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e Better packing density and higher -early
strength of SS-rich geopolymer.

¢ C-S-H and portlandite as the main hydration
phase in SS-rich geopolymer.

* Increased Si/Al of geopolymer gel and better
long-term performance of  SFA-rich
geopolymer.

* Low cost of SFA-SS geopolymers concrete.
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ABSTRACT

Geopolymer is a material with high early strength. However, the insufficient durability properties,
such as long-term strength, acid-base resistance, freeze—thaw resistance, leaching toxicity, thermal
stability, sulfate resistance and carbonation resistance, restrain its practical application. Herein, a long-
term stable geopolymer composite with high final strength (ASK1) was synthesized from shell coal
gasification fly ash (SFA) and steel slag (SS). Additionally, a geopolymer composite with high early
strength (ASK2) was also synthesized for comparison. The results showed that ASK1 exhibited better
performance on freezing-thawing resistance, carbonization resistance and heavy metals stabilization
compared to the ASK2 at long-term curing. Raising the curing temperature could accelerate the
unconfined compressive strength (UCS) development at initial curing ages of 3 to 7 d. Both ASK1
and ASK2 exhibited excellent acid-base and sulfate corrosion resistance. An increase for UCS was
seen under KOH solution and MgSO, solution corrosion for ASK1. All leaching concentrations of
heavy metals out of the two geopolymers were below the standard threshold, even after 50 freezing-
thawing cycles. Both ASK1 and ASK2 geopolymer concrete exhibited higher sustainability and
economic efficiency than Portland cement concrete. The result of this study not only provides a
suitable way for the utilization of industrial solid waste in civil and environmental engineering, but
also opens a new approach to improve the long-term stabilities of the geopolymers.
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1 Introduction

The traditional cementitious material of Portland cement
is widely used as a binder material in concrete
production. Nevertheless, the cement production process
usually leads to significant greenhouse gas emissions and
energy consumption, causing severe environmental
pollution and energy waste (Wu et al., 2019; Li et al,,
2022b; Liu et al., 2022b). Therefore, environmentally-
friendly alternative binder materials to substitute Portland
cement become increasingly necessary (Jin et al., 2020).
Geopolymer, a new type of inorganic aluminosilicate
binder with an amorphous or semi-crystalline nature, is
frequently used as a replacement for Portland cement to
obtain sustainable construction materials (Zheng et al.,
2015; Huang et al., 2020; Kumar et al., 2021; Trincal
et al., 2022; Zhang et al., 2022a). Geopolymer is a low-
carbon cementing material first proposed by Davidovits
in the 1970s. It has been reported to exhibit a wide variety
of properties for multi-applications, such as cementitious
binders (Li et al., 2021), hazardous substance stabilization
(Wang et al., 2017; Liu et al., 2022; Lan et al., 2022), fire
resistance (Lahoti et al., 2019), wastewater treatment
(Rasaki et al., 2019), new building materials (Raza and
Zhong, 2022), etc.

Up till now, the development of geopolymers with high
early strength and quick hardening has been the research
focus of many scholars. The laws of setting and develo-
pment of early strength for geopolymers can be regulated
using fast setting agent, creating appropriate curing
conditions, or aggressive chemical treatment. Hassan
et al. (2019) verified that curing at high temperature could
greatly accelerate the strength development of geopoly-
mer concrete. After curing for several hours at 80-90 °C,
the compressive strength can reach about 90% of the
maximum strength. Al-Majidi et al. (2016) investigated
the influence of curing conditions on the mechanical
properties of fly ash-slag geopolymer mortar. Results
showed the geopolymer subjected to elevated temperature
curing conditions possessed higher early strength than
that under ambient conditions at the curing age of 3 d.
However, the compressive strength remained almost the
same for the heat-cured geopolymer at the curing age of
28 d. Most previous studies about the design of geopoly-
mer mainly focus on excellent mechanical properties at
early stages, there are few studies involving the long-term
strength and stability of the geopolymers. It is well
known that the particle size distribution of the raw
materials can greatly affect the density of the internal
structure of the geopolymer, which was closely related to
its durability properties (Qaidi et al., 2022). In addition,
the system’s alkalinity greatly impacts the amount of
dissolved Si and Al, which can influence the degree of
geopolymerization and long-term stability of the
geopolymers (Liu et al, 2022a). The durability
performance of geopolymer is also one of the key factors

