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ARTICLE INFO ABSTRACT

Keywords: Silico-aluminophosphate (SAP) geopolymers were synthesized by using metakaolin (MK) and a high content of
Metakaolin fly ash (FA) for the first time. With the increase in the FA mass fraction in the raw materials from 50% to 100%,
Fly ash o the setting time of the SAP geopolymers was shortened and their compressive strength was decreased. The effects
g:z;iﬁ‘;;iz;ad of the FA content on the SAP geopolymers composition and microstructure were investigated. The results showed

that a high FA proportion caused the lack of active aluminum, which led to excess phosphate acid reacting with
the calcium from FA. The fast formation of amorphous calcium phosphate (ACP) shortened the initial setting
time through the consumption of water. However, after long-term aging, ACP transformed into needle- and slice-
like nanoparticles, which decreased the compressive strength of the resulting geopolymers. Moreover, MK
supplied active aluminum to increase the water-containing -Si-O-Al-O-P- network (SAP gel). The SAP gel
contributed to the compressive strength enhancement and prevented the ACP transformation; however, it pro-
longed the final setting time, due to the slow polycondensation of SAP gel. These results indicate that a desirable
setting time and compressive strength of the SAP geopolymers can be achieved by adjusting the FA and MK

contents.

1. Introduction

Geopolymer, a novel inorganic polymer has been considered as an
alternative to Portland cement because of its outstanding mechanical
properties and eco-friendly characteristics (Font et al., 2018). Geo-
polymers can be produced from aluminosilicates sources under strong
alkaline or acidic conditions. Alkali compounds are the most commonly
used activators, including sodium hydroxide (Zhang et al., 2020a), po-
tassium hydroxide, and sodium silicate (Tippayasam et al., 2016). The
alkali activator depolymerize the aluminosilicate precursors into sili-
con-oxygen tetrahedrons ([SiO4]) and aluminum-oxygen tetrahedron
([AlO4]) monomers. Through the polycondensation of the monomers,
disordered -Si-O-Al- three-dimensional structures with different Si/Al
molar ratios can be formed (Davidovits, 1991). The structure carries the
negative charges because of the Al in 4-fold coordination, which is
charge-balanced by metal cations coming from the alkali activator and
impurities in the raw material (Duxson et al., 2007). Geopolymers

formed in this way are defined as alkali-aluminosilicate (AAS) geo-
polymers and have been widely applied in the fields of construction
(Davidovits, 2017) and environmental protection, for several functions,
such as adsorption and immobilization (Abdullah et al., 2017; Joussein
et al., 2019). However, AAS geopolymers have some drawbacks; for
example, the metal cations create deficiencies. The cations species and
quantities result in unstable compressive strength and thermal stability
of AAS geopolymers (van Jaarsveld and van Deventer, 1999; Bernal
et al., 2015; Sellami et al., 2019). Moreover, in acidic media, hydrogen
ions can readily replace the metal cations, which leads to structure
deterioration (Bakharev, 2005).

Acid-activation is another route for geopolymers preparation.
Phosphoric acid (H3POy4) is frequently used as an acid-activator (Liu
et al., 2010; Louati et al., 2016a; Mathivet et al., 2019). Unlike alkali-
activation, in acid activated geopolymerization, the phosphor-
us-oxygen tetrahedron ([PO4]) participates in the polycondensation to
form silico-aluminophosphate (-Si-O-Al-O-P-, SAP) network with water
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molecules (SAP gel). The [PO4] balances the negative charge of [AlO4]
without the involvement of extra cations. The main component formed
by acid-activated geopolymerization is amorphous aluminum phosphate
hydrate (AIPO4-nH20). In AlPO4-nH0, aluminum exists as an alumi-
num-oxygen octahedron ([AlOg]), which is the most stable coordination
structure (Louati et al., 2016a). Thus, the resulting SAP geopolymers
(Wagh, 2005) have excellent properties such as corrosion resistance
(Wagh, 2011), efflorescence resistance (Wang et al., 2019a), thermal
stability (Celerier et al., 2018) and dielectric property (Liu et al., 2010;
Douiri et al., 2014). Moreover, Wagh (2004) assessed the energy usage
during the phosphate binder production. The energy consumption of
phosphate binder production was one-quarter that of Portland cement
production, and the phosphorus in the spent SAP could be extracted and
used as fertilizers for crops (Jelinski et al., 1992; Raven and Loeppert,
1996). In this regard, being phosphate-containing materials, SAP geo-
polymers are more sustainable and more environmentally friendly than
AAS geopolymers.

