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Abstract
In recent years, many researches have been analyzed on the subject of geopolymer materials. As far as
we know, the design of experiments (DOE) methods had not been used for the analysis of geopolymer
containing silicon carbide sludge (SCS) waste and metakaolin components. This study was used to
quantify the effects the interaction between the constituent factors and macroscopic / microstructure
properties of SCS-based geopolymers (SCSGPs), by the DOE methods. Compares the correlation between
the factor parameters and physical properties, which were analyzed the microstructure analysis of
SCSGPs. The results of statistical analysis showed that the in�uencing factors of compressive strength
of SCSGPs were mainly Na / Si mole ratio (NSR), Na / Al mole ratio (NAR), followed by dissolution rate of
Al (DRA). In the regression curve analysis results, when the SCS replacement levels of 20%, the coe�cient
of b was the most in�uential, because the synergistic effect between metakaolin (MK) and SCS. In this
study, the multivariate adaptive regression splines model provided a valid reference for the application of
and future improvements in SCSGPs.

1. Introduction
In recent years, the Light-Emitting Diode (LED) industry was widespread used in indicators and display
devices of information [1], communication and consumer electronic products with the economy and
industry were �ourishing in Taiwan [2]. A large amount of silicon carbide (SiC) sludge waste will be
generated during the process of cutting silicon ingot into wafer. Its cutting loss exceeds 50% [3];
according to the research statistics of Lan et al., the global silicon wafer manufacturing industry spent
about 400,000 tons of silicon ingots to produce silicon wafers in 2018 [4]. The process of cutting into
wafers produced about 200,000 tons of silicon carbide sludge (SCS). Because the SiC sludge contains
alumina (Al2O3) and SiC, it is the main component of natural kaolin. If it can be recycled, which can not
only reduce production costs, but also reduce environmental pollution, and in accordance with the
environmental protection administration goal of zero waste and zero land�ll resources.

Davidovits began to develop a material called “Geopolymer” in the 1970s [5]. Geopolymer is an inorganic
polymer synthesized by aluminosilicate under strong alkali conditions [6]. Geopolymer have the
characteristics of high mechanical strength, thermal stability, low shrinkage, acid resistance and low
carbon dioxide emissions [7–10]. Therefore, it has great potential for construction materials application.
In addition, the geopolymer also has favorable �re-resistance and non-smoke characteristics [11, 12],
hence this feature can be used to make environmentally friendly �reproof board. In the
geopolymerization, the chemical reaction of an aluminosilicate with silicates under highly alkaline
conditions [13]. By the sodium hydroxide (NaOH) and sodium metasilicate solutions, the rapidly
dissolving aluminosilicate released [SiO4]− and [AlO4]− into the liquid, and each tetrahedron shared its
oxygen atoms with the precursor substance of the polymer [6, 14] to generate an amorphous three-
dimensional network structure. Due to charge balance and catalytic performance, the presence of Na+

was important. Therefore, the main results that affect the geopolymerization include aluminosilicate raw
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materials, curing conditions, types of alkali activators, combinations and concentrations of activators,
and the ratio of alkali activators to binder. They determine the properties of geopolymer. So far, many
mixture design parameters have been determined, whether chemical or physical, will affect the
compressive strength of geopolymer. For example, the ratio of SiO2 / Al2O3 and Na2O / Al2O3 of raw
materials, the amorphous material, CaO content and workability of raw materials [15–17]. On the other
hand, Diaz-Loya et al [18] analyzed that in�uenced the �nal mechanical strength and the water / solid (W
/ S) ratio has a positive effect for the geopolymer mixture. In addition, Rattanasak and Chindaprasirt [19]
reported that the rapidly dissolving �y ash released aluminosilicate by the higher concentration of NaOH
solution, which promoted the early geopolymerization. Bakiri et al. [20] and Songpiriyakij et al. [21]
showed that the ratio of sodium metasilicate / NaOH was a mainly parameter for strength development,
and other paper [18, 22–27] indicted that curing condition (e.g., temperature and time) also had a positive
effect on the macroscopic / microstructure of geopolymer. The relationship between key bonds and
structural types and the macroscopic properties of inorganic polymers has not been clearly determined,
and also need to explain the relationship between polymerization and macroscopic / microstructure
properties. Many factors could possibly in�uence the macroscopic / microstructure properties of
geopolymers. However, through a well-designed experimental process, the in�uence of various
parameters on the geopolymer can be fully explored, well-known design of experiments (DOE) methods
can be used for this purpose.

According to the research statistics of Lan et al., the global silicon wafer manufacturing industry spent
about 400,000 tons of silicon ingots to produce silicon wafers in 2018 [28]. The process of cutting into
wafers produced about 200,000 tons of SiC sludge (SCS). Because the SiC sludge contains alumina
(Al2O3) and SiC, it is the main component of natural kaolin. If it can be recycled, which can not only
reduce production costs, but also reduce environmental pollution, and in accordance with the
environmental protection administration goal of zero waste and zero land�ll resources. The goals of the
Waste Electrical and Electronic Equipment (WEEE) directive are to prevent the inappropriate disposal of
electrical and electronic equipment waste, to reuse and recycle waste, and to reduce e-waste deposition in
land�lls. This directive highlights can indicate the need to address the SCS problem. This study uses
experimental design to propose design parameters for SCS-based geopolymer (SCSGP). In the
subsequent statistical analysis, it is regarded as an independent variable factor to study the in�uence of
component factors on the development of mechanical properties, and consider the interaction between
different components and study the effects of molecular composition and related interactions. In this
study, through macroscopic / microstructure analysis such as workability, porosity, Mercury intrusion
porosimetry (MIP) and Scanning Electron Microscope (SEM), and establish its regression curve to explore
the relationship between mechanical properties and microstructure characteristics of SCSGP. It is
expected to provide a scienti�c basis for the further development and standardization of the SCS mixture
design process to facilitate the application of geopolymers.

2. Materials And Methods
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2.1 Materials and sample preparation
The SCS-based geopolymers (SCSGPs) consisted of kaolin, SCS and an alkaline solution in this study.
Metakaolin (MK) was generated from the kaolin by calcination at 650°C in air for 3 h. After crushing in a
ball mill, the �neness of the SCS powder was controlled to 300–400 m2 / kg, and the properties were
shown in Table 2. The SCS consisted of 75.40% SiO2, 0.80% Al2O3 and 23.00% SiC; and MK consisted of
51.80% SiO2, 43.00% Al2O3 and 1.30% Fe2O3. Reagent grade NaOH was added to deionized water and
allowed to release heat for 24 h. The S / N ratio of the sodium metasilicate solution was 3.1, and the two
solutions were subsequently mixed under stirring for 10 min at the required S / N ratio (Table 1b). After
the heat release process, the alkaline solution was added to the MK and stirred at a low speed for 2 min.
Then, it was stirred at a medium speed for 5 min, and the samples were subsequently cast by pouring the
geopolymer paste into cubic plastic molds of 25.4 × 25.4 × 25.4 mm. Using a shaker, air was removed
from the sample, which was subsequently cured at a constant temperature of 30 ± 2°C and constant
humidity for 1 day. The sample was removed from the cubic plastic mold and then further cured under
the same conditions for 28 days.

2.2 Experimental design
In order to determine the in�uence of various constituent factors of SCS in the preparation of curing
geopolymers and the related interaction between these components on the subsequent mechanical
properties. This research is based on the four main control factors were selected: SiO2 to Na2O ratio (S /
N), solid to liquid ratio (S / L), metakaolin (MK) and SCS, and sample preparation, and the mixed
combination was designed into 35 groups. Table 1 lists the design mixing ratios related to the four
factors. Multivariate regression analysis and analysis of variance (ANOVA) were employed to �nd out the
factors with signi�cant in�uence of different additives and clarify the interaction between the same
factors. Finally, the multiple regression model is established according to the experimental results.

2.3 Test items and methods
In this study, the analysis of geopolymers were classi�ed according to factor parameters, physical
properties and microstructure. Factor parameters include Si, Al and Na ion concentrations. By using the
same content of MK, SCS and alkaline solution as in the experimental design method, the concentration
of Si, Al and Na ions was measured in the separation experiment. First, mix the alkaline solution with MK
and SCS for 60 min. Subsequently, 3.8 L of water was added to the mixture and the suspension was
stirred for 30 s. The slurry was further diluted to avoid precipitation. After �ltration, the dissolved Si, Al,
and Na ion concentrations were analyzed by atomic absorption spectroscopy (AAS) [29]. Physical
properties include the compressive strength test (ASTM C109), where a square sample of 2.54 × 2.54 ×
2.54 cm 3 is used to determine the compressive strength of the geopolymer. Table 1 shows the mixing
ratio of geopolymers. Use three samples for mechanical testing, and the test results were the average
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value of the samples. Univariate and multivariate regression analyses, including ANOVA, were executed
using the SPSS Statistics 17.0 software, which were employed to �nd out the factors with signi�cant
in�uence of different additives and clarify the interaction between the same factors. According to the
experimental results, establish its multiple regression model. By the macroscopic / microstructure
analysis of workability, porosity, MIP and SEM, and the establishment of its regression curve, the
relationship between the mechanical properties and microstructure characteristics of the SCSGP was
discussed. MIP evaluated cumulative pore volume using an Autopore IV 9500 porosimeter. The
geopolymer sample was crushed to produce 5 – 15 mm pieces and dried at 105°C for the MIP test. SEM
images were obtained using a Hitachi S-3500 N to show the geopolymer microstructure. It is expected to
provide a scienti�c basis for the further development and standardization of the SCS mixture design
process to facilitate the application of geopolymers.

3. Results

3.1 Factor parameters and physical properties test results
Table 3 shows the compressive strength results of each mixed ratio of SCSGP. The compressive
strengths for the mix proportions were 3.52 – 66.08 MPa in the design range. This study applied
multivariate statistical analysis to determine the key factors affecting the mechanical parameters of
SCSGPs. By using multiple regression analysis, relevant quantitative relationships can be established. It
was important to discriminate between a linear and nonlinear relationship between the independent and
dependent variables before the multivariate statistical analysis. This study also examined the collinearity
of the independent variables, and one factor was selected based on the collinearity to avoid having to use
the signi�cant relationship of the independent variable. Then, based on the residual sum of squares
(SSR) obtained from statistical analysis, the t independent test (95%) was used to select the main
independent t variable, and the other factors were increased or decreased to further test the selected
variable to identify signi�cant relationships with the independent variable and interactions between the
factors. Finally, the crucial factor relationship with the macroscopic properties of the SCSGP was
analyzed, and multiple regression equation were established based on the experimental results.

3.2 Original material analysis
Fig. 1 shows the results of the statistical analysis of the normalization between the raw materials and
compressive strength in the SCSGPs. The correlation between all raw materials (i.e., MK, SCS, Na2SiO3

and NaOH) and compressive strength were best described by an exponential relationship, and all the
variance in�ation factor (VIF) were less than 10. Table 4 listed the results of the multiple regression
analysis of the compressive strength and interaction between the raw materials. The results of the t-tests
showed that MK was the most signi�cant factor in terms of the compressive strength, followed by
Na2SiO3. Among the interaction factors, MK has the strongest correlation with SCS and SCS with
Na2SiO3.
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3.3 Dimensionless ratio analysis
After separating the raw materials, multiple regression analysis was performed again to determine the
relationship between the compressive strength of the SCSGPs and the dimensionless ratios (i.e., SN, SL,
OH– and OW), as shown in Table 5. According to the result of t-test (95%), OW has the greatest in�uence,
followed by SL, and SN has less in�uence on the all compressive strength (Table 5). Therefore, we
inferred that the factors of OH–, SiO2, Na2O and H2O were the signi�cantly affect by the compressive
strength of SCSGPs. At the highly alkaline conditions, when the rapidly dissolving aluminosilicate
released [SiO4]– and [AlO4]– ions in the solution, the tetrahedron shares oxygen atoms with the polymer
precursor [30, 31], thereby forming the polymeric Si–O–Al–O bonds on the geopolymerization [14, 31].
However, the VIF results showed that OH– (mol) and Na2O (mol) exhibited high collinearity, when OH–

was treated as a reaction concentration, not the alkalinity. Therefore, OH– (mol) and subsequently the Na
/ Si mole ratio (NSR), Na / Al mole ratio (NAR), DRS, and dissolution rate of Al (DRA) were selected to
calculate the molar concentrations of the factors in the reaction process for the multiple regression
analysis in order to determine their in�uences on the compressive strength of the SCSGPs.

Table 6 lists the multiple regression results of relationship between NSR, NAR, DRS, DRA, OH– and the
compressive strength, which also determined the interactions of these important factors. It's worth noting
that the results of the multiple regression analysis found interactions between the NSR and DRA and
between the NAR and DRA.

NSR and NAR were the most signi�cant factors, followed by DRA, the following regression equation had
highly representative (r2 =0.869), and meaning these three coe�cients were su�cient to describe the
compressive strength of SCSGPs.

Fig. 2 illustrates the compressive strength and the �rst three important factors, i.e., the relationship
between NSR and DRA and the relationship between NAR and DRA, through the multivariate adaptive
regression splines. In the design range in this study, the highest compressive strength of the SCSGP was
66.08 MPa, which was obtained through NSR of 0.15, NAR of 0.22, and DRA of 58.24 (%).

4. Discussion
In order to further research the in�uence of the microstructure properties of the SCSGP on the correlation
between each independent in�uence factor and the macroscopic / microstructure characteristics. In this
study, based on macroscopic / microstructure analysis, the SCSGPs were divided into workability,
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porosity, MIP and SEM results. And establish the relationship between each macroscopic / microstructure
analysis and the 28 - days compressive strength, and drew a regression curve for comparison. First, the
differences mechanical parameters (i.e., workability and porosity) of SCSGPs were discussed. Then
through the MIP and SEM analysis to determine the relationship between the mechanical properties and
microstructure characteristics of SCSGPs.

4.1 Workability
Panizza et al. indicated that the workability and compressive strength can be reasonably described by a
power function [32]. Fig. 3 compared the correlation between compressive strength and workability at
curing times of 1 and 28 days. Workability were 90 – 645 min, and when the curing time of 1 day and 28
days, the compressive strength were 2.33 – 51.17 MPa and 3.52 – 66.08 MPa, respectively. The results
showed that the relationship between workability and compressive strength was nonlinear. It can be seen
from Fig. 3(a) that when the SCS replacement levels increased from 0% to 40%, the r2 value of the
regression equation was increased from 0.14 to 0.87, and the correlation between its workability and
compressive strength gradually increases. It shows that as the amount of SCS replacement levels
increases, the impact of compressive strength was increases on workability. And under the same
compressive strength, the setting time of the SCSGP increased with the amount of SCS replacement
levels increased. In addition, when the curing times of 28 days and the SCS replacement levels of 40%,
the r2 value was reduced to 0.81, as shown in Fig. 3(b). It is mainly due to the presence of too much SCS
content, which reduced the solubility and hindered the geopolymerization. The unreacted particles of MK
and SCS may exist in the structure of the SCSGP, and structural defect factors that affect the �nal
mechanical properties [33]. Therefore, the correlation between the workability and the compressive
strength of the SCSGP was gradually decreases. The relationship between the workability and
compressive strength was conformed to the power function regression equation (2), where y was the �nal
setting time (min), x was the compressive strength (MPa); a and b were two regression coe�cients.

According to the equation (2), the power function regression analysis results between workability and
compressive strength were summarized in Table 7. When the curing time of 1 day, the results showed that
it can be observed the coe�cient b of the SCS replacement levels of 20% was the highest, indicating the
compressive strength has the greatest impact on workability. Due to the synergistic effect between MK
and SCS, the coe�cient b of the power function regression analysis result of the SCS replacement levels
of 20% was the most in�uential; when the curing time was increased to 28 days, which can be observed
that the coe�cient b of the SCS replacement levels of 30% to 40% were the highest. Because the more
SCS content will reduce the solubility, the unreacted particles of MK and SCS may exist in the structure of
the SCSGP, and hindering the synergistic effect between MK and SCS [34], leading to structural defects,
which in turn affects the �nal mechanical strength [33].
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4.2 Porosity
Fig. 4 compares the correlation between the porosity and compressive strength. When the curing time of
1 day, the porosity of SCSGPs were 48.93–69.47%, and the compressive strength of SCSGPs were 2.33–
51.17 MPa; when the curing time of 28 days, the porosity of SCSGPs were 45.58–67.55%, and the
compressive strength of SCSGPs were 3.52–66.08 MPa. Fig. 4(a) showed that the porosity and
compressive strength had a negative correlation. Keke et al. research showed that geopolymers had the
lower porosity and denser structure, and the results of the pore structure was consistent with the change
in the compressive strength [35]. At the same compressive strength, when the SCS replacement levels
increased from 0% to 20%, the r2 value of the regression equation increases from 0.75 to 0.83, and the
linear regression had a trend of high accuracy. According to Asrani et al., which indicated that the linear
regression has a high correlation accuracy and a good correlation [36], so that the compressive strength
has a good correlation with the porosity. When the curing time of 28 days and the SCS replacement levels
of 40%, the r2 value of the regression equation increased from 0.66 to 0.73, which showed that the
correlation increased with the curing time, as shown in Fig. 4(b). When the amount of SCS replacement
levels exceeds 20%, the SCS will quickly form oligomers and precipitate on the surface of the raw
material particles, thereby hindering the content of MK and SCS dissolved during the equilibrium period,
resulting in the reducing of the geopolymerization rate after the condensation point [34]. Therefore, when
the SCS replacement levels of 40%, the correlation of linear regression analysis between the porosity and
the compressive strength was increased. The relationship between the porosity and compressive strength
was conformed to the linear regression equation (3), where y was the porosity (%) and x was the
compressive strength (MPa); a and b were the two regression coe�cients.

According to the equation (3), the linear regression analysis results between porosity and compressive
strength were summarized in Table 8. When the curing time of 1 day and the SCS replacement levels of
30%, which showed that the coe�cient was the highest (- 0.33), indicating that the compressive strength
has the greatest impact on porosity [37]. When the coe�cient value was higher, which indicated that the
two parameters had a great in�uence on each other [32; 38]. From the results of the above linear
regression analysis, it can be known that the synergy effect of MK and SCS has an in�uence interval of
20% SCS replacement levels. When the curing time was increased to 28 days, which observed that the
coe�cient a of the SCS replacement levels of 30% was increased to -0.26. Due to the curing time
increases to 28 days, which showed that its excessive SCS content will have a negative impact on the
strength, result in the porosity increasing, and the linear regression analysis coe�cient of a will increased.
The research results were consistent with the Zhang et al. research [33].

4.3 MIP analysis
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The pore distribution of �ve types SCSGPs (mixtures No. 26 – 30) were shown in Fig. 5. It can be seen
from the �gure, which showed that the large pores gradually move to the small pores with the curing time
increased, and the pore distribution was changed by the reaction products gradually �lling the large pores
[39]. When the curing time of 28 days, it can be seen that the pores were mainly distributed at 10-20 nm,
as shown in Fig. 5(b). Fig. 6 compares the correlation between the Si / Al ratio and the pore volume. The
results showed that the Si / Al ratio and the pore volume were a positive correlation. Hu et al. research
showed that the high Si / Al molar ratio was promoted the dissolution and polycondensation of
aluminosilicate [34]. When the curing of 1 day and the SCS replacement levels increases from 0% to 10%,
the r2 value of the regression equation increases from 0.40 to 0.70, this is due to the synergistic effect
between MK and SCS, which makes the high degree of reaction of geopolymerization, forms more
reaction products, and increasing the pore volume. When the curing age of 28 days and the SCS
replacement levels of 40%, the regression equation of r2 = 0.53 was the lowest, but when the Si / Al molar
ratio was too high ( > 2.5), which will lead to decrease the degree of reaction and reaction products.
Therefore, the results of this study were consistent with those researches of Fernandez-Jimenez et al. and
He et al. [40, 41]. The relationship between the porosity and Si / Al molar ratio was conformed to the
linear regression equation (3), where y was the porosity (%) and x was the Si / Al molar ratio; a and b were
the two regression coe�cients.

According to the equation (4), the linear regression analysis results between porosity and Si / Al molar
ratio were summarized in Table 9. The results showed that when the curing time of 1 day, which can be
observed that the SCS replacement levels increases from 10% to 20%, the coe�cient was decreases from
28.98 to 13.67, indicating that the effect of Si / Al ratio on the pore volume gradually decreases. When the
SCS replacement levels of 40% and the curing time of 28 days, which observed the coe�cient was
decreased to 3.62. Due to the in�uence of excessive SCS, which caused the reaction rate of SCSGP
decreased [33]. Therefore, when the Si / Al was relatively high, the coe�cient of a decreased with the
in�uence of the parameters. The results of this study were consistent with He et al. research [41].

4.4 Microstructure analysis
The SEM images of three types of SCSGPs (mixtures No. 26, 27, and 30) were shown in Fig. 7 and Fig. 8.
When the curing time of 1 day and the SCS replacement levels of 0%, the �gure showed that the uniform
plate particles was dispersed in the microstructure, which may be unreacted metakaolin (Fig. 7 (a)).
According to Kljajević et al. research, the alkaline solution was the alkali activates the surface particles of
metakaolin, which caused to dissolve and release Si4+ and Al3+ ions. Subsequently, the ions were
participated in the geopolymerization reaction, resulting in the formation and growth of geopolymer gels
[42]. Therefore, it can be clearly seen that the appearance of geopolymer gels and some unreacted
metakaolin particles exist in the structure; when the curing age of 28 days, the N – A – S – H gels were
gradually �lling the pores between the geopolymers, which showed that the structure of the mixture No.
26 was relatively dense, and the compressive strength tends to increase. At the early curing time (1 day)
and SCS replacement levels of 10%, the microstructure of the bonding area and the interface of SCSGP
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were denser (Fig. 7 (b)). Sun et al. indicated that the interface strength between binders were high, and it
helps to increase the strength [43]. At the later curing age (28 days), it was observed that the mixture No.
27 sample was mainly �lled with amorphous gel products (such as N – A – S – H gels), resulting in a
uniform and dense appearance of structure.

Fig. 7 (c) and Fig. 8 (c) were the SEM microstructure of the mixture No. 30 samples at different curing
times of 1 to 28 days. When the curing age of 1 day and the SCS replacement levels of 40%, the �gure
showed that the microstructure of pores and uniform plate particles were increased. Although, the MK
and SCS had a synergistic effect, but the considerable amount of MK and SCS were still presented in the
form of uniform plate particles (Fig. 7 (c)), and as structural defects exist in the geopolymer network
structure, forming more macroporous structure. According to the observation results, when the curing age
of 28 days, which observed that the strength of sample was reduced. Due to excessive SCS content,
which will hinder the synergistic effect between MK and SCS [34], causing the aluminosilicate to
precipitate and cover the surface of MK and SCS particles, thereby reducing the dissolution reaction
activity, forming a loose structure with large pores and reducing its compressive strength development.

5. Conclusion
In this study, the DOE method was used to analyze the factors that affect the mechanical properties of
SCSGPs through experiments and related statistical analysis. Without affecting the analysis results, the
DOE method effectively reduces the number of samples, cost and experimental time. The main factors
explaining the mechanical properties of SCSGPs and the related interaction effects were explained in
detail. Multivariate statistical analysis was employed, and the relationship between the mechanical
properties of the SCSGP and the interrelated parameters was predicted with an r2 value of greater than
0.869 after adjusting for the multivariate test coe�cient.

The results of statistical analysis showed that the mainly factors of the compressive strength of the
SCSGPs were had interactions between the NSR and DRA and between the NAR and DRA. NSR and NAR
were the most signi�cant factors, followed by DRA, the following regression equation had highly
representative. Workability and compressive strength analysis results showed that when the SCS
replacement levels of 20%, the coe�cient of b of the power function regression analysis result was the
most in�uential, because the synergistic effect between MK and SCS. The porosity and compressive
strength had a negative correlation. At the same compressive strength, when the SCS replacement levels
increased from 0–20%, the r2 value of the regression equation increases from 0.75 to 0.83, and the linear
regression had a trend of high accuracy. The results of Si / Al ratio and pore volume analysis showed that
when the SCS replacement levels increase from 10–20%, the coe�cient was decreases from 28.98 to
13.67, indicating that the effect of Si / Al ratio on the pore volume gradually decreases. When the SCS
replacement levels of 40% and the curing time of 28 days, which observed the coe�cient was decreased
to 3.62. Due to the in�uence of excessive SCS, which caused the reaction rate of SCSGP decreased. At
the later curing age (28 days), the SEM observation was displayed that the mixture No. 27 sample was
mainly �lled with amorphous gel products (such as N – A – S – H gels), resulting in a uniform and dense
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appearance of structure. In this study, the multivariate adaptive regression splines model provided a valid
reference for the application of and future improvements in SCSGPs.
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Tables
Table 1 Mix design of the thirty-�ve (35) SCS-based geopolymers synthesized in this study.
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No. SiO2/Na2O S/L MK (%) SCS (%)

1 0.8 1.0 100 0

2 0.8 1.0 90 10

3 0.8 1.0 80 20

4 0.8 1.0 70 30

5 0.8 1.0 60 40

6 1.2 1.0 100 0

7 1.2 1.0 90 10

8 1.2 1.0 80 20

9 1.2 1.0 70 30

10 1.2 1.0 60 40

11 1.6 0.4 100 0

12 1.6 0.4 90 10

13 1.6 0.4 80 20

14 1.6 0.4 70 30

15 1.6 0.4 60 40

16 1.6 0.6 100 0

17 1.6 0.6 90 10

18 1.6 0.6 80 20

19 1.6 0.6 70 30

20 1.6 0.6 60 40

21 1.6 0.8 100 0

22 1.6 0.8 90 10

23 1.6 0.8 80 20

24 1.6 0.8 70 30

25 1.6 0.8 60 40

26 1.6 1.0 100 0

27 1.6 1.0 90 10

28 1.6 1.0 80 20
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29 1.6 1.0 70 30

30 1.6 1.0 60 40

31 2.0 1.0 100 0

32 2.0 1.0 90 10

33 2.0 1.0 80 20

34 2.0 1.0 70 30

35 2.0 1.0 60 40

 * S/L: Solid/Liquid; MK: Metakaolin; SCS: Silicon Carbide Sludge

 

Table 2 The composition of Materials.

Composition SCS Kaolinite MK

SiO2 (%) 75.40 53.70 51.80

Al2O3 (%) 0.80 37.88 43.00

Fe2O3 (%) 0.58 0.88 1.30

CaO (%) 0.09 0.20 0.25

SO3 (%) 0.06 - -

Na2O (%) - 0.04 0.04

K2O (%) 0.01 0.34 0.32

SiC (%) 23.00 - -

 

Table 3 Results of compressive strength tests
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No. Compressive Strength (MPa)

Mean SD

1 50.07 3.25

2 47.16 5.13

3 48.43 6.77

4 37.47 1.60

5 37.00 3.37

6 57.67 7.57

7 63.64 4.20

8 63.05 9.81

9 59.24 8.79

10 54.47 3.36

11 17.18 0.84

12 12.23 1.09

13 9.71 0.47

14 7.28 0.62

15 3.52 0.22

16 43.08 9.02

17 36.26 3.58

18 28.43 4.83

19 24.61 1.72

20 15.53 1.72

21 61.76 4.40

22 59.18 5.50

23 57.71 9.43

24 51.00 2.81

25 26.88 1.92

26 64.37 7.71

27 66.08 9.13
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28 64.59 6.77

29 60.34 8.86

30 46.90 2.94

31 61.51 3.61

32 54.43 5.82

33 31.09 5.11

34 17.35 1.83

35 14.05 3.05

 

Table 4 Multiple regression analysis for Compressive Strength and raw materials of the geopolymer
(r2=0.984).

Factor Coef. SE Coef. t (35) P-level (<0.05)

(1) MK 29.960 1.996 15.013 0.000

(2) SCS -25.540 4.186 -6.101 0.000

(3) Na2SiO3 39.785 5.180 7.681 0.000

(4) NaOH -15.365 3.512 -4.375 0.000

(1) by (2) 55.500 4.537 12.233 0.000

(1) by (3) -9.825 4.743 -2.072 0.045

(1) by (4) 45.325 3.336 13.588 0.000

(2) by (3) -65.325 3.824 -17.085 0.000

(2) by (4) -10.175 2.624 -3.878 0.000

(3) by (4) 55.150 3.637 15.163 0.000

 

Table 5 Results of multiple regression analysis for Compressive Strength and dimensionless ratio of the
geopolymer (r2=0.826).
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Factor Coef. SE Coef. t (35) P-level (<0.05)

SN -42.540 3.142 -13.538 0.000

SL -43.190 3.106 -13.905 0.000

OW -43.896 3.131 -14.020 0.000

 *OW: OH–/Water

 

Table 6 Results of multiple regression analysis for Compressive Strength and molecular composite ion
(r2=0.869).

Factor Coef. SE Coef. t (35) P-level (<0.05)

(1) NSR -43.918 3.129 -14.038 0.000

(2) NAR -43.845 3.130 -14.008 0.000

(3) DRS -1.487 2.329 -0.639 0.527

(4) DRA 14.651 3.187 4.597 0.000

(5) OH– (M) -39.612 3.159 -12.539 0.000

(1) by (2) -0.073 0.011 -6.779 0.000

(1) by (3) -42.431 1.334 -31.810 0.000

(1) by (4) -58.569 0.147 -398.537 0.000

(1) by (5) -4.306 0.423 -10.181 0.000

(2) by (3) -42.358 1.333 -31.786 0.000

(2) by (4) -58.496 0.151 -387.180 0.000

(2) by (5) -4.233 0.427 -9.906 0.000

(3) by (4) -16.138 1.370 -11.779 0.000

(3) by (5) 38.125 1.280 29.786 0.000

(4) by (5) 54.263 0.337 160.985 0.000

 

Table 7 The power function regression analysis results between workability and compressive strength.
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Curing Time= 1 day Curing Time= 28 days

SCS

(wt. %)

a b SCS

(wt. %)

a b

0 385.16 0.25 0 347.33 0.21

10 474.39 0.25 10 485.17 0.24

20 1168.19 0.46 20 919.89 0.36

30 948.73 0.39 30 1115.24 0.41

40 919.18 0.36 40 1252.25 0.41

 

Table 8 The linear regression analysis results between porosity and compressive strength.

Curing Time= 1 day Curing Time= 28 days

SCS

(wt. %)

a b SCS

(wt. %)

a b

0 -0.41 70.79 0 -0.27 64.65

10 -0.44 71.70 10 -0.27 64.90

20 -0.35 68.17 20 -0.27 65.15

30 -0.33 66.90 30 -0.26 65.64

40 -0.39 68.40 40 -0.35 67.95

 

Table 9 The linear regression analysis results between porosity and Si/Al molar ratio.
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  Curing Time= 1 day Curing Time= 28 days

SCS

(wt. %)

a b R2 a b R2

0 4.42 90.27 0.40 4.72 92.26 0.92

10 28.98 52.33 0.70 22.47 63.30 0.38

20 13.67 74.72 0.11 9.44 81.66 0.10

30 69.30 -35.95 0.82 24.38 49.72 0.84

40 15.15 41.01 0.10 3.62 82.47 0.53

Figures

Figure 1

Statistical analysis results of standardized effects between Compressive Strength and raw materials of
the geopolymer.
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Figure 2

Relationship between Compressive Strength and the �rst three signi�cantfactors of the SCS-based
geopolymers, i.e. NSR, NAR, and DRA (%).

Figure 3

The power function regression analysis results between workability and compressive strength (a) 1 day
(b) 28 days.
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Figure 4

The linear regression analysis results between porosity and compressive strength (a) 1 day (b) 28 days.

Figure 5

The pore distribution of �ve types SCSGPs (mixtures No. 26–30) (a) 1 day (b) 28 days.
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Figure 6

The linear regression analysis results between porosity and Si/Al molar ratio (a) 1 day (b) 28 days.
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Figure 7

The SEM images of three types of SCSGPs (mixtures No. 26, 27, and 30) at the curing times of 1 day.
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Figure 8

The SEM images of three types of SCSGPs (mixtures No. 26, 27, and 30) at the curing times of 28 days.