to determine whether it can be widely used in industrial
applications (Fu et al., 2021; de Oliveira et al., 2022;
Gholampour et al., 2022). Therefore, there is urgent need
to achieve a balance between the initial and long-term
properties of the designed geopolymers under multiple
conditions.

Geopolymers are usually fabricated from silica- and
alumina-rich source materials. Shell coal gasification fly
ash (SFA) and steel slag (SS), as two kinds of industrial
solid waste, both possess a certain reactivity for
geopolymerization and hydration (Kusiorowski et al.,
2021; Zhu et al., 2021; Ma et al., 2022). However, it was
reported in our previous studies that there was great
difference in particle size, chemical composition and
hydration process between the two particles (Chen et al.,
2019; Zhou et al., 2022). SFA was richer in amorphous
silicon and aluminum than SS, resulting in diverse
polymerization processes for the two particles. In addi-
tion, the particle size of SFA was much smaller than that
of SS. The raw materials with various particle size
distributions would result in different mechanical
properties at diverse curing ages. More importantly, the
mineral composition, microstructure, compactness and
alkali content of SFA-based geopolymer and SS-based
geopolymer varied from each other, which may lead to
differences in the long term properties. To the best of our
knowledge, a systematic study on the durability of
geopolymers prepared using SFA and SS as raw materials
has never been explored.

Herein, we developed a novel technology to provide an
effective approach for the materialization of amorphous-
rich slags. Two types of geopolymers with high early
strength and high final strength respectively were
properly designed and successfully synthesized based on
SFA and SS. The unconfined compressive strength and
flexural strength of the geopolymers were studied.
Moreover, long-term stability capabilities of acid-base
resistance, freeze—thaw resistance, leaching toxicity,
thermal stability, sulfate resistance and carbonation
resistance were systematically evaluated. The specific
goals were 1) revealing the competition mechanism of
geopolymerization and hydration of the amorphous-rich
slags based geopolymers by introducing in SS, 2) inves-
tigating the long-term stabilization of heavy metals and
the durability mechanism, and 3) comparing the
mechanical properties and the cost of production of the
two geopolymer concrete (GPC), which can provide
technical support for promoting the comprehensive
utilization of the industrial solid wastes and pave way for
the sustainable development in the construction industry.

2 Materials and methods
2.1 Materials

SFA was supplied by Sinopec in Yue Yang, Hunan,
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China. SS was converter slag obtained from Baowu Steel
Group in Wuhan, Hubei, China. All the SS was ball-
milled at 3000 r/min for 40 min by the XQM-4L ball
milling machine, and then passed through a 0.075 mm
sieve. MK was acquired by calcinating Kaolin with an
analytical purity of 99.8% at 750 °C for 1 h. All the above
raw materials were dried at 105 °C for 24 h before use.
Kaolin, water glass (industrial purity) and sodium
hydroxide (analytical purity) were all purchased from
Sinopharm Chemical Reagent Co. Ltd. The chemical
compositions of raw materials are given in Table 1.

