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a b s t r a c t

This study focuses on using fly ash to prepare phosphoric acid-activated metakaolin geopolymer, in
which the replacement of metakaolin by a high percentage (up to 30%) of fly ash was achieved. The
effects of the addition of fly ash on the compressive strength of the resulting geopolymer were tested and
statistically analyzed, and the related mechanism was explored through using X-ray diffraction, field
emission scanning electron microscope, Fourier-transform infrared, and magic angle spinning nuclear
magnetic resonance analysis. The results indicated that the compressive strength of geopolymer main-
tained at a high level even as a high percentage of fly ash was used to replace metakaolin. The key reason
is that fly ash cenospheres effectively optimized the acid-activated geopolymerization of metakaolin. On
one hand, cenospheres prevented the plate-like metakaolin particles from being bonded by the
aluminum phosphate rapidly generating on the particle surface, which promoted the geopolymerization
degree of metakaolin. On the other hand, the three-dimensional network of SieOeAleOeP became
stronger with the increase of the crosslinking degree of Si, Al, and P under the influence of fly ash
cenospheres. These findings demonstrate the feasibility of using fly ash as raw materials for the prep-
aration of high strength phosphoric acid-activated geopolymer, which shows potential for the proper
disposal and effective recycling of fly ash.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Effective recycling of large-scale solid wastes is an important
part of globally green and sustainable development. Fly ash (FA) is
the byproduct obtained from coal-fired electric power plants. Its
global production has reached 750 million tonnes in 2015 (Yao
et al., 2015), and shows an upward trend mainly caused by the
increasing energy demand in developing countries. The official
statistics show that more than 130 million tonnes of FA need to be
resource disposal in 2018 alone in China (Ministry of Ecology and
Environment of the People’s Republic of China, 2020). For
ineralogy and Metallogeny,
Earth Science, Chinese Acad-
.

developed countries, taking the United States as an example, the
rate of FA utilization was only 55.5% in 2018 (American Coal Ash
Association (ACAA), 2020). Therefore, to appropriate disposal of
the residual FA with large quantity is an urgent worldwide chal-
lenge and attracts increasing research interest. Traditionally, the FA
waste is dumped into ash ponds or surface impoundments, but
such a disposal method inevitably causes a variety of environ-
mental problems such as groundwater contamination and air
pollution. For example, since FA normally contains harmful trace
elements, such as arsenic (As), chromium (Cr), and lead (Pb)
(Gollakota et al., 2019; Koukouzas et al., 2007), the improper
disposal of FA bring a big threat of heavy metal pollution to the
living environment of human. Despite that, FA possesses some
desirable properties (e.g., pozzolanic activity) that allow its utili-
zation in some fields including soil amelioration (Pandey and Singh,
2010), preparation of cement (Hemalatha and Ramaswamy, 2017;
Pei et al., 2018; Turgut and Demir, 2019), ceramic (He et al., 2005),
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zeolite (Yao et al., 2009) and fiber (Rambau et al.); in catalysis
(Shaobin, 2008); and as adsorbents for wastewater treatment
(Itskos et al., 2010). Among those fields, the construction industry,
especially as the additive of ordinary Portland cement (OPC), con-
sumes the most FA (Transparency Market Research, 2019). How-
ever, due to a large amount of CO2 discharged by the industry of
OPC production (Peter et al., 2020), more and more efforts have
been taking to look for novel construction materials as the substi-
tute for cement. In this regard, solid industrial waste like FA as raw
materials for the preparation of the newly emerging construction
materials has also being paid much research attention accordingly.