Clay minerals reserves are abundant worldwide (Deng et al., 2017).
Clay minerals are one of the major aluminosilicate sources for geo-
polymers preparation. Among the minerals, metakaolin (MK), the
calcination product of kaolinite, is commonly used to prepare geo-
polymers because of its outstanding pozzolanic properties (Sabir et al.,
2001; Wang et al., 2015; Toniolo and Boccaccini, 2017; Li et al., 2019;
Zhang et al., 2020b). In recent years, with the growing concern on
pollution control and clean production, the use of industrial solid waste
as the raw materials of geopolymers has received increasing attention
globally. Several solid wastes containing reactive silica and alumina,
such as fly ash (FA) (Hajimohammadi et al., 2019), granulated blast-
furnace slag (Komnitsas and Zaharaki, 2009; Khan et al., 2016),
biomass ash (Alonso et al., 2019) and red mud (Afolabi et al., 2019),
have been found as good candidate raw materials for AAS geo-
polymerization. However, the use of solid waste to prepare SAP geo-
polymers has rarely been studied, which limits the practical use of SAP
geopolymers in the field of recycling of solid waste.

Fly ash is a commonly used solid waste for the preparation of AAS
geopolymers. It is an abundant, readily available, and low-cost alumi-
nosilicate source (Vassilev and Vassileva, 2005; Yao et al., 2015; Yan
et al., 2016). Numerous studies have confirmed the advantages of FA for
the preparation of AAS geopolymers; for example, it reduces the water
requirement and increases the compressive strength of the geopolymers
(Laskar and Talukdar, 2008; Provis et al., 2010; Zhang et al., 2014). Fly
ash has been identified as one of the most suitable solid wastes for the
preparation of AAS geopolymers. However, the feasibility of using FA
for the preparation of SAP geopolymers remains unclear to date and the
influence of FA on the properties of SAP geopolymers deserves
investigation.

In this work, we used FA and MK to prepare SAP geopolymers and
investigated the effects of the FA and MK amounts on the geopolymers
composition, microstructure, and properties. The possible physical and
chemical interactions of FA and MK during geopolymerization were
explored based on comprehensive microscopic and spectroscopic char-
acterizations of the reaction products.
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Guangdong. The chemical compositions of FA are presented in Table 1.
The calcium (Ca) content in FA was close to 10 mass%, which classifies
FA as Class F (ASTM C618-19, 2019). The aluminum (Al) content of the
FA was low, only 21.7 mass%. The loss on ignition (LOI) being almost
zero indicates the low content of unburned organic matters such as
carbon particles, which increases the water requirement (Zhang et al.,
2016).

Metakaolin (MK) was obtained from the calcination of kaolinite
(Maomin, Guangdong) in a muffle furnace at 750°C for 2 h. The main
chemical compositions of kaolinite are presented in Table 1.

The acid activator was a phosphoric acid (85 mass%) solution.

2.1.2. Properties of the raw materials

The particle size distribution, specific surface area, and specific
gravity of the FA and MK are listed in Table 2 and Fig. 1a. The results
show that the MK particles were much larger than the FA particles,
which was caused by the calcination treatment. The approximate spe-
cific gravities of the FA and MK are beneficial to mixing uniformity.

Fig. 1b is the scanning electron microscopy (SEM) image of the FA.
Cenospheres, pleropheres and solid particles with varying sizes can be
observed. According to the energy-dispersive spectroscopy (EDS) anal-
ysis, the Si/Al molar ratio of FA was 1.07 + 0.23, and the contents of Si
and Al, with different shapes were not constant. The MK particles
maintained a plate-like microstructure (Fig. 1c). They were stacked
together to form large clusters, which increased the particle size, and the
Si/Al molar ratio of MK was 0.83 + 0.01 according to the EDS test.

Fig. 2a shows the Fourier-transform infrared (FT-IR) spectra of FA
and MK. The bands in the regions 1000-1100 cm ! are signed to the Si-
O-T(Si, Al) asymmetric stretching vibration (Pimraksa et al., 2011;
Singhal et al., 2017). In the FT-IR spectrum of FA, the typical doublet at
776 and 793 cm ™! corresponds to the Si-O-Si vibration of quartz (Criado
etal., 2005; Rozek et al., 2018). The band at approximately 570 cm ™! is
attributed to the symmetric stretching vibration of Si-O-Al of mullite
(Criado et al., 2005; Liu et al., 2016). The sharp band at 3642 em™!
corresponds to the vibration of T (Si, Al)-O-H, which was not found in
the MK.