Alkalinity 7 is defined as the mass ratio of alkaline
oxides (Na,O, K,0, Ca0) and acidic oxides (SiO,, Al,Os,
Fe,0,) in the ash. The results showed that SFA and SS
were alkaline industrial wastes. The content of CaO in
steel slag was as high as 45.72%, and the pH value of
leaching solution reached 10.32. SFA and SS were both
industrial solid wastes, in which trace heavy metals may
affect the environment. Accordingly, TCLP method was
used to evaluate the heavy metal leaching characteristics,
and the results were shown in Fig. S1. It could be seen
from Figure S1 that the leaching concentrations of Cd,
Mn and Ni in SFA were 5, 10 and 40 times higher than
the Class III limit value in the Standard for Groundwater
Quality (GB/T 14848-2017), respectively, which may
cause environmental risks in the long term service. In
contrast, the leaching concentrations of heavy metals in
SS and MK were respectively low, so they were suitable
as alkali-activated raw materials. The particle sizes of the
raw materials were tested using a laser particle size
analyzer.

2.2 Synthesis of geopolymer

According to our previous study, two kinds of
geopolymers with high early strength and high final
strength respectively were successfully synthesized. The
geopolymer with the highest long-term unconfined
compressive strength (UCS) was named ASK1. The mass
ratio of SFA:SS for ASK1 was controlled at 2:1, and 3%
of MK was used as the admixture to provide the early

Table 1 Chemical composition of raw materials (%)

Major components SFA SS MK

SiO, 59.43 11.9 56.09
MgO 2.08 3.16 0.06
Fe,0, 225 31.85 0.77
Na,O 1.58 0.03 0.18
CaO 5.17 45.72 0.26
AlLO, 20.72 1.23 40.23
K,0 2.37 0.03 0.16
SO, 0.2 0.22 0.01

Cl 1.57 0.03 0.02
Leaching pH 8.05 10.32 7.03

strength. The geopolymer with the highest early UCS was
named ASK2. The mass ratio of SFA:SS for ASK2 was
controlled at 1:10, and 3% of MK was also used as the
admixture.

The activator mixture was prepared using 31.9% of
NaOH solution (Sodium Hydroxide, SH), 53.2% of water
glass (Sodium Silicate, SS) and 14.9% of deionized
water. The raw materials after drying were mixed
according to the designed ratio, and then stirred for 5 min.
After that, the alkali-activated solution was added, and
the mixture was under continuous stirring for 5-10 min to
obtain the precursor. The slurry was placed in a 20 mm x
20 mm x 20 mm mold and cured under different
temperatures and humidity. After 24 h of curing, the
specimens were demolded for the measurements.

2.3 Analysis methods of geopolymer

2.3.1 Mechanical property test

The UCS and flexural strength (FS) of geopolymers were
tested at curing ages of 3, 7, 14, 28 and 60 d (under the
curing condition of 23 + 2 °C with a relative humidity of
65 + 5%). Specimens having size of 40 mm x 40 mm X
160 mm were subjected to FS test according to the
Standard for the Test Method of Cement Mortar Strength
(ISO method) (GB/T 17671-2021) with cement electric
anti-folding tester (DKZ-5000) at a loading rate of 50 +
10 N/s. The broken prisms at FS test were then used for
UCS tests at a loading rate of 1000 N/s with a universal
compression test machine (60 kN max. WEW-300E.
Wuxi, China) according to the Standard for Test Method
of Basic Properties of Construction Mortar (JGJ/T 70-
2009).

2.3.2 Freeze-thaw resistance test

The freeze—thaw resistance of geopolymers mortar
samples with dimensions of 20 mm X 20 mm % 20 mm
were evaluated using a rapid freeze—thaw cycle test with
different freeze—thaw times according to the Standard for
Test Methods of Long-term Performance and Durability
of Ordinary Concrete (GBT50082-2009). The weight loss
and UCS of specimens at 0, 10, 25, 50 and 100
freeze—thaw times were test, respectively. The crushed
specimens were broken and sieved through a 0.9 mm
mesh, then dried at 60 °C. Next, the dried specimen
blocks were immerged in an acetic acid buffer solution
(pH = 2.88) with a solid-to-liquid ratio of 50 g/L
according to TCLP test. The concentration of the heavy
metals in leachates was detected with an inductive
coupled plasma mass spectrometer (ICP-MS).