Using alkali-activated geopolymer (GP) for the disposal of FA
provides an alternative pathway for achieving the recycling of solid
waste and cleaner production (Ferraro et al., 2020; Zhuang et al.,
2016). GP is an environment-friendly cementitious material
developed by Davidovits in the 1970s, and thematerials were firstly
named as “geopolymer” in 1979 and gradually accepted by the
materials community (Davidovits, 1979, 1991). Low CO2 emission in
the production of GP makes it an ideal substitute for OPC (Alrefaei
et al., 2019; Provis and Bernal, 2014). GP produced under the acti-
vation of alkali or acid from amorphous aluminosilicate through
four processes, namely, depolymerization, diffusion, poly-
condensation, and solidification (Davidovits, 1989; Khale and
Chaudhary, 2007; Provis and van Deventer, 2009). In an early
stage, the raw material for the preparation of GP is limited to
calcined clay minerals, in which the calcined kaolinite (metakaolin,
MK) is the most frequently used raw material. Wastiels (1994)
firstly utilized FA as raw material to prepare alkali-activated GP
bricks with desired qualities. Since then, FA gradually becomes a
raw material or additive for the preparation of alkali-activated GP
due to its low cost and widespread availability (You et al., 2019).
However, alkali-activated GP itself has some drawbacks, e.g., low
ability to resist fire and high temperature (Buchwald et al., 2007),
volume instability (Fu et al., 1997), poor acid resistance (Temuujin
et al., 2009), and loss of strength over time (Wardhono et al.,
2017). The abovementioned disadvantages severely limit the
massive recycling of FA through the preparation of alkali-activated
GP.

In this work, phosphoric acid-activated GP was used for the
recycling of FA for the first time. Phosphoric acid-activated has
potentially better performances than alkali-activated GP in per-
formances including corrosion resistance (Wagh, 2011), thermal
stability (Celerier et al., 2018; Liu et al., 2010a), mechanical strength
(Dan et al., 2008; Gualtieri et al., 2015; Tchakout�e and Rüscher,
2017), insulation (Cui et al., 2011; Douiri et al., 2014; Liu et al.,
2010b), and utilization of low activated raw material (Zhang et al.,
2020a). These advantages of the phosphoric acid-activated GP
result from the incorporation of the phosphorus into the 3D
structure of GP (Wang et al., 2019a). Thereby, the acid-activated
geopolymer has the potential of being used for the recycling of
FA. However, using solid wastes for the preparation of phosphoric
acid-activated GP has been rarely reported (Wang et al., 2019b). In
the present experimental study, FA and MK were used as raw
materials for the preparation of acid-activated GP, and various mass
fractions of FA were adopted to investigate the effects of FA on the
properties of the resulting acid-activated metakaolin GP as well as
to assess the feasibility of using FA as raw materials of the acid-
activated GP. The results showed that a high percentage of FA (up
to 30 mass%) for the preparation of acid-activated metakaolin GP
was achieved, without noticeably sacrificing the excellence of the
compressive strength of GP. The relevant mechanismwas discussed
on the basis of a comprehensive analysis of the transformations in
the microstructure and chemical environment of elements.
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2. Materials and methods

2.1. Materials

Fly ash (FA) was supplied by Foshan Hengyi Thermal Power
Plant in Guangdong province, China. Kaolinite was sourced from
Maoming, Guangdong province. The chemical compositions of the
FA and kaolinite are presented in Table 1. The FA is classified as Class
F (ASTM C618-19, 2019) due to its low content of calcium (Ca)
(10.80%). Metakaolin (MK) was obtained by calcining kaolinite at
750 �C for 2 h in a muffle furnace. The D50 of the MK particles was
58 mm, and that of the FA was 1 mm. The specific gravity of the MK
and FA was 2.30 and 2.36, respectively. Laboratory-grade phos-
phoric acid solution (85 mass%) was used for acid-activation, and
ultra-pure water was used throughout the experiments.

2.2. Preparation of phosphoric acid-activated geopolymer

The solid raw materials for the preparation of GP were mixtures
of FA and MK mass fractions of FA into MK. Each group of the solid
mixture was blended by a ball mill for 1 h to ensure uniformity. The
acid activators were prepared by the phosphoric acid and water,
which needed to be cooled for 24 h after mixing.