The mineral compositions of the FA and MK can be identified by the
X-ray diffraction (XRD) patterns (Fig. 2b). The abilities of the raw ma-
terials to undergo geopolymerization mainly depend on the amorphous
phase. The presence of the amorphous phase in both raw materials is
indicated as a broad diffraction pattern. Different short-range orders
resulted in diverse center positions of the broad diffraction pattern,
which was at 26° (26) in FA and at 22° (26) in the MK. According to the
area of the broad diffraction pattern, the amorphous phase amounts can
be compared (Williams et al., 2011). The amorphous phase content was
rather low in the FA but high in the MK, which indicates that the FA had
a much lower reactivity than the MK. Moreover, the main crystal phases
in MK were quartz and illite, while those in FA were quartz, mullite,
anhydrite, and hematite.

Table 2
Physical properties of the FA and MK.

2. Materials and methods Materials  specific Specific surface area (m?/  Particle size
gravity cm®) distribution (pm)
2.1. Materials D10 D50 D90
FA 2.36 8.16 0.29 1.16 3.34
2.1.1. Precursors and acid activator MK 2.30 0.77 7.38 29.33 5835
Fly ash (FA) was supplied by a thermal power plant in Foshan,
Table 1
Chemical compositions of the FA and kaolinite (mass %).
Components SiOy Al,03 CaO Fe,03 K20 Na,O MgO TiOy Others LOI
FA 53.63 21.71 10.80 7.96 1.42 1.21 1.17 0.86 0.76 0.33
Kaolinite 47.69 36.48 0.08 0.69 0.65 0.07 0.11 0.36 0.26 13.47
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Fig. 1. (a) Particle size distribution of the FA and MK. SEM images of (b) FA
and (c) MK.

2.2. Preparation of SAP geopolymers

The solid materials for synthesizing SAP geopolymers were the
mixtures of MK and FA. Each of the solid mixtures was mixed by a ball
mill for 1 h at 56 rmp to ensure uniformity. The acid activator was a
mixture of phosphoric acid and ultrapure water. After the mixing, the
solutions were cooled for 24 h before use.

Geopolymers were prepared by adding the solid mixture into acidic
activator. The slurry was stirred by a cement mixer for 5 min. The
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resulting paste was cast into polytetrafluoroethylene (PTFE) molds (20
x 20 x 20 mm?’), which were then vibrated for 1 min to remove the air
bubbles. The molds were covered with plastic wrap to prevent water
loss. The specimens were cured at a temperature of 40°C and relative
humidity (RH) of 90%. After six days, they were transferred to an oven,
where they were dried at 80°C for 24 h without film. The final cubic
specimens containing 100, 80, 70 and 50 mass% FA were designated as
GFA, GFAgg, GFA7( and GFAs, respectively. Then the specimens were
aged at room temperature. All the samples were prepared by fixing the
theoretical molar ratio of Al/P to one (Celerier et al., 2018; Gualtieri
et al., 2015). The appropriate amount of water was added such that the
groups of paste had similar fluidity. The details of the design are pre-
sented in Table 3.

2.3. Characterization methods

The contents of major elements were determined by X-ray fluores-
cence spectrometry (XRF) using wavelength-dispersive sequential
scanning spectrometer (Shimadzu XRF-1800).

The particle size distribution and specific surface area were
measured by JL-1177 laser particle size analyzer.

The setting times of fresh pastes were measured using the Vicat
needle penetration tests according to the ASTM C191 standard (ASTM
C191-19, 2019).

The compressive strength of SAP geopolymers on day 7 and day 100
was examined by cement compression machine, using a loading velocity
of 0.5 N/s. In each group, at least seven specimens were tested. After the
statistical testing to remove outliers, the remaining data were used for
strength assessment.

The compressive strength results were analyzed using one-way
analysis of variance (ANOVA). Tamhane’s T2 (P = 0.05) was used for

Table 3
The mass fraction of FA in raw materials, the molar ratio and solid-to-liquid mass
ratio (S/L) between raw material and phosphoric acid activator.

Samples FA (mass%) MK (mass%) Al/P* Si/Al* S/L

GFA 100 0 1 2.15 1.27
GFAgo 80 20 1 1.78 1.19
GFA7o 70 30 1 1.62 1.16
GFAso 50 50 1 1.34 1.09

* The mole ratios of Al/P and Si/Al was based on the XRF analyses and the mass
ratios of FA and MK in solid mixtures. The total content of SiO, and Al,O3; were
calculated as the mass of solid mixture was determined. The molar ratio of Al/P
was kept to 1 by adjusting the mass of phosphoric acid.
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Fig. 2. (a) FT-IR spectra and (b) XRD patterns of the FA and MK (Quartz: JCPDS No. 46-1045, Illite: JCPDS No. 26-0911, Mullite: JCPDS No. 83-1881, Anhydrite:
JCPDS No. 37-1496, Gehlenite: JCPDS No. 35-0755 and Hematite: JCPDS No. 33-0664).
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post hoc multiple comparisons to determine the group differences.

X-ray diffraction (XRD) patterns were obtained using a Bruker D8
Advance diffractometer with Cu-Ka radiation at 40 kV and 40 mA; the
scanning range was 3° to 70°, with a speed of 3°/min and a step width of
0.02°.

Fourier-transform infrared spectra (FT-IR) were obtained using a
Bruker Vertex-70 FT-IR spectrometer. In the FT-IR testing, the powdery
sample mixed with KBr was pressed into a transparent round slice and
tested in the wavenumber range from 4000 cm™! to 400 cm™! under
transmittance mode.

Thermal gravimetry with differential scanning calorimetry (TG-DSC)
was applied to detect the thermal decomposition and phase transition of
samples within the range of 30°C to 1000°C. The test was completed on a
Netzsch STA 409 PC instrument with a heating rate of 10°C/min under
an air atmosphere.

A field emission scanning electron microscope (FESEM, HITACHI
SU8010) was used to observe the samples microstructure. Meanwhile,
the equipped energy-dispersive spectrometer (EDS) was used to analyze
the element type and micro-components content.

3. Results and discussion
3.1. Setting time

Fig. 3 shows the initial and final setting times of SAP geopolymers
with different FA/MK ratios. The initial setting time corresponds to
when the monomer concentrations reach the level for polycondensation
to occur and the gel partially forms (Wang et al., 2018). For GFA, GFAg,
GFA7o and GFAs, the initial setting time was 12, 20, 89 and 875 min,
respectively. The increasing fraction of MK resulted in the initial setting
time prolonging dramatically. Previous investigations indicate that
divalent metal cations (e.g., Mg>" and Ca?") effectively shorten the
initial setting time (Wang et al., 2019b, 2020). For GFA, the short initial
setting time was mainly caused by the Ca in the FA. Divalent metals
oxides commonly have a higher solubility in an acid environment than
trivalent metal cations (Wagh and Jeong, 2003). Thus, Ca was dissolved
before Al to form calcium phosphate at the beginning of the SAP geo-
polymerization. The calcium phosphate combined with a large amount
of Ho0, causing the specimen to rapidly solidify. In GFAgy, GFA7y and
GFAs, the MK partially substituted the FA, and the content of active Al
gradually increased. When large amounts of Al were released after Ca
dissolution, [PO4] began to react with [AlO4]. Because the solubility of
aluminum phosphate is much lower than that of calcium phosphate, the
formation of Al-containing oligomers of SAP may cause calcium

1800
1500

Initial setting time

1200+ —eo—Final setting time

900
600
300

25 o/

N\t
A\
A\
A))

Setting time (min)

GFA GFA,, GFA,, GFA,,

Fig. 3. Initial and final setting time of the SAP geopolymers with different
contents of the MK.
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phosphate to redissolve. The setting times of GFAgy, GFA7o and GFAs,
were affected by the further SAP polycondensation, which is a slow
process (Dan et al., 2008). Hence, both the initial and final setting times
multiplied with the increase in the MK amount in the raw materials.
Nonetheless, compared with the MK-based SAP geopolymers (the final
setting time was more than 48 h (Wang et al., 2018)), the SAP geo-
polymers with FA as the main raw materials had a lower setting time,
which is more practical and energy-efficient.

3.2. Compressive strength

The compressive strengths of different SAP geopolymers on day 7
and day 100 are displayed in Fig. 4. The GFA strength on day 7 reached
8.6 MPa. After further aging at room temperature for 93 days, the
compressive strength of GFA was reduced to 6.3 MPa. The strength of
GFAgg, GFAyo, and GFAs( on day 7 were over 24.0 MPa, and GFAso had
the highest compressive strength (43.5 MPa) on day 100. The one-way
ANOVA analysis results (Table 4) showed significant differences (P <
0.05) among the groups of geopolymers with different mass fractions of
MK; the MK content affected both the day-7 and day-100 compressive
strengths of the SAP geopolymers. The post hoc multiple comparisons
confirmed the degree of this influence. Different lowercase letters (i.e.,
a, b, and c) after values in the same rows of Table 4 represent significant
differences at P = 0.05. The results indicate that adding 20 and 30 mass
% MK had a similar effect on compressive strength. The addition of 50
mass% MK had the greatest impact, which greatly increased the
compressive strength of GFAs. For the compressive strength increment
in 7-100 days, the post hoc multiple comparisons showed that only the
addition of 50 mass% MK enhanced the compressive strength increment.
No difference in increment existed between GFA, GFAgg, and GFA7. The
MK mass fraction lower than 50 mass% cannot contribute to the sus-
tained growth, which proves that the day-7 compressive strengths of
GFA, GFAgg, and GFAy represented the final mechanical performance.

The calcium phosphate gel only displayed fast polycondensation but
had no capacity of developing compressive strength (Gualtieri et al.,
2015; Tchakouté et al., 2017; Wang et al., 2019b; Wang et al., 2020).
Increasing the mass fraction of MK to enrich the active Al leads to both
excellent short- and long-term compressive strengths. The GFAgp sample

O Compressive strength on day 7
O Compressive strength on day 100
# Incrementin 7-100 days

50- - 15
z [
= 404 / 10
= 5
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S 304 / % g
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Z 20 / =
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0 .
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Fig. 4. Compressive strengths of the SAP geopolymers with the different mass
fractions of FA and MK on day 7 and day 100, and the increment of compressive
strength in 7-100 days. (error bar represents the 95% confidence interval).
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Table 4

Compressive strengths on day 7 and day 100 and the increment of compressive
strength in 7-100 days of the SAP geopolymers with different mass fractions of
FA and MK. The ANOVA test and Tamhane’s T2 test showing the mean
differences.

Compressive strength (MPa) ANOVA

GFA GFAgo GFA7¢ GFAsg F P
Day 7 8.6a 25.5bc 24.5b 29.8¢c 233.15 0.00
Day 100 6.3a 24.3b 25.7b 43.5¢ 675.62 0.00
Increment —2.3a —1.2a 1.2a 13.7b 103.23 0.00

a, b, c Means with the same lowercase letter in the same rows are not statistically
different (P = 0.05).

had only 20 mass% MK but featured an acceptable proper setting time
and compressive strength on day 100 (ASTM C150/C150M-20, 2020).

3.3. Changes in the compositions of SAP geopolymers

3.3.1. XRD analysis

The mineralogical compositions of SAP geopolymers are illustrated
in Fig. 5a. The central positions of the broad diffraction pattern in all
geopolymers are approximately 27° (20) without displacement
comparing with FA (Fig. 2b), but the area of the broad diffraction
pattern is significantly larger than that of FA, which indicates the for-
mation of an amorphous phase. This result conforms to the SAP

'!'HTFH'HT!'FH'FrH‘H"T!‘FH‘lTFH’HTFFFH‘[
10 20 30 40 50 60 70

20 (Deg.)
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=
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Fig. 5. (a) XRD spectra of the GFA, GFAgy, GFA;, and GFAs, (B: brushite,
JCPDS No. 72-1240, G: grossite, JCPDS No. 23-1037, W: whitlockite, JCPDS
No. 09-0169 and Z: zeolite, JCPDS No. 31-0580). (b) XRD standard spectra of
the quartz and berlinite (JCPDS No. 10-0423).
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geopolymerization in previous studies in which products with a broad
diffraction pattern centered at 27° (20) were proved to be amorphous
berlinite (AIPOy4) (Louati et al., 2016a). Furthermore, AIPOy4 is the iso-
structure of quartz, and its XRD patterns are similar to those shown in
Fig. 5b. Amorphous AIPO4 features the same short-range order with
quartz, as well as properties such as hardness and thermal stability.
Silico-aluminophosphate geopolymers containing abundant amorphous
AlPQy4 feature excellent mechanical properties.

In GFA, the characteristic diffraction of anhydrite (CaSO4) in FA
(Fig. 2b) was absent, which indicates that the crystal structures of CaSO4
were destroyed under the action of the acid-activator. In GFAgy, GFA7,
and GFAs, the Ca released from CaSO4 existed mainly in the form of
brushite (CaHPO4-2H;0) whose diffractions are shown in Fig. 5a.
However, no diffraction of CaHPO4-2H0 crystal was found in GFA.
Perhaps, Ca occurred in GFA only as amorphous calcium phosphate
(ACP), which exhibits the increasing broad diffraction pattern area, even
the amount of active Al in FA was low. Amorphous calcium phosphate is
an inevitable intermediate product when Ca reacts with [PO4] (Tao
et al., 2007), which will transform into other stable calcium phosphate
phases (Brown, 1962). Moreover, the other crystalline phases including
quartz, hematite, gehlenite, and mullite in the raw materials did not
participate in the SAP geopolymerization and remained in the final
products.

3.3.2. FT-IR analysis

The spectra of GFA, GFAgy, GFA7o, and GFAs( are presented in
Fig. 6a-d. The vibration bands around 3225 cm L, 918 cm™ !, and 549
cm ™! in the geopolymers correspond to aluminum phosphate hydrate
(AIPO4-nH50) (Fig. 6e) (Boonchom and Kongtaweelert, 2009). Based on
the XRD analysis (Fig. 5a), which indicated that the SAP geo-
polymerization product is amorphous phases, and the FT-IR analysis, the
major product of SAP geopolymerization was identified as amorphous
AlPO4-nH>0. However, it was hard to distinguish the Al-O-P vibration
around 1100 cm™! because it was overlapped by the asymmetric
stretching vibration of Si—O which was located at almost the same
position (Sitarz, 2008; Zhang et al., 2020c). The O—H vibration peak is a
representative peak to demonstrate the existence of amorphous
AlPO4-nH>0. In the SAP geopolymers, in addition to the common O—H
stretching vibration of absorbed H,0 (3434 cm ! and 1643 cm™), a
new O—H vibration band occurred at 3225 cm ™! which is assigned to
the crystal water in AIPO4-nH0. Different from the case of GFA, the
peak intensity of 3225 cm ™! was enhanced when the content of MK was
increased from 20 to 50 mass%, which was the result of the increased
AlIPO4-nH50 amount.

3225 1643 918 549
+ H g H

_/é\//

(a) GFA :

(b) GFA,, A
(¢c) GFA,, / /.
(d) GFA,, J\
(¢) AIPO, -nH /\

4000 3500 3000 1500 1000 500

Wavenumber cm™

Fig. 6. FT-IR spectra of the (a) GFA, (b) GFAg, (c) GFAyo, (d) GFAso, and (e)
AlPO4-nH,0. The red dotted line indicates the characteristic vibration peaks of
SAP geopolymers.
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The vibration bands at 549 cm ! did not match the P-O-Al vibration
(525 em ™) in the pure AlPO4-nH>0 and overlapped with the Si-O-Al
stretching vibration of mullite (570 cm™!), which did not participate
in the SAP geopolymerization. The blueshift of P-O-Al vibration was
caused by the partial replacement of [PO4] by [SiO4] around the Al atom
(Louati et al., 2016b). This indicates that one [AlO4] monomer can
undergo polycondensation with [PO4] and [SiO4] at the same time. The
formed Si-O-Al-O-P is one of the structural units of SAP geopolymers.
Moreover, the vibration band at 918 em lis assigned to the T(Al, P)-OH
vibration (Louati et al., 2016b; Zhang et al., 2020a). With the increasing
mass fraction of FA in the raw materials, the SAP geopolymers exhibited
a significant strengthening of this band, which represents an increase in
the unreacted T(Al, P)-OH amount in the resulting geopolymers.

3.3.3. TG-DSC analysis

The experimental results of TG curves for each group of SAP geo-
polymers are presented in Fig. 7a. The GFAso sample featured the largest
total weight loss (20.6%) between 30°C and 1000°C, followed by GFAy(
(17.6%) and then GFAgy (16.3%). While GFA only lost 9.0% of its
weight. Most of the weight loss occurred before 240°C, which conforms
to the characteristics of crystal water. Moreover, the weakening trend of
weight loss was consistent with the decreasing amount of O—H assigned
to the AIPO4-nH0, which has been proved by FT-IR analysis (Fig. 6).

The differential scanning calorimetry (DSC) curves (Fig. 7b) reflect
the SAP geopolymers thermodynamic stability. The only exothermic
peak appearing around 650°C corresponds to the phase transformation
of monetite (CaHPO4) which was formed from brushite (CaHPO4-2H0)
losing the crystal water at 200°C. The CaHPO4 further dehydrated to be
calcium pyrophosphate (CayP207) when the temperature increased to
650°C (Wikholm et al., 1975). The phase transformation of CaHPO4 at
high temperatures causes the poor thermodynamic stability of GFAg,
GFA7g, and GFAs. For the dehydrated amorphous AlPOy, it was stable
even the temperature up to 1000°C (Youssif et al., 2004), which results
in the SAP geopolymers exhibiting excellent thermodynamic stability
(Wagh, 2011).

3.4. Changes in the microstructure of SAP geopolymers

The SEM images of GFA aged for 7 and 100 days are displayed in
Fig. 8a and b. The particle surface was covered by a gelatinous substance
on day 7 (Fig. 8a). Through EDS analysis, the main elements in the
microstructure were P, Ca, Al, and Si (Fig. 8c). However, the gelatinous
substance disappeared after 100 days accompanied by the formation of
the needle- and slice-like particles (Fig. 8b). Needles were distributed
over the matrix surface; cracks and a few slices were interspersed among
the needles (Fig. 8d). The whole matrix was analyzed via EDS to obtain
the elemental map. As shown in Fig. 8e, Ca and P were spread all over
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the matrix at the highest concentrations, followed by Al and Si. The
evolution of the Ca-rich microstructure is attributed to the ACP which is
an unstable intermediate. Under the different conditions (e.g., temper-
ature, pH, and Ca/P molar ratio), ACP could transform into the ther-
modynamically stable CaHPO4-2H,0, CaHPO4, or hydroxyapatite (Tao
et al., 2007) in the shape of slices (Fernandez et al., 1998), needles
(Kumar et al., 2004), or spheres (Kumar et al., 2004). Most of the needle-
like calcium phosphates observed in GFA were nanoscale. Those nano-
rods were difficult to be detected by XRD in the form of crystal patterns
but featured the amorphous diffraction pattern (Onuma et al., 2000).
The reason why there are abundant nanorods of calcium phosphate in
GFA can be attributed to the presence of excess phosphoric acid.
Although the dosage of acid activator was calculated to match the
theoretical content of Al in the raw materials, the percentage of active Al
was low in FA. Most of the phosphoric acid reacted with Ca to form ACP
during the geopolymerization. The transformation of ACP into needle-
like particles loosened the original structure of GFA. Hence, the
compressive strength of GFA was reduced after aging for 100 days
(Fig. 4).

Fig. 9a is the SEM image of GFAg after day-100 aging. The GFAgg
appeared as a compact solid with some cracks. Different from GFA, the
GFAg hardly featured nanorods and slices of calcium phosphate, which
means that the calcium phosphate particles in GFAg( did not rearrange.
The Ca distribution in GFAgy was obtained by EDS mapping analysis. In
Fig. 9d, green spots represent evenly distributed Ca with low density.
The matrix was rich in Al and P, which had the same distribution pat-
terns. This reflects that calcium phosphate was dispersed among the
SAP. According to the XRD and TG-DSC analyses, MK resulted in the
species of the formed calcium phosphate different from that in GFA.
Some parts of Ca formed CaHPO4-2H50 particles, which were deposited
in the SAP gel. The others consisting of the ACP was immobilized by SAP
at the initial stage of the reaction, which prevented ACP from trans-
forming to nanorods.