2.3.3 Acid-base and sulfate resistance test

The geopolymer mortar samples with dimensions of
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20 mm x 20 mm x 20 mm were cured at 23 + 2 °C with a
relative humidity of 65 + 5% for 1 d. Subsequently, the
specimens were put into HNO,; solution (with H*
concentration of 5 wt%), KOH solution (with
OH~ concentrations of 5, 10, 15, 20, 15 wt%), 5 wt%
sulfate solution (MgSO,, Na,SO,, and Na,SO,/MgSO,
mix solution) and cured for 5, 30, 45, 60 and 90 d,
respectively. All solutions were pre-prepared and
renewed every three days. After the acid/base and sulfate
exposure, the specimens were taken out and dried at
60 °C. The control sample without soaking were main-
tained under curing condition of 23 + 2 °C with a relative
humidity of 65 £ 5% for the same duration. After the
sulfate exposure, the UCS with and without exposure
were measured for UCS loss calculation. The UCS and
mass variation of the specimens with and without
exposure to acid and base solution after 28 d was used for
the evaluation of acid-base resistance performance.

2.3.4 Thermal stability test

The slurry precursor was quickly cast into a mold (20 mm
x 20 mm x 20 mm) and sealed to prevent excessive
moisture loss and pre-cured in a thermostat at 20, 30, 40,
60 and 90 °C for 24 h with a relative humidity of 90 +
5%, respectively. After 24 h of pre-curing, the specimens
were demolded and re-cured at 23 + 2 °C with a relative
humidity of 65 + 5% for 28 d. After the secondary curing,
the UCS of geopolymers were investigated.

2.4 Characterization of geopolymer

2.4.1 Mineralogical characteristics

The mineral compositions of the obtained samples were
characterized by X-ray diffraction (XRD) analysis on D8
advance X-ray diffractometer with filtered Cu Ka
radiation (A (Kal) = 1.54056 A, voltage of 40 kV and
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current of 40 mA) having a scanning speed of 5°/min and
diffraction angle from 10° to 80°.

2.4.2 Morphologies and elemental compositions

The morphologies and elemental compositions of the
crushed samples (d < 1 mm) were examined using
scanning electron microscopy (SEM, JSM-5610LV,
magnification ranging from 5000x to 15000%) equipped
with an energy-dispersive X-ray (EDX) analyzer after
coating with Au for 2 min at 15 mA, 1 mbar.

2.4.3 Thermogravimetric analysis

The CaCO; or crystal water content of the solid samples
obtained from the from thermogravimetry (TG/DTG,
STA499c, heated from 30 to 1000 °C at a rate of
10 °C/min under the atmosphere of N,). The weight loss
from 600 to 800 °C corresponded to the decomposition of
calcite.

3 Results and discussion
3.1 Mechanical property of geopolymer

The influence of curing age on the UCS and FS of the
two kinds of geopolymers was investigated and shown in
Fig. 1. The development of UCS for geopolymers was
affected by the proportion of raw materials. It could be
seen from Fig. 1(a) that the UCS of ASK1 was relatively
low at the initial stage, which was only 9.0 MPa after 3 d
of curing. However, the UCS of ASK1 increased rapidly
thereafter, which could reach 76.6 MPa after 60 d of
curing. It was because the geopolymerization process of
ASKI1 included periodic steps of dissolution, homoge-
neous nucleation, and heterogeneous growth. The
repeated geopolymerization process contributed to the
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Fig. 1 (a) UCS, (b) FS and (c) Flexural compression ratio of ASK1 and ASK2.
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continuous growth of UCS for ASK1 (Zhou et al., 2022).
In comparison, ASK2 exhibited high early strength, with
UCS close to 20.0 MPa after 3 d of curing. However, the
UCS of ASK2 was immediately surpassed by that of
ASK1 after curing ages of 5 d. Similar to UCS, FS of
ASKI1 also developed slowly at initial stage, and
increased rapidly at later stage (Fig. 1(b)). Although the
initial FS of ASK1 was lower than that of ASK2, the later
FS of ASKI1 exceeded that of ASK2. Fig. 1(c) indicated
that the flexural compression ratio of ASK1 and ASK2
tended to increase as the curing age increased from 5 to
28 d, but began to decrease after 28 d. Studies (Gao et al.,
2022) have indicated that Si/Al ratio and microstructure
development of geopolymer are determining factors of
flexural strength. As the dominant polymerization
proceeded in ASK1, Al was consumed, which affected
the structural reorientation and resulted in the formation
of a small amount of granular geopolymer with higher
Si/Al ratio and impeding the flexural strength
development (Tang et al., 2022). Therefore, the flexural
compression ratio of ASK1 decreased at later curing ages.

