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Abstract. In this study, fly ash-based geopolymers (FAGs) were prepared by using fly ash (FA) as a source of
aluminosilicates and a mixture of sodium hydroxide and sodium silicate as an alkaline activator. This study aims at
optimization of compressive strength of FAG tested after 7 and 28 curing days, using the central composite design. Two
factors that mainly affected the compressive strengths of the samples were selected: sodium silicate to sodium hydroxide
ratio (three levels 1.5, 2.5 and 3.5) and FA/alkaline solution ratio (three levels 1.5, 2.5 and 3.5). The prepared geopolymers
were characterized using several analytical methods, such as X-ray diffraction, Fourier transform infrared spectroscopy
and scanning electron microscopy with energy dispersive X-ray analyses. The optimum compressive strength obtained
was 32 MPa with Na2SiO3/NaOH ratio = 2.5 and solid/liquid ratio = 2.5.
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Introduction

Geopolymers are a class of inorganic polymeric materials
with amorphous aluminosilicate network formed by individual [SiO4]4- and [AlO4]5- tetrahedral, produced by
alkali activation of aluminosilicate raw materials such as
metakaolin, fly ash (FA) and slag [1,2]. The alkaline activating solution comprises of sodium hydroxide and potassium hydroxide and/or sodium and potassium silicates as a
source of silica [3].
Nowadays, geopolymers are attracting increasing interest
as an environment-friendly alternative to traditional Ordinary Portland Cement (OPC) for use in construction
applications [4], owing to their ability to develop high
mechanical strength in a short time and at moderate temperatures (T \ 100C) [5,6], their excellent durability [6–9]
and low energy consumption.
During geopolymerization, a series of complex multistep processes occur, which can be described in three
main steps: firstly, the dissolution of the amorphous
phases with the generation of the reactive species or
alkaline activation (e.g., aluminosilicates). Secondly, The
formation of monomers by condensation of dissolved
precursor ions (e.g., Al3?, Si4?); and thirdly, the polycondensation process that leads to the formation of
amorphous or semi-crystalline aluminosilicate polymers
[10].

FA is a by-product of coal-fired power plants, it has been
used as a source material for the production of geopolymers
because of its favourable chemical composition and suitable size and shape [11]. FA is mainly composed of SiO2,
Al2O3 and Fe2O3 [12–14]. The quality of the FA relies on
the type and quality of the coal and the performance of the
power plant, and difficulties sometimes remain in controlling its chemical composition. In order to reach a suitable chemical composition for the production of
geopolymers, the preferred method is to mix FA with
another high silica content source [15].
The compressive strength of geopolymers depend on
many factors, including the Si/Al ratio, the raw material
used, the curing time, the curing temperature, the concentration of NaOH and utilized alkaline activator, etc.
[7,11,16–18]. The studies conducted to investigate the
effects of FA particle size on the properties of geopolymers
found that it is preferable to use the finer particle size
[12,15,19]. The effect of curing time and curing temperature
shows that higher compressive strengths were achieved at
curing time (up to 96 h) and curing temperature (up to
80C) [11,20,21]. The influence of NaOH concentration on
the compressive strength is still unclear, some researchers
found that it increases with high NaOH concentration
[15,22–24] and others found it to be opposite [20,25].
To investigate the effects of the maximum factors and
minimize the number of tests, the CCD (central composite
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design) technique was adopted. This study aims to propose
an optimal formulation for the fly ash-based geopolymer
(FAG) by developing a mathematical model taking into
account all the influencing parameters, leading to high
compressive strength and desirable workability.

concentration used was 12 M, based on research indicated
that the highest compressive strength of geopolymer was
obtained when 12 M of NaOH was used [17].

2.2
2.