Some areas in Fig. 9d exhibit high concentration of Al and P is
contributed to the SAP formed by geopolymerization. The Si-rich parts
were due to the unreacted particles (e.g., cenospheres, quartz, and MK).
Fig. 9b is the local enlarged image of the SAP and unreacted ceno-
spheres. A mass of pores is observed in the region containing SAP. The
porosity was probably caused by the evaporation of water (Dan et al.,
2008; Tchakouté et al., 2017). As depicted in Fig. 9b, SAP adhered to the
cenospheres surface and cements them to the other particles, which
might be due to the abundant Si-OH groups on the surface of ceno-
spheres that facilitated the polycondensation (Stumm and Morgan,
2012). For MK, the tetrahedral SiO4 sheet can reobtain —OH after its
exposure to acidic medium (Henri, 1996). The SAP gel formed on the
surface of the tetrahedral SiO4 sheet and cemented multiple sheets
together. This phenomenon can be reflected by the element distribution
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Fig. 7. (a) TG and (b) DSC curves of GFA, GFAgy, GFA7,, and GFAsq.



H. Guo et al.

waf O
1444
126K p
24 &£ 1084
Ca g 090k
A S wm
P04 054k Al
+ 0.36k Ca
HZO 0.18k Si ACa
%00 100 200 300 400

Energy (keV)

Nanorod

100 Lm

100 jm

Applied Clay Science 204 (2021) 106019

100 pm

Fig. 8. SEM images of GFA (a) on day 7 and (b) on day 100. (c) EDS spot analysis of the GFA matrix. (d) local enlarged image of the nanorod and slice in the GFA. (e)

corresponding quantitative EDS maps for Ca, P, Al, and Si.

of plate-like particles shown in Fig. 9c, which shows a high concentra-
tion of Si and relatively low concentrations of Al and P.

3.5. Mechanism of SAP geopolymerization with the different mass
fractions of FA and MK

The above analyses of the SAP geopolymers show that the different
mass fractions of FA and MK in the raw materials affected geo-
polymerization resulting from the different contents of Ca and active Al.
At the beginning of the geopolymerization, Ca was released from FA
before Al, which was caused by the higher solubility of calcium oxide
than aluminum oxide under acidic conditions. Abundant Ca reacted
with phosphoric acid and water to form ACP particles. This quick-
reaction shortened the initial setting time of geopolymers. As Al was
released in the later stage of geopolymerization, the phosphoric acid
preferably combined with [AlO4] monomers because aluminum phos-
phate has a lower solubility than calcium phosphate. Therefore, the ACP
particles re-dissolved to release [PO4] monomers and react with [AlO4]
monomers if the amounts of [PO4] monomers are insufficient to react

with Ca and Al simultaneously. For GFA, owing to the lack of active Al,
the ACP did not re-dissolve so that abundant ACP transformed to the
needle- and slice-like particles that damaged the structure tightness of
GFA in the later stage.

For the geopolymerization with a high mass fraction of MK,
adequately active Al was released from MK to form SAP gel. Under the
effect of Si-OH groups which exists in the FA or is newly formed on the
residual tetrahedral SiO4, the SAP tended to form on the surface of these
particles and bonded them together to form a compact matrix. Although
the SAP gel porosity was caused by the evaporation of water, as the main
coordinate of Al in SAP gel, [AlOg] linking with [PO4] provided a stable
isostructure of quartz. Thus, the SAP geopolymers showed excellent
compressive strength. However, the polycondensation of SAP gel was a
slow process, and the setting time was inevitably prolonged.

4. Conclusions

Metakaolin and fly ash with different ratios were used as alumino-
silicate sources to synthesize silico-aluminophosphate (SAP)
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Fig. 9. (a) SEM image of GFAg, after day-100 aging. Local enlarged images of (b) porous SAP and (c) unreacted MK bonded by SAP. (d) the corresponding

quantitative EDS maps for Ca, Al, Si, and P.

geopolymers. A high mass fraction of fly ash in the raw materials was
used for the SAP geopolymers preparation. The resulting SAP geo-
polymers exhibited excellent properties including short setting time and
high compressive strength. These properties were dramatically affected
by the relative ratios of fly ash and metakaolin. The high fly ash content
provided abundant calcium, which shortened the setting time but
deteriorated the compressive strength by forming amorphous calcium
phosphate. With the increasing metakaolin content, the SAP gel for-
mation was enhanced, which improved the compressive strength by
inhibiting the destructive effect of amorphous calcium phosphate on the
geopolymers microstructure. However, a high metakaolin content
resulted in prolonged setting time, due to the slow polycondensation of
SAP gel. These results demonstrate that the SAP geopolymers prepara-
tion using metakaolin and solid waste, that is, fly ash, is feasible;
moreover, the major properties of SAP geopolymers can be adjusted by
regulating the relative ratios of fly ash and metakaolin, allowing for
versatile applications.
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