The particle size distributions of SFA, SS and MK were
presented in Fig. 2(a). It was well known that the
Modified Andreasen and Andersen model (MAAM) was
widely used to design cement-based materials with an
optimized particle packing (Ragalwar et al., 2020; Zhang
et al., 2022b), and the model parameters were presented
in Eq. (1).

D!-D!,
P(D)) = DL D x 100%, (1)

where D; is the particle size (um), P(D,) is the fraction of
the total solids smaller than size D,, D, is the maximum
particle size (um), D,;, is the minimum particle size (um)
and ¢ is the distribution modulus. As recommended in
previous literature (Brouwers, 2000), the value of ¢ is

fixed at 0.25 in this study.
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Here, MAAM acted as a target function for the
theoretical optimization of the constitution of the raw
materials. The target curve and the cumulative distribu-
tions of the dry mixtures were shown in Fig. 2(b). Accord-
ing to the actual situation, an optimization algorithm
based on the Least Squares Method (LSM) as presented
in Eq. (2) was employed to obtain the mix proportions
closest to the target curve.

RSS = " [P (D) = Py (DT,
i=1
where RSS refers to Residual Sum of Squares, P, and
P, represent the volume distribution of the particle in the
mix curve and target curve, respectively.

As could be seen in Fig. 2(b), although ASK2 possess-
ed a larger particle size than ASKI1, the cumulative
distribution of the dry mixtures for ASK2 was closer to
the target curve than that for ASK1. Also, the RSS for
ASK?2 was calculated to be 4282, which was much
smaller than that of ASK1 (18277). The results revealed
better packing density of the granular components for
ASK2. At initial stage of curing ages when the degree of
polymerization was relatively low, the better packing
density for ASK2 generally endowed the geopolymer
with larger mechanical property. With the increase of
curing age, ASK1 showed better mechanical performance
than ASK2. It was due to the fact that ASK1 had a higher
content of SFA, which was potentially an excellent
hydration active material, promoting the strength
development for ASK1 at later stage of curing ages when
higher polymerization degree was gradually reached.

2

3.2 Durability of geopolymer

3.2.1 Acid-base resistance

UCS and mass loss of ASK1 and ASK2 under acid and
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Fig. 2 (a) Particle size distributions of raw materials and (b) the target curve and the cumulative distributions of the dry mixtures.
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base corrosion were measured and shown in Fig. 3. For
the two geopolymers, the mass loss under HNO,
corrosion was both less than 10%. It was well known that
the bridging oxygen bonding was more vulnerable to H*
attack in Si-O-Si than that in Si-O-Al (Guo et al., 2016).
The oxygen atom in Si-O-Al would be destroyed only
when the cation with balanced charge was separated.
Therefore, ASK1 had stronger acid corrosion resistance
than ASK2 because the Al-O-R content in ASK1 was
higher than that in ASK2.