Geopolymers were prepared by adding solid raw materials into
the acidic activators. Themixture of solid and liquid was stirred by a
cement mixer. Following a low speed stirring for 120 s, a 15 s pause
was to scrape the paste on the blade into the mixing pot, and then
stirred at a high speed until the past became watery, which meant
water formed by dehydrated polycondensation. The resulting paste
was cast into the polytetrafluoroethylene (PTFE) molds
(20� 20� 20 mm3), which were then vibrated for 1 min to remove
the air bubbles. The molds were covered with plastic film to pre-
vent water loss. The specimens were cured at a temperature of
40 �C and relative humidity of 90%. After 6 days, they were trans-
ferred to an oven at 80 �C for 24 h without film. Then the specimens
aged at room temperature for further analysis. The final cubic
specimens were designated as G5%FA, G10%FA, G20%FA, G30%FA, and
G50%FA according to the mass fractions of FA in the raw materials.
Meanwhile, pure MK based GP (denoted GMK) was prepared for
comparison. All the samples were synthesized by fixing the molar
ratio of Al/P to 1 (Celerier et al., 2018; Gualtieri et al., 2015). An
appropriate amount of water was added to the phosphoric acid to
make similar fluidity of the different group pastes. Details of the
synthetic parameters are shown in Table 2.

2.3. Characterization methods

The chemical compositions were determined by X-ray fluores-
cence spectrometry (XRF) using a wavelength-dispersive sequen-
tial scanning spectrometer (Shimadzu XRF-1800). The particle size
distribution and specific surface area were measured by JL-1177
laser particle size analyzer.

The effect of different FA proportions on the mechanical prop-
erties of acid-activated GP was characterized by testing the 7- and
100-day compressive strength of specimens determined by a YAW-
300D Compression Resistance Tester (LiXian, Zhejiang) with a
loading rate of 0.5 N/s. A one-way analysis of variance (ANOVA),
followed by a Tukey post hoc test (P < 0.05) test were used to
compare the compressive strength among the geopolymer groups.

The phase changes before and after the geopolymerizationwere
identified by X-ray diffraction (XRD) analysis, which was taken on a
Bruker D8 Advance with Cu-Kɑ radiation at 40 kV and 40 mA. The
scanning range was 3�e70� with a scan rate of 3�/min, and the step
width was 0.02�.

Secondary electron image (SEI) mode of a field emission



Table 1
Chemical compositions of the fly ash (FA) and kaolinite (mass, %).

Components SiO2 Al2O3 CaO Fe2O3 K2O Na2O MgO TiO2 Others LOI

Fly ash 53.63 21.71 10.80 7.96 1.42 1.21 1.17 0.86 0.76 0.33
Kaolinite 32.11 33.05 0.15 0.06 0.76 1.20 0.30 0.01 8.89 23.33

Table 2
The mass fractions of fly ash in the solid raw materials, and the theoretical molar
ratios and solid-to-liquid (S/L) mass ratios between the solid raw material and the
phosphoric acid activator.

Samples Fly ash (mass%) Theoretical molar
ratio

S/L

Al/P Si/Al

GMK 0 1 0.83 0.96
G5%FA 5 1 0.87 0.97
G10%FA 10 1 0.91 0.98
G20%FA 20 1 1.01 1.01
G30%FA 30 1 1.11 1.04
G50%FA 50 1 1.34 1.09
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scanning electron microscope (FE-SEM, HITACHI SU8010) was used
for the characterization of microstructure. The elemental distribu-
tion was obtained using energy-dispersive X-ray spectroscopy
(EDS).

Fourier-transform infrared spectra (FT-IR) were recorded on a
Bruker VERTEX 70 infrared spectrometer. The FT-IR spectra of the
samples in the pressed KBr pellets were collected over a range of
400e4000 cm�1.

Magic angle spinning nuclear magnetic resonance (MAS NMR)
experiments were performed on Bruker AVWB III 600 spectrom-
eter. The tests of 27Al and 31P MAS NMR were operated at a reso-
nance frequency of 156.4 MHz and 242.9 MHz, respectively. 27Al
MAS NMR spectra were recorded using a small-flip angle technique
with a spinning rate of 14 kHz. 31P MAS NMR was carried out on a
4mmHX double-resonanceMAS probe at a sample spinning rate of
12 kHz. Referencing to 1 mol/L aqueous Al(NO3)3 and 85 mass%
H3PO4, the chemical shifts of 27Al and 31P were determined.
3. Results and discussion