Experimental

2.1

Materials

The FA used was dry FA, a by-product of Jorf Lasfar
power plant in Morocco. The X-ray fluorescence spectroscopy (XRF) was used to identify the chemical composition of FA used; the results are presented in table 1.
According to this table, silicon, aluminium and iron
oxides represent approximately 85% of the total mass
(SiO2 ? Fe2O3 ? Al2O3 = 85.64%) and the percentage of
calcium oxide is less than 0.8%. Therefore, Jorf Lasfar’s
FA is Class F and will be classified as ASTM Class F FA
or low calcium FA or silico-aluminous FA according to
ASTM C618 2005.
The X-ray diffraction (XRD) pattern of the FA illustrated
in figure 1 reveals the presence of crystalline phases in FA,
identified as quartz and mullite. The amorphous phase is
characterized by the large hump between 14 and 30 (2h),
which is composed of amorphous silica and alumina [26].
The characteristic morphology of the original FA is
shown in the SEM image in figure 2. FA microstructure is
comprised of a series of spherical vitreous particles of different sizes. It also shows that fine solid spherical particles
(microspheres) are contained by the large cenosphere particles ([50 lm) formed during the combustion process. The
resulting macroparticles are known as ‘plerosphere’.
The size distribution curve of FA obtained by granulometric analysis using laser diffraction is shown in figure 3.
The BET surface area of FA is 3.6 m2 g–1 and about 50% of
FA presented particle size smaller than 40.6 nm and 90% of
FA presented particle size smaller than 264 nm, as indicated
in the particle size analysis results of figure 3.
The alkaline solution used was a mixture of sodium silicate solution Na2SiO3 (18% Na2O and 63% SiO2) and
sodium hydroxide solution NaOH obtained by dissolving
NaOH pellets (purity [ 97%) in potable water. The NaOH

Table 1.

Synthesis of geopolymer

The preparation of the alkaline solution, which is the first
stage of geopolymer elaboration was carried out by mixing
NaOH pellets with sodium silicate solution for 3 min. The
alkaline solution obtained was mixed with FA for 5 min
until a homogeneous mixture of geopolymer paste was
achieved. Additional water was added to some mixes to
achieve the desired workability of geopolymer paste. The
fresh pastes were cast into cylindrical moulds (width = 35
mm and height = 70 mm) and were then subjected to around
thirty shocks in order to remove the air bubbles trapped in
the paste. The test specimen obtained was dried for 24 h at a
temperature of 70C. Then samples were demoulded, kept
in the laboratory air and tested after 7 and 28 curing days.

2.3

Design of experiments using CCD

Central composite design was primarily developed by
Box and Wilson [27] and later upgraded by Box and Hunter
[28]. These response surface designs are ideal for sequential
conduct of a study. Indeed, they give the possibility to start
the study with a minimum number of experiments. Then, if
the model is validated the study is usually completed,
otherwise we can add more experiments without losing the
results of the experiments carried out previously. The
additional tests allow establishing a quadratic polynomial
model [29]. Since, in this study, there were just two factors,
the experimental work was started directly with a CCD
consisting of the factorial design 22 experiments, the
experiments in the star positions and finally an experiment
in the centre of factors.
The CCD method was used to study individual and
synergetic effect of the two factors with three levels towards
defined response. This method can minimize the number of
experiments required to evaluate the main effect of each
parameter and their interactions. Table 2 presents the
boundaries of selected factors.

Chemical composition of FA.
Fe2O3

30.2

2.94

CaO

K2O

Na2O

TiO2

LOI

%

7.12

52.5

Constituent

MgO

Rb

SrO

BaO

ZrO2

Nb2O5

CuO

ZnO

%

1.23

0.0694

0.0518

0.0484

0.0382

0.0156

0.0137

0.0126

LOI: loss of ignition.

SiO2

Al2O3

Constituent

0.822

2.08

0.719

1.03

SO3

P2O5

0.787

0.203
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Figure 1. XRD patterns of fly ash (Q: Quartz; M: Mullite).

• Experimental matrix:
Since, there were just two factors, the experimental
design was a matrix of 9 experiments. This design contains:
– Four experiments corresponding to the full factorial
design.
– Four experiments representing the points in the start
positions.
– One experiment in the centre of the two studied
parameters.
Thus, a total of 9 experiments were generated for the
studied design as presented in table 3.
Table 4 presents the detailed composition of the
geopolymers synthesized as a function of different levels of
factors X1 and X2.
Figure 2.

SEM micrograph of fly ash.

• Response: compressive strengths after 28 days
curing.
• Mathematical model
The suggested fitted model is a quadratic polynomial
expressed by the following equation:
Y ¼ b0 þ b1 X1 þ b2 X2 þ b11 X21 þ b22 X22 þ b12 X1 X2 þ e
Where Y is the predicted response, b0 is the constant
coefficient, b1 and b2 are the main coefficients, b11 and b22
are the quadratic coefficients and b12 represents the interaction coefficients and e is the error term.

• Statistical analysis and optimization tools
The ANOVA test was used to verify the significance of
the fitted model by the calculation of the F ratio (MSR/
MSr). MSR is the mean square due to the regression and
MSr is the mean square due to the residuals [30]. Significance of coefficients was tested by Student’s T-test, the
P-value shows the significance of each factor, the factors
with values of P\0.05 are considered significant and those
with values of P[0.05 are not significant. The isoresponses
and the 3D plots were used to define the compromise zone
containing the optimal response, while the ‘Desirability’
function was used to find the exact optimum setting with a
percentage of compromise.
• Experimental design software
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Figure 3. Particle size distribution of fly ash.
Table 2.

3.

Boundaries of factors.
Levels

Factor
FA/AS
Na2SiO3/NaOH

3.1

Code

–1

0

1

X1
X2

1.5
1.5

2.5
2.5

3.5
3.5

Table 3. Matrix of the 9 experiments generated by the CCD
method.
Experiment series
1
2
3
4
5
6
7
8
9

X1

X2

-1.00000
-1.00000
-1.00000
1.00000
-1.00000
1.00000
0.00000
0.00000
0.00000

-1.00000
-1.00000
1.00000
1.00000
0.00000
0.00000
-1.00000
1.00000
0.00000

Compressive strength

According to ASTM D1633 [31], the compressive strength
test was performed on cylindrical specimen 35 9 70 mm3.
Compressive strength for each mixture was obtained from
an average of 3 cubic specimen. The specimen was tested
after 7 and 28 days of curing.

3.2

X-ray fluorescence

Fluorescence X-ray (XRF) analysis was performed using
wavelength-dispersive (WDXRF) spectrometer Axios type.

3.3

Particle size distribution

Particle size analysis of raw FAs was determined by
dynamic laser scattering (Matersizer-Malvern Instruments,
UK) at MASCIR foundation.

3.4
JMP software version 8 [SAS Institute Inc, JMP 10, Cary,
North Carolina, 2009] was used in the experimental design
conception and the statistical and graphical analyses of data.
This program places at our disposal a package of tools for
finding the optimal operating conditions.

Experimental procedure

Fourier transform infrared spectroscopy analysis:

The Fourier transform infrared (FTIR) spectra were
acquired in the attenuated total reflectance mode, between
4000 and 550 cm–1. FTIR spectrum was carried out on an
apparatus VERTEX 70 in MIR transmission mode with

Bull. Mater. Sci. (2021)44:138
Table 4.

GP1
GP7
GP3
GP9
GP2
GP8
GP4
GP6
GP5

X1 = FA/AS

X2 = Na2SiO3/NaOH

FA

AS

NaOH

Na2SiO3

Veau

1.5
3.5
1.5
3.5
1.5
3.5
2.5
2.5
2.5

1.5
1.5
3.5
3.5
2.5
2.5
1.5
3.5
2.5

100
100
100
100
100
100
100
100
100

66.67
28.57
66.67
28.57
66.67
28.57
40.00
40.00
40.00

26.67
11.43
14.81
6.35
19.05
8.16
16.00
8.89
11.43

40.00
17.14
51.85
22.22
47.62
20.41
24.00
31.11
28.57

55.56
23.81
30.86
13.23
39.68
17.01
33.33
18.52
23.81

eight scans per sample; it was collected from 4000 to
400 cm–1 with a resolution of 4 cm–1.

3.5

X-ray diffraction

Different diffraction patterns of FA and geopolymer were
obtained on Xpert-Pro diffractometer using Cu Ka1 radiation (k = 1.54056 Å). The analytical range is between 10
and 70 with a step of 0.02.

3.6 Scanning electron microscopy with energy dispersive
X-ray
Scanning electron microscopy with energy dispersive X-ray
analysis was carried out using the FEI quanta 450 FEG
focused-ion-beam system, equipped with an EDAX Genesis
energy dispersive spectrometer (EDS) at Moroccan Foundation for Advanced Science, Innovation and Research
(MASCIR).

4.

138

Composition of geopolymers synthesized GP (1–9).

Experiment series
1
2
3
4
5
6
7
8
9
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Results and discussions

4.1 Characterization and mechanical properties
of geopolymers synthesized
Fourier transform infrared spectroscopy (FTIR) is used
for identification of Si–O, Si–O–Si, Al–O–Si bonds [32].
As a result, it is recognized as a very useful technique for
the structural characterization of aluminosilicates and has
been used for studies of geopolymers [33,34]. The FTIR
spectra obtained for anhydrous FA and the 9 FAGP
mixtures after 28 curing days are shown in figure 4.
The main feature of FA FTIR spectra was the band at
1077cm–1 attributed to asymmetric stretching of Si–O–Si
or Al–O–Si, the intensity of this band is proportional to
the reactivity of FA [35]. The band at 458 cm–1 is
attributed to bending vibrations of O–Si–O in [SiO4]

tetrahedron. Quartz may be indicated by the doublet
about 800 cm–1 [34].
In the IR spectra of the nine synthesized geopolymers,
several groups of bands in similar ranges of wavenumber
can be distinguished. Bands in the ranges 3640–3300 and
1870–1600 cm–1 are related to vibrations of [OH] group,
stretching and bending, respectively. Bands in the range of
1542–1354 cm–1 can be attributed to the stretching vibration
of O–C–O group. Peaks in the range of 995–956 cm–1
assigned to the asymmetric stretching of Si–O–(Si or Al)
and bands in the range of 900–600 cm–1, assigned to
bending vibrations of Si–O–T (T = Si or Al).
By comparing the spectra of the geopolymerization
products with the spectrum of the original FA, each synthesized geopolymer shows a shift of the band at 1070 cm–1
to lower wavenumbers. These deviations were caused by a
reduction of the chemical bonding strength, indicating the
substitution of the Si–O–Si by Si–O–Al bonds; this may
imply the formation of N-A-S-H geopolymer gel [36], such
as aluminosilicate gel N-A-S-H of geopolymer or zeolite
frameworks [37]. This shift is interpreted as a result of
penetration of aluminium into original skeleton structure
Si–O–Si, as it was found out at the zeolites. The more
considerable shift was, the higher penetration degree aluminium Al of the vitreous parts of FA into [SiO4]4– network
[38].
The presence of bands around 1409–1463 cm–1 was
also observed, which are attributed to the stretching
vibrations of C–O (1413 cm–1) and also linked to the
vibrations of bicarbonate (1454 cm–1). This is possibly a
result of the formation of sodium carbonate by the
reaction of NaOH with atmospheric CO2, which is easier
with a higher concentration of Na? cations [39,40]. Thus,
the higher the NaOH content (i.e., a lower SiO2/Na2O
ratio), the sharper the bands associated with bicarbonate
vibrations [36].
The absorption bands at 3301–3448 and 1656 cm–1 were
due to the vibrations of the O–H groups. For the same FA/
AS ratio, the intensities of these bands increase with
increasing NaOH content (decreasing Na2SiO3/NaOH
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Figure 4. IR bands of geopolymers after 28 curing days.

ratios). This fact can indicate either the presence of larger
quantities of hydrated phase such as the amorphous NASH
gel or it is linked to the hydroxysodalite in which the OH–
ions are placed in the framework of sodalite [36].

4.2

XRD analysis

The XRD patterns of geopolymers FA-GP synthesized after
28 curing days are displayed in figure 5.
The XRD pattern of FA displayed in figure 1 shows a
broad nonsymmetrical hump between 14 and 30 (2h),
indicating the presence of non-crystalline phases such as

amorphous silica and alumina generated via coal combustion. In fact, it is those amorphous phases that are reactive
and actively involved in geopolymerization reactions. Few
sharp peaks in the FA XRD diffractogram indicate the
presence of crystalline phases, such as quartz and mullite.
The XRD patterns of the nine geopolymers FA-GP
samples prepared present a large amorphous hump between
20 and 40 (2h), which are regarded as the characteristic
peak of geopolymers [41,42] and peaks assigned to quartz
and mullite derived from unreacted particles of FA. This
confirms that the crystalline phases are not reactive or
involved in geopolymerization, but simply present as
inactive fillers in geopolymer network.

Bull. Mater. Sci. (2021)44:138
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XRD patterns of GP1–9 FAGP.

The hump, which is attributed to the vitreous phase of the
original ash, slightly shifted from 14–30 to 20–40 (2h)
values. This change reflects the modifications of the bonds
at the level of the local order during the geopolymerization
process and indicates the formation of an alkaline aluminosilicate hydrate gel N-A-S-H, which has been identified
as the primary product of geopolymerization reaction in the
diffraction patterns of geopolymeric materials [42,44–46].
The N-A-S-H amorphous gel matrix results from the intergeopolymerization of the FA glassy spheres with the alkaline solution.
Sharp peaks at 12, 22 and 44 (2h) were also observed
in the XRD patterns of geopolymers and particularly for
GP1, GP2 and GP3 (FA/AS = 1.5). These peaks are
attributed to hydroxysodalite, which is a zeolitic phase
produced by the geopolymerization process. The more
NaOH content in the reaction mixture, the more intense the
peaks derived from hydroxysodalite. This is in accordance
with other works [36,47]. The generation of hydroxysodalite is also promoted by the decrease of the Si/Al ratio
[36,47] and the increase of NaOH content [37,48].

4.3

Scanning electron microscope

The morphology of the FAG GP1–9 was studied using
scanning electron microscopy (SEM)/EDX. The SEM/EDX
micrographs are displayed in figure 6.
According to the micrographs shown in figure 6, the
microstructure of synthesized FAGs exhibits many characteristics: voids, pores, microcracks, non- or partially
attacked FA spheres, residual alkaline precipitate and dense
and bulky aluminosilicate gel binders. The gel binder produced by the geopolymerization reaction occurred after
mixing the original FA with the liquid alkaline activator. A
large amount of unreacted or insoluble phases such as
quartz and mullite (as determined by XRD) presents in the
samples, which impede the homogeneous distribution and
transport of dissolved alumina (Al(IV)) and silica (Si(IV)),
enhancing the polycondensation to form a geopolymer gel
[43]. The porous microstructure promotes the fire-resistance
properties of elaborated geopolymers.
The modification of the FA/alkaline solution and
Na2SiO3/NaOH ratios resulted in a significant change in the
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Figure 6.
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Micrographs SEM–EDS of geopolymers GP1–9.
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continued

microstructure. As indicated, the SEM micrographs of the
samples GP1, GP2 and GP3 are heterogeneous and contain
microcracks and micropores. It was also noted that the
presence of residual alkaline precipitates and a continuous
dense aluminosilicate gel NASH, characterizes the
geopolymer binder.

For the SEM micrographs of the GP4, GP5 and GP6
samples, the microstructure appears denser and more
homogeneous. The improvement in microstructural homogeneity is conventionally a strong indication of higher
mechanical strength, as illustrated in the results of compressive strength (figure 7). The surface microcracks were
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a

b

c

Figure 7. (a) Compressive strength of the geopolymer specimens after 7 and 28 curing days.
Compressive strength of (b) 7 and (c) 28 days vs. Na2SiO3/NaOH ratio for different FA/AS ratios.
Compressive strength of (d) 7 and (e) 28 days vs. FA/AS ratio for different Na2SiO3/NaOH ratios.
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Table 5.
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Analysis of variance for the fitted model.