Geopolymer was synthesized via alkali excitation, thus
its alkali resistance was better than acid resistance. The
UCS of ASKI increased slowly with the increase of KOH
concentration. When the KOH concentration reached
25%, the UCS of ASKI1 rose from 64.5 to 68.6 MPa.
However, a slight mass loss of ASK1 (less than 0.5%)
immersed in 5%-15% KOH was observed. It was
because alkali could promote the dissolution of raw
material fragments and polymers with low degree of
polymerization in ASKI, facilitating the re-polymeri-
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Fig.3 The acid-base corrosion resistance of ASK1 and ASK2.
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zation reaction. In addition, a slower growth rate of UCS
and a continuous mass loss were found in ASK2. This
might be contributed to the high SS content in ASK2. The
C,S and C;S in SS are more vulnerable to alkali attack
(Liu et al., 2021a), leading to decreasing the rate of
geopolymerization reactions in the raw materials and the
lower UCS growth.

3.2.2 Freeze—thaw resistance

The UCS loss and FS loss of the geopolymers at different
freezing and thawing cycles were presented in Fig. 4. The
loss rates of UCS for ASK1 and ASK?2 after 10/25/50/100
freeze—thaw cycles were 3.8%/13.7%/21.4%/48.8% and
8.4%/14.8%/25.7%/51.3%, respectively. The freeze—thaw
resistance of ASK1 was better than that of ASK2, with
the UCS of ASKI still reaching 35 MPa after 100
freezing and thawing cycles. As was well known that the
polymerization degree of SiO, and AlO, tetrahedron in
the geopolymer was relatively high (Cheng et al., 2018),
and the repulsive force between molecules was large, thus
making the loss of UCS during freezing and thawing
rather small. For ASK2 with a higher content of SS, the
loss of UCS was more evident. It was because the
hydration products produced by SS were more easily
affected by the freezing and thawing cycles. Moreover,
for the two geopolymers, the FS loss rate both exceeded
30% after 10 cycles, and exceeded 55% after 100 cycles.
Freezing and thawing led to the expansion of free water,
destroying the polymer structure (Davidovits, 2017). The
reason for the large loss of FS was that the cracks in
samples were in parallel with the pressure load, while the
damage caused by flexural stress was perpendicular to the
pressure load (Aygdrmez et al., 2020a).

The leaching concentrations of the heavy metals after
0/10/25/50/100 cycles of freezing and thawing were
tested and shown in Fig. 5. There was a sharp decrease in
the leaching concentration of heavy metals after
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Fig. 4 (a) UCS loss and (b) FS loss of ASK1 and ASK2 at different freezing and thawing cycles.
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Fig. 5 Leaching concentrations of the heavy metals at different freezing and thawing cycles.

geopolymerization reaction for both ASK1 and ASK2.
The heavy metal stabilization efficiency of ASKI1
followed the order of Ni (99.2%) > Cd (94.7%) > Cu
(93.6%) > Pb (92.8%) > Mn (68.9%) > Zn (65.7%). And
the heavy metal stabilization efficiency of ASK2
followed the order of Cu (94.7%) > Ni (94.4%) > Zn
(94.2%) > Mn (91.1%) > Pb (83.9%) > Cd (49.5%). After
50 cycles of freezing and thawing, the leaching
concentrations of all the heavy metals in the two
geopolymers were lower than the standard limit,
indicating the long-term stabilization effect on the heavy
metals. The leaching concentrations of Mn in ASK1 and
Ni in ASK2 only slightly exceeded the standard limit
after 100 cycles of freezing and thawing, which had a
negligible impact on environment as the toxicity and the
ecological risk of these two heavy metals were relatively
low.

3.2.3 Thermal stability

The influence of different curing temperatures on the
UCS of the two geopolymers was investigated and

presented in Fig. 6. During the early period of curing for
ASK1, the UCS increased with the increase of
temperature from 20 to 60 °C. And there was nearly no
change in the UCS when the temperature exceeded 60 °C.
It was because the initial reaction mainly included
dissolution and polycondensation. In this case, increasing
temperature could efