and shaken for two minutes before use. The ratio of sodium silicates to sodium hydroxide (Na2SiO3/NaOH)
used in this experiment was 2.5. Sodium hydroxide in pellet form has a high purity of more than 98% and could
be dissolved in potable water 24 hours before use. The solutions had a suitable molecular concentration of 14 M.
Twenty-four hours after preparation, NaOH solutions were added to the Na2SiO; solutions for a 2.5 mix ratio.
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3.5 Test Methods

The data to be followed in the developed models using RSM for optimization were evaluated in the laboratory
analysis. To evaluate the mutual correlation with the variables, compressive strength at 28 days as a property of
geopolymer concrete was taken as the response of interest. The geopolymer concrete specimens were cast,
demolded after 24 hours, and oven dried at 600 °C for another 24 hours. The curing periods were 28 days for all
the samples. The dry specimens were tested according to Provis and Van Deventer (2009) standards.

4. RESULTS AND DISCUSSION

4.1 Bonding Nature by FT-IR Spectra Analysis

Figure 2 shows the IR spectra of a metabentonite/metakaolin-based geopolymer (BKGP) concrete product with a
14 M molar concentration of NaOH and a Na2SiO3/NaOH ratio of 2.5. The IR spectral for BKGP concrete has the
following bands: The vibrational frequency around 1006.4 cm-1 corresponding to the precursor material is shifted
to 872 cm-1; this is due to the penetration of Al4+ atoms into the initial Si-O-Si-skeletal structures. The
condensation of Si-O tetrahedra in geopolymer paste was confirmed. Symmetric stretching vibrations of -Si-O-
Si- and -Al-O-Si- can also be identified near 730 cm1 and bending vibrations of -Si-O-Si- and -O-Si-O- in the
689 cml regions. The bending vibration of 1442.5 cm™! corresponding to the CO3* carbonate groups, 1651.2 cm-
1 for H20 crystallized, and 1792.8, 1919.6, 1979.2, 2102.2, and 2325.9 cm-1 vibrational plane Si-O

The absorption bands for BKGP concrete at (3194.3, 3254, 3339.7, 3432.9, 3466.4, 3567.1, 3645.3, 3675.2, and
3757.2 cml) were observed due to the occurrence of stretching vibration of the -OH groups or bonded water. This
result indicates that crystalline structures have been dissociated and changed due to the alkali activation process.
The resulting silica-aluminium oxide species then reacted and formed oligomeric precursors. Furthermore,
polycondensation occurs at the end of the reaction and is accompanied by the water vaporization process and this
conforms to Brough and Atkinson (2002), Yang et al. (2020), and Fernandez-Jimenez and Palomo (2005).
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Figure 2: Shows the IR spectral for (BKGP) concrete product.

4.2 Response Surface Optimization:

The experimental data were made per the suggested DOE input from RSM. The resultant compressive strength of
different mixes has been determined as a step for further analysis. The regression coefficient obtained for the
experimental design, along with their corresponding p-values, are tabulated and shown in Table 2.

The p-value is 0.05, showing the high significance of all the input parameters, and it was considered for the
construction of the RS model. The resulting regression model obtained an R-squared value of 84.54%, and the
coefficients of determination (R-squared) are very near 100%, indicating the best fit of the data to the model
assumed.

Table 2: Regression co-efficient for the RSM model.

Std. Dev. 0.84 R? 0.85
Mean 20.28 Adjusted R? 0.83
CV. % 4.16 Predicted R? 0.82
p-value <0.01 Adeq Precision  37.87

The final model for 28 d compressive strength CP8M2.0 of all mixes comprising all the terms is presented in
Equation (7).
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(CP8M2.0)! = 22.84+0.6 A+1.02B+256AB-5.82A%-233B?-1.58 A2B-1.63 AB*>-1.10 A’B*-
2.11 A’B -2.84 AB® +4.19 A*

@)

The properties of formulated model for 28 d compressive strength CP8M2.0 of the mix were presented in Table
2. The adequacy of the formulated models was validated by their degree of correlation (R?). A high degree of
correlation (R?) was observed for the model based on their values being close to unity (R? > 0.84).

4.2 Analysis of Variance:

Diagnostic plots are vital to see if assumptions are met. Figure 3 shows the residual plot and regression diagram
exhibiting the fits and the experimental observation for the attribute, compressive strength. As observed, there are
no significant deviations from the normal probability line, and it can be fairly concluded that the assumptions of
normality are satisfied.
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Figure 3. Residual plots for 28 d compressive strength CP8M2.0 (Mpa) of BKGP concrete

The degree of influence on compressive strength and interactions among factors are described in Figure 4. The
shape of the 3D response surface and contour can reflect the degree of interaction. Figure 4 is steep and elliptical
as it represents significant interactions between the factors and this is similar to the result obtained by Petrus et al.

(2016) and Danek et al. (2015).
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Figure 4. 3D-RS and contour plots showing the relation between Metabentonite, Alkaline dosage and strength
Figure 5 shows that the optimization of the 28-d compressive strength CP8M2.0 (Mpa) of BKGP concrete was at

an optimum value of 23N/mm? and 96.8% desirability, and the percentage of metabentonite and alkaline dosage
was 31.7% and 74.8%, respectively. This complies with Huang (2020).
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Figure 5: 2D-RS of Desirability and Optimum value of CP8M2.0 relations with factors (Metabentonite and
Alkaline dosage)

5. CONCLUSIONS

Based on the experiments and analyses performed, the following conclusions were drawn:
The incorporation of metabentonite in metakaolin-based geopolymer concrete (GPC) is a step to further
improve environmental sustainability. The formation of the matrix was due to the geopolymerization
reaction that occurred.
The mechanical properties of BKGP concrete are directly proportional to the bentonite substitution. About
31% of metabentonite showed maximum compressive strength among all BKGP concrete mixes due to the
pozzolanic nature of the metabentonite/metakaolin-blend and alkali activation.
The optimum preparation parameters are a metabentonite-metakaolin ratio of 31.7%, an alkali dosage of
74.8%, and a sodium silicate modulus of 2.5%. The maximum strength is predicted to be 23 MPa based on
the optimum preparation parameters.
The metabentonite/metakaolin-based geopolymer concrete with 23.6 MPa was prepared, which exhibited a
relative error of 2.54%.
Metabentonite and metakaolin blended geopolymer BKGP concrete can be utilized as supplementary
precursor material in geopolymer concrete upon thorough investigation (physical and chemical properties).
BKGP concrete can be recommended as a sustainable concrete technology to reduce GHGs and global
warming and can be utilized as a structural concrete material for residential construction and industrial
infrastructure.
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