3.1. Compressive strength of different groups of geopolymer

The 7- and 100-day compressive strengths of different acid-
activated GP grouping by the mass fraction of FA on 7- and 100-
day are displayed in Fig. 1a. The influence of FA content on the
compressive strengths was explored through one-way ANOVA
(P < 0.05; Table S1) and Tukey post hoc test (P < 0.05; Table S2.).
Statistically significant differences in compressive strengths were
found among the GP in different groups. For 7-day compressive
strengths, GMK, G30%FA, and G50%FA differed among each other, but
G5%FA, G10%FA, and G20%FA had no significant difference. Therefore,
the influence of adding FA on the 7-day compressive strengths can
divide into three stages: (1) the addition of 5e20 mass% FA
decreased the 7-day compressive strengths; (2) the 30 mass% of FA
increased the 7-day compressive strength up to 115 MPa; (3) the
decrease of 7-day compressive strength appeared again as the ad-
ditive of fly ash reached 50 mass%. For 100-day compressive
strengths, the only statistically significant difference was found in
G50%FA. Through long-term aging, the GP containing 5e30mass% FA
obtained statistically similar compressive strengths. The long-term
compressive strengths of the resulting GP kept at a high level even
as the replacement amount of MK by FA was up to 30 mass%.

At the same time, the addition of FA also affected the growth
3

rates and increments of compressive strengths in 7e100 days. As
shown in Fig. 1b, comparing with the negative compressive
strength growth rates of GMK, the compressive strengths growth
rates of G5%FA, G10%FA, G20%FA, and G50%FA were all over 50% and
gradually decreased with the increasing amount of FA. The biggest
increment occurred in G10%FA and was 36 MPa (from 43 MPa to
79 MPa). The changes of compressive strengths of above samples
indicate that the addition of FA did not retard but was favor for the
development of compressive strength when the GP was aged for
100 days. Notably, the unexpected negative growth of the
compressive strengths happened in G30%FA like GMK. It may be due
to the different shrinking percentage and microstructure trans-
formation of the GP products under high curing temperature,
which was affected by the mass ratio of FA and MK (Liew et al.,
2016; Rovnaní k, 2010; Zhang et al., 2020b; Cai et al., 2020).
Despite that, the 100-day compressive strength of GMK and G30%FA
still stayed at a high level (68 and 61 MPa, respectively). Through
comparing the strength development of different groups of GP as
described above, the long-term effect of using FA to prepare acid-
activated GP on compressive strength was proved to be positive.

Different from the previous alkali-activated GP (Duan et al.,
2016; Mustafa et al., 2012; Zhang et al., 2014; Zhang et al., 2014)
whose strengths were sensitive to the proportion of FA (Table S3.).
The acid-activated GP can achieve high accommodation of FA
without much mechanical strength sacrificing both after the short
curing and long-term aging. In addition, with the appropriate
addition of FA (30 mass%), the short-term compressive strength
even to be developed.
3.2. Changes of phase composition and chemical environment of
the elements (Si, Al, P) in different groups of geopolymer

3.2.1. X-ray diffraction (XRD) analysis
The XRD patterns of MK and FA are shown in Fig. 2a and h. The

broad diffractions, characteristic for the amorphous phase, were
observed both in the XRD patterns of MK and FA. Besides, quartz
and illite impurities were found in MK, and quartz, mullite, anhy-
drite, and hematite were found in FA. The centers of the broad
diffraction for MK and FA are at 22� (2q) and 26� (2q), respectively.
According to the area of the broad diffraction patterns, the content
of the amorphous phase was roughly evaluated (Williams et al.,
2011). The smaller area of the broad diffraction pattern in FA in-
dicates the lower content of the amorphous phase in FA than inMK.
Combined with the XRF analysis result of low Ca and Al content in
FA, the acid-activated reactivity of FA was poorer than MK. There-
fore, with the increasing replacement of MK by FA, the reactivity
gradually decreased.

After curing for 7 days, different groups of acid-activated GP
were characterized by XRD, and the patterns are presented in
Fig. 2beg. There were no new diffraction patterns formed during
the geopolymerization. The greatest changes took place in the
central position of the broad diffraction. After reacting with phos-
phoric acid, all the products show broad diffraction from 14� (2q) to
38� (2q) with the center at approximately 27� (2q), which shifted 5�

to a high angle, compared with that of MK. This change was
consistent with the feature of the acid-based GP in previous studies
(Boonchom and Kongtaweelert, 2009; Cui et al., 2010), which



Fig. 1. The 7- and 100-day compressive strengths (MPa) of geopolymer (a) (error bar represents the 95% confidence interval), and the increment and growth rate of compressive
strengths (MPa) in 7e100 days (b).

Fig. 2. X-ray diffraction patterns of (a) metakaolin, (b) GMK, (c) G5%FA, (d) G10%FA, (e)
G20%FA, (f) G30%FA, (g) G50%FA, and (h) fly ash. (Q: quartz; I: illite; M: mullite; A: anhy-
drite; H: hematite).

Fig. 3. Fourier-transform infrared spectra of the (a) fly ash, (b) metakaolin, (c) GMK, (d)
G30%FA, and (e) aluminum phosphate.
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indicates the occurrence of the geopolymerization and the forma-
tion of GP in all groups. The areas of the abovementioned broad
diffractions of different groups of GP were almost identical, indi-
cating that the amount of the amorphous phase in different GP was
almost the same, even 50 mass% of MK was replaced by FA. This
phenomenon demonstrates that the acid-activated geo-
polymerization was not severely affected by the content of FA.
Therefore, a high FA addition amount could be achieved in the acid-
activated GP without sacrificing much compressive strength.

Notably, the diffraction patterns of the anhydrite in FA and illite
in MK disappeared, which indicates that their crystal structures
were destroyed under the action of acid-activator and participated
in the geopolymerization. The other crystalline phases including
quartz, hematite, and mullite in the solid raw materials remained.
4

3.2.2. Fourier-transform infrared (FT-IR) analysis
Fig. 3a and b displays the FT-IR spectra of FA and MK, and the

assignments for the vibrations are reported in Table 3. The stron-
gest band of (Si, Al)eOeSi asymmetric stretching vibration is
observed at 1000e1100 cm�1. In the FT-IR spectra of GMK and G30%FA
(Fig. 3c and d), the bands assigned to OeH (3434 and 1640 cm�1)
were enhanced compared with raw materials, indicating the in-
crease of the free water in GP. The new appearance bands of
3224 cm�1, 636 cm�1, and 918 cm�1, which were assigned to OeH,
PeOeAl, and AleOH bond (Boonchom and Kongtaweelert, 2009),
respectively. This result is consistent with the characteristic bands
of aluminum phosphate (AlPO4) (Fig. 3e) (Louati et al., 2016). This



Table 3
Band assignments of the Fourier-transform infrared spectra of the fly ash and metakaolin.

Fly ash Metakaolin

Wavenumber (cm�1) Suggested assignments Wavenumber (cm�1) Suggested assignments

3642 silanol stretching vibration 3434 -OH stretching vibration
3443 -OH stretching vibration 1634 HeOeH bending vibration
1634 HeOeH bending vibration 1073 SieOeSi(Al) asymmetric stretching vibration
1425 carbonate groups 879 AleO symmetric stretching vibration
1093 and 1042 SieOeSi(Al) asymmetric stretching vibration 806 SieOeSi(Al) symmetric stretching vibration
793 and 776 Doublet of quartz 567 SieOeAl bending vibration
570 SieOeAl bending vibration 462 In-plane SieO bending
462 In-plane SieO bending
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result demonstrated that the formation of AlPO4 during the geo-
polymerization. However, it is difficult to directly identify PeOeAl
vibration from the strong asymmetric stretching spectra near
1100 cm�1, since the vibration band of PeOeAl and SieOeAl is
overlapping (Sitarz, 2008). Nevertheless, the vibration band of
SieOeAl in raw materials shifted to 1081 cm�1 in GP. It is probably
related to the formation of the PeOeAl bond. After geo-
polymerization, the band at approximately 567 cm�1 attributed to
SieOeAl bending vibration in the raw materials shifted to
550 cm�1. This confirms that the chemical environment changes in
the SieOeAl bond after geopolymerization. It might be the
consequence of the partial replacement of silicon-oxygen tetrahe-
dron ([SiO4]) by phosphorus-oxygen tetrahedron ([PO4]) around Al
(Louati et al., 2016), namely the initial SieOeAleOeSi bond was
transformed into SieOeAleOeP. It suggests that one [AlO4]
monomer could react with SieOH and PeOH at the same time
during the geopolymerization.

Moreover, it is worth noting that the discrepancy between GMK
and G30%FA appeared in the bands of 918 cm�1 and 550 cm�1. The
AleOH (918 cm�1) vibration band of G30%FA was weaker and the
SieOeAl (550 cm�1) vibration band was stronger than those of
GMK, which is due to that more AleOH reactedwith SieOHwith the
addition of 30 mass% FA. The SieOH in FA which is located at
3642 cm�1 may increase the polycondensation of Al and Si by
increasing the concentration of SieOH (Wagh, 2012; Wagh and
Jeong, 2010). According to the FT-IR spectra, the main component
of GP was identified as amorphous AlPO4 and a small amount of
polymerized SieOeAleOeP. Due to the addition of FA, more AleOH
reacted with SieOH which developed the degree of crosslinking in
polycondensation.
3.2.3. Magic angle spinning nuclear magnetic resonance (MAS
NMR) analysis

The chemical environment of Al and P which were the main
chemical components to attend the acid-activated geo-
polymerization was further confirmed by MAS NMR. The 31P MAS
NMR spectra of GMK and G30%FA are reported in Fig. 4a and b. Both of
them exhibit a single resonance peak centered at �15
and �13 ppm, respectively. The position was consistent with the
resonance state of AlPO4 (Blackwell and Patton,1984; Li et al., 2013)
which was also evidenced by the FT-IR results. The only one coor-
dination environment of 31P in GP confirmed that P just linked to Al
via oxygen, and there was no unreacted [PO4] monomer due to the
lack of peak centered at 0 ppm (Caro et al., 1990; Celerier et al.,
2019). It could ensure that phosphoric acid could fully participate
in the polycondensationwith the Al/P ratio of 1. Although replacing
MK by FA caused less activated Al in multicomponent raw mate-
rials, there was no appearance of unreacted [PO4] in G30%FA. The
result means that there was still enough AleOH reacting with
PeOH to form GP, whichmeans the amount of GP was not intensely
influenced by FA addition.
5

The 27Al MAS NMR spectra (Fig. 4d and e) exhibits three reso-
nance peaks. The strongest resonance peaks were located
at �7 ppm and �6 ppm in GMK and G30%FA, respectively, indicating
the main coordination structure of Al in GP was hexa-coordination
(AlⅥ) and its monomer expressed as [AlO6]. Different from the AlⅥ

(6 ppm) in MK (Rocha and Klinowski, 1990), the AlⅥ in GP shifted
toward the low field. It is caused by the [PO4] linking with the
[AlO6]. The P atom is more electronegative than Si, resulting in the
chemical shift of the adjacent Al as [PO4] replaced the [SiO4] to link
with [AlO6] (Wang et al., 2007). The high compressive strength of
products may be related to AlⅥ which is the most stable in all
chemical states of Al. During the polycondensation, the more
bridging oxygen the Al had, the greater the degree of crosslinking
could be achieved in GP. Thus, AlⅥ can form a harder 3D network
structure than AlIV which was the main coordination structure in
traditional alkali-activated GP. A small amount of AlⅥ located at
6 ppm in both GP was assigned to the unreacted mineral impurities
(Wang et al., 2018). Moreover, in GP, the tetra-coordination
aluminum (AlIV) also existed. Comparing the chemical shifts of
AlIV in GMK and G30%FA which was located at 47 ppm and 51 ppm,
respectively, it was found that the addition of FA caused the shift of
Al signal to a higher field. This may be due to the increase of the
number of Si connected to AlIV, which coincided with the
enhancement of SieOeAl absorption peak in the FT-IR spectrum.
The increased SieOeAl bonds around AlIV also accelerated the de-
gree of crosslinking, which resulted in a tougher network structure
and exhibited high strength of G30%FA finally.

The results of XRD, FT-IR, and MAS NMR analyses show that
AlPO4 was themain component for GMK and G30%FA. It demonstrates
that the composition of acid-activated GP was quite different from
that of alkali-activated GP. The latter’s 3D structure only consists of
[AlO4] and [SiO4]. For acid-activated GP, [PO4] joined to build the
skeleton. Most of the [PO4] were linked with [AlO6] which was in
the most stable coordination state. The [AlO6] provided more
bridge oxygen atoms to link with the other monomers. The newly-
formed AlPO4 is the isostructure of quartz which could exhibit the
similar mechanical property of quartz. In addition, when FA
replaced 30 mass% of MK, the amount of amorphous GP did not
decrease, and more AleOH reacted with SieOH, which increased
the number of bonds around Al and developed the degree of
crosslinking (Fig. 5). It could increase the stability in the 3D
network structure and have a positive impact on the performance
of compressive strength.
3.3. Effect of material micromorphology on the microstructure of
geopolymer

Micromorphology observations of raw materials and GP were
achieved by SEM. The MK shows the plate-like structure in the
secondary electron image (Fig. 6a). The particles with rounded
boundaries stack perpendicular to themselves orderly. The FA in



Fig. 4. 31P magic angle spinning nuclear magnetic resonance spectra of (a) GMK and (b) G30%FA; 27Al magic angle spinning nuclear magnetic resonance spectra of (c) GMK and (d) G30%

FA. The asterisks denote spinning sidebands.

Fig. 5. Schematic diagram of the crosslinking degree influenced by the cenospheres of fly ash.
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Fig. 6b is the spherical and irregular shape. The spheres are ceno-
spheres formed by melting and agglomerating of the minerals rich
in Si and Al (Yang et al., 2018). EDS spot analysis was used to
determine the Si/Al molar ratio of plate-like particles in MK and
6

spherical particles in FA. The average ratio in plate-like particles
was 0.83 ± 0.02 (95% confidence interval). While in the sphere
particles, the Si/Al molar ratio was varied widely and the compo-
sition of each particle is inconsistent. The secondary electron



Fig. 6. Secondary electron images of (a) metakaolin, (b) fly ash, (c) GMK, and (d) G30%FA. (e) schematic diagram of stacking plate-like particles bonded by geopolymer. (f) schematic
diagram showing the condition of the cenospheres and plate-like metakaolin coexisting. The red spot in (c) represents the sample point of energy-dispersive X-ray spectroscopy
spot analysis of plate-like particles in geopolymer and the yellow spot in (d) represents the sample point of energy-dispersive X-ray spectroscopy spot analysis of continuous phase
around cenospheres. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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images of the GMK and G30%FA are given in Fig. 6c and d. The plate-
like particles are the unreacted MK. Some of them still stacked
orderly, while the others were bonded together by a newly-formed
compact phase to form a bigger particle. On the surface of those
bonded grains, the cladding phase was also be observed, and it
caused the different morphology of the unreacted MK in GP from
the initial coarse MK. EDS analysis was performed on these areas
(taking the area shown in the red spot). The statistics (Table 4)
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show that Si/Al increased significantly to 1.30 compared with 0.83
in MK. It demonstrates that large amounts of Al depolymerized
under the action of phosphoric acid, and the adjacent SieO tetra-
hedral layers of MK remained and interspersed between the
unreacted plate-like particles. Meanwhile, the content of Pwas only
5.12%, which indicates that the formation of the GP phasewas just a
few. Nevertheless, GMK still shows a superior mechanical strength
which reached 75 MPa.



Table 4
The elemental compositions of individual points located in the surrounding of cenospheres and plate-like particles.

Atom percentage (%) Molar ratio

Si% Al% P% Si/Al Al/P

Surrounding (yellow spot) Mean 6.49 11.54 13.39 0.56 0.88
SD 6.82 2.00 2.51 0.61 0.13

Plate-like particles (red spot) Mean 12.80 9.98 5.12 1.30 2.44
SD 3.87 1.04 2.55 0.16 1.24
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In contrast, the unreacted plate-like particles were not observed
in G30%MK (Fig. 6d), which indicates that the MK almost attended
the geopolymerization. After adding 30 mass% of FA, there are
unreacted cenospheres coated by a compact continuous phase.
According to the element content of the continuous phases (taking
the area shown in the yellow spot) by EDS spot analysis (shown in
Table 4), the average of Al/P molar ratio was 0.88 ± 0.13 which was
approximately equal to 1, probably attributing to the formation of
AlPO4.

EDS line scan for GP around the cenospheres (Fig. 7a) shows that
Al and P were positively correlated and maintained uniform in-
tensity, while they were negatively correlated with Si content. The
Fig. 7. Microstructures and elemental distributions of G30%FA. (a) secondary electron imag
spectroscopy line scan. The corresponding element contents of Si, P, and Al along the line a
image of G30%FA with corresponding elemental mapping images of Si, P, and Al. (For interpre
version of this article.)
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areas with a high content of Si exhibited spherical and plate-like
shape, which were different from the structure of GP and corre-
sponded to the unreacted cenospheres and MK in the secondary
electron image, and these unreacted particles were always situated
next to the high P and Al areas. This phenomenon is related to the
low solubility of silicon oxide in an acidic environment (Fraay,
1990). Thus, during the geopolymerization process, the depoly-
merization of silicon oxide almost did not occur, but after the
depolymerization of aluminum oxide from FA and MK, the residual
broken bonds of SieO in raw material particles could reacted with
the Hþ to form SieOH, which facilitated the polycondensation of
AleOH (Davidovits, 2017).
e of G30%FA and the orange line showing the location of the energy-dispersive X-ray
re shown in the line chart under the secondary electron image. (b) secondary electron
tation of the references to color in this figure legend, the reader is referred to the Web
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The EDS element mappings of G30%FA are shown in Fig. 7b. Same
as the line scan, in the element mapping of Si, the region with high
Si content matched the position of unreacted cenospheres and MK.
In the distribution of P, the color near the surface of the unreacted
particles was the brightest, which means that the concentration of
P in these areas was higher than those in other areas. This phe-
nomenon reflects that GP was formed on the surface of unreacted
particles as well as the line scan analysis. Like the sol-gel reaction,
before entering the stage of polycondensation, the formation of
monomer in the environment must reach a certain concentration
during geopolymerization (Wagh, 2012; Wagh and Jeong, 2010). In
the process of depolymerization, [AlO4] depolymerized from MK
diffused to the environment and formed the concentration
gradient. From the surface of the particles to the outside, the con-
centration of [AlO4] monomer decreased gradually. The concen-
tration of Al monomer near the surface of particles could be the first
to reach the requirement to react with [PO4]. After the forming of
GP, unreacted particles were coated and cohered to each other.

In general, the microstructure of GP is like a ‘plum pudding’. The
unreacted particles are embedded in GP just like plum fixed in the
pudding. The GP coats the particles and bonds them together to
form a compact structure. However, the difference is that when
there is only MK, their bond is directionality due to the two-
dimensional shape of the particles, as shown in the schematic di-
agram (Fig. 6e). The unreacted MK was prone to bond with newly-
formed GP to form large particles. Because of the poor mobility of
the plate-like structure, the GP between unreacted MK particles is
few, which might increase the occurrence of particle fracture.
When FAwas added, plate-like MK is dispersed under the action of
flexible spherical cenospheres, as shown in Fig. 6f. The number of
GP around plate-like particles is increasing which is of benefit to
the structural fastness.
4. Conclusions

Fly ash and metakaolin were used as raw materials for the
preparation of the acid-activated metakaolin geopolymer. The
resulting geopolymer showed high compressive strength even as
30 mass% of metakaolin was replaced by the fly ash in the raw
materials. The cenospheres of the fly ash were the key factor that
strongly affected the acid-activated geopolymerization of meta-
kaolin. Benefiting from the spherical structure of cenospheres, the
acid-activated geopolymerization degree of the metakaolin was
increased. Cenospheres avoided the plate-like metakaolin being
bonded by aluminum phosphate so that increased the amount of
metakaolin to depolymerize. In the meantime, the poly-
condensation between AleOH and SieOH was enhanced by the
cenospheres of fly ash, which increased the crosslinking degree of
SieOeAleOeP. As the result, the geopolymer containing fly ash
obtained a tougher structure than the metakaolin-based acid-
activated geopolymer, which demonstrates the advantage of using
fly ash to prepare the acid-activated geopolymer, thus provides a
potentially feasible way to achieve the eco-friendly recycling of fly
ash.
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