Source of variance
Regression
Residual
Total
R2
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Degree of freedom

Sum of squares

Mean square

F-value

P-value

5
3
8
99%

649.10389
5.15031
654.25420

129.821
1.717

75.6192

0.0024

4.4

Figure 8. Curve of observed values as a function of predicted
values; (a) the regression line between the observed and predicted
values; (b) the confidence intervals for the regression line; (c) the
mean of the observed values which is equal to 17.09 MPa.

observed in the GP4 sample; resulting from the evaporation
of water during polycondensation, which creates capillary
tension within the geopolymer matrix.
According to the SEM micrographs, the microstructures
of samples GP7, GP8 and GP9 seem to exhibit an inhomogeneous structure at the microscale, as evidenced by the
presence of randomly distributed micropores and microcracks. It consists of a mixture of non- or partly reacted FA
particles, surrounded by geopolymer matrix.
We also note the presence of small zeolite crystals
observed in the SEM micrographs of samples GP2, GP3 and
GP4. These small zeolite crystals are neoformed in the
NASH gel, which is the precursor of zeolites formation. The
same results were obtained by other workers [49,50]. The
SEM micrographs of GP2, GP5 and GP8 show many needles, which are formed in the surface of the geopolymer
binder. The high concentration of alkali solution surrounded
the FA spheres in the geopolymer paste may cause the
presence of these needles. As a result, the presence of the
neoformed needle or stripe-like particles indicates that
current geopolymer products may have the potential for
future growth in compressive strength in prolonged curing.

Mechanical properties

Figure 7a displays the compressive strengths of the
geopolymers synthesized after 7 and 28 days, the trend lines
of the dependencies between the compressive strength
values and the Na2SiO3/NaOH ratios for different FA/AS
ratios are given in figure 7b and c for both 7-day and 28-day
aged samples, respectively. Figure 7d and e represents the
compressive strength at 7-day and 28-day vs. FA/AS ratio
for different Na2SiO3/NaOH ratios.
In figure 7a, the compressive strengths at 28 days curing
are greater than those at 7 days, except for the GP3 specimen. This result is in accordance with the conclusion of
Wallah and Rangan [51] who reported that the 28-day
strength of FAG concrete increased with age in the order of
10 to 20%, when compared to the 7-day strength. Figure 7a
has shown that the optimal compressive strength at 28 days
is 31.2 MPa for a Na2SiO3/NaOH ratio of 2.5 and an FA/AS
ratio of 2.5. The lowest compressive strength at 28 days is
5.62 MPa for a Na2SiO3/NaOH ratio of 3.5 and an FA/AS
ratio of 1.5.
Specimen GP3 exhibited a compressive strength close to
9.52 MPa after 7 days of curing, but the strength
decreased to 5.62 MPa after 28 days, which is a result of
the excessive concentration of alkali in the system in the
more concentrated NaOH solution. The excess of alkali
can reduce the mechanical strength of the specimens by
causing deterioration of the aluminosilicate gel, N-A-S-H,
which provides compressive strength to the material
[52,53].
For the same FA/AS ratio, the compressive strengths
after 7 and 28 days age are maximum for Na2SiO3/NaOH
ratio of 2.5. When the Na2SiO3/NaOH ratio increases from
1.5 to 2.5, the compressive strength increases. The increase
in the Na2SiO3/NaOH ratio results in augmentation of the
silica content of the mixture. The presence of soluble silica
directly influences the kinetics of the geopolymerization
reaction and also the promotion of the formation of NASH
gel, which is beneficial for the development of strength
[54]. An increase in the alkaline activator content increased
the content of Si species because the alkaline activator
contained sodium water glass (more Si species), increased
the SiO2/Al2O3 ratio, and also increased the geopolymer
strength since the increase in the SiO2/Al2O3 ratio resulted
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Effects of the coefficients of the model that linked the response to the factors.

Term
Constant
FA/AS (1.5, 3.5)
Na2SiO3/NaOH (1.5, 3.5)
FA/SA * Na2SiO3/NaOH
FA/SA * FA/SA
Na2SiO3/NaOH * Na2SiO3/NaOH
*

b0
b1
b2
b12
b11
b22

Estimation

Standard error

Report T

Prob.[|T|

31.766667
2.5733333
–2
–0.2875
–16.02
–5.99

0.976607
0.53491
0.53491
0.655128
0.926491
0.926491

32.53
4.81
–3.74
–0.44
–17.29
–6.47

0.0001*
0.0171*
0.0334*
0.6905
0.0004*
0.0075*

Coefficient statistically significant.

Figure 9. Isoresponses plot showing the optimal compromise
zone leading to the desired compressive strength (32 MPa after 28
days) obtained by the values of the FA/AS and Na2SiO3/NaOH
ratios ranging from 2.45 to 2.7 and from 2.11 to 2.53, respectively.

in more Si–O–Si bonds, which are stronger than Si–O–Al
bonds [55].
On the other hand, when the ratio goes from 2.5 to 3.5, a
decrease in compressive strengths is observed. The decrease
in compressive strengths as the Na2SiO3/NaOH ratio
increases is due to a higher amount of silicate in the system,
because an excess of sodium silicate hinders the evaporation of water and the formation of the structure [56]. This
result is in agreement with the finding of Mustafa Al Bakri
et al [58], who studied the effect of various Na2SiO3/NaOH
ratios on the FAG paste. Six different Na2SiO3/NaOH ratios
(0.5, 1, 1.5, 2, 2.5 and 3) were used in their study. The
highest compressive strengths of 57 MPa were observed at a
Na2SiO3/NaOH ratio of 2.5, which is 18% higher than a
Na2SiO3/NaOH ratio of 3 over 7 days of testing. This
increase may be explained by the use of more sodium

silicate, which has led to more silica gel and thus contributed to the high resistance [54]. Hardjito and Rangan
[57] also affirmed that a high Na2SiO3/NaOH ratio by
mass leads to high compressive strength. The Na2SiO3/
NaOH ratio, by mass, was recommended at around 2.5
for geopolymers based on FA. Conversely, when the
Na2SiO3/NaOH ratio was greater than 3.0, the compressive strength tended to decrease due to the excessive
alkali content, which delays the geopolymerization reaction [58].
According to figure 7d, the compressive strength vs. FA/
AS ratio follows the same trend as that observed for the
variation of the compressive strength as a function of the
Na2SiO3/NaOH ratio. Indeed, for Na2SiO3/NaOH ratio of
1.5 and 2.5, the compressive strength increases first with the
increase in the FA/AS ratio from 1.5 to 2.5; thereafter, the
compressive strength decreases when the FA/AS ratio goes
from 2.5 to 3.5. For Na2SiO3/NaOH ratio of 3.5, the compressive strength decrease with increasing FA/AS ratio. The
highest compressive strength was obtained for FA/AS of 2.5
and Na2SiO3/NaOH ratio of 2.5. The same results were
found by Hardjito et al [59], which concluded that the
highest compressive strength at 28 days of testing of FAG
mortar was obtained for a ratio of FA/alkaline activator of
2.5 [59,60].

4.5

Analysis of composite central design

4.5a Statistical validation of the postulated model: The
results displayed in the analysis of variance table (table 5)
indicate that the main effect of the regression is significant
since the probability of significance of the P-value risk is
less than 0.05. The P-value found is 0.0024 less than 0.05,
thus showing a high significance of all the input
parameters.
The higher the R2 value is, the more significant the
model. Thus, there is a relatively good correlation between
the observed and predicted values. The resulting regression
model is obtained with an R2 value of 99% indicating good
compatibility between the experimental and predicted values of the adopted model. Figure 8 confirms the linearity of
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Figure 10. Desirability plot showing the precise ratios of FA/AS and Na2SiO3/NaOH leading to the optimal compressive strength
(32 MPa after 28 days).

Figure 11. 3D plots for the compressive strength in terms of the two studied ratios of FA/AS and Na2SiO3/NaOH,
showing the desired zone (32 MPa after 28 days).
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the curve representing the experimental values vs. the values predicted by the model.
4.5b Factors effects: The effects of the factors,
statistical values of the Student’s T-values and the
observed probability (P-value) are shown in table 6.
When the magnitude of Student’s T is larger; the P-value
is smaller and the corresponding coefficient term is significant [59]. The value of the constant b0 is equal to 31.7.
According to these results, the significant coefficients are
as follows:
• the Constant b0;
• the linear term b1, b2;
• The quadratic term b11, b22.
The regression equation of the model that was fitted to
the results for the compressive strength after removing the
insignificant terms:
Yb ¼ 31:76 þ 2:57X 1  2X 2  16X 21  5:99X 22
4.5c Optimization of parameters: This study aims to
determine the conditions required to optimize the
compressive strength of the geopolymer products. In this
study, 31.19 MPa was the highest response value for the
nine experiments. A value of 32 MPa was defined as a
maximum value of compressive strength. Thus, we are
going to use graphical tools such as isoresponse and
desirability plots to find the optimal conditions required to
get this value.
4.5d Isoresponses plot: Using the isoresponse plot, we
can consider different responses relative to different
combinations of the operating conditions.
The generated isoresponse profile presented in figure 9
showed that the optimum conditions required to obtain 32
MPa as a response value: values of the ratios FA/AS and
Na2SiO3/NaOH should be between 2.45 and 2.7, 2.11 and
2.53, respectively.
4.5e Desirability: In order to refine the optimization
study, we used the desirability tool that defined precisely the
operating conditions necessary to achieve the required value
with a level of compromise (desirability percentage).
Figure 10 indicates that reaching a response of 32 is
possible with the desirability of around 99% by ensuring a
FA/AS and Na2SiO3/NaOH ratio values 2.58 and 2.33,
respectively.
The desirability graph confirms the previous results
found, which mention that the best value of the response
will be around the centres of the two factors.
4.5f 3D surface plot: The effects of the variables on the
compressive strength are shown in three-dimensional
drawings illustrated in figure 11. There was a maximum
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compressive strength in the central area with a FA/AS and
Na2SiO3/NaOH ratio values around 2.5 for both ratios.

5.

Conclusion

This study is aimed to obtain the optimum mix design of
FAG using CCD. The compressive strength was chosen as
the response of experiments. Two factors that mainly
affected the compressive strengths of the samples were
selected: sodium silicate/sodium hydroxide and FA/alkaline
solution ratios. The CCD–ANOVA model of compressive
strength was developed and statistically validated. The
statistical analysis result shows that the optimal compressive strength (31 MPa) was obtained by ensuring a FA/
alkaline solution and Na2SiO3/NaOH ratios values of 2.5.
These optimal conditions were respected for the geopolymer GP5, which shows the highest compressive strength.
The best resistance was confirmed by the microstructure of
the GP5 sample, which is denser and homogenous. The
fairly high compressive strengths obtained can be exploited
for the application of FAGs in the manufacture of cement,
concrete, refractories, bricks, ceramics, thermal insulating
materials, sleepers of railways, structures restoration and in
several fields of civil engineering.
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[6] Kljajević L M, Nenadović S S, Nenadović M T, Bundaleski
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[43] Duxson P, Fernández-Jiménez A, Provis J L, Lukey G C,
Palomo A and van Deventer J S J 2007 J. Mater. Sci. 42
2917
[44] Alonso S and Palomo A 2001 Cem. Concr. Res. 31 25
[45] Granizo M L, Alonso S, Blanco-Varela M T and Palomo A
2004 J. Am. Ceram. Soc. 85 225
[46] Li X, Ma X, Zhang S and Zheng E 2013 Materials 6 1485
[47] Onisei S, Pontikes Y, Van Gerven T, Angelopoulos G N,
Velea T, Predica V et al 2012 J. Hazard. Mater. 205 101
[48] Rees C A, Provis J L, Lukey G C and van Deventer J S J
2007 Langmuir 23 8170
[49] Palomo A, Blanco-Varela M T, Granizo M L, Puertas F,
Vazquez T and Grutzeck M W 1999 Cem. Concr. Res. 29
997
[50] Kong D L Y, Sanjayan J G and Sagoe-Crentsil K 2007 Cem.
Concr. Res. 37 1583
[51] Wallah S and Rangan B V 2006 Low-calcium fly ash-based
geopolymer concrete: long-term properties
[52] He J, Jie Y, Zhang J, Yu Y and Zhang G 2013 Cem. Concr.
Compos. 37 108
[53] de Azevedo A G and S and Strecker K, 2017 Int. 43 9012
[54] Ling Y 2018 Grad. Thesis Diss.
[55] Abdullah M M A B, Kamarudin H, Abdulkareem O A,
Ruzaidi C and Razak R 2011 Aust. J. Basic Appl. Sci. 5 1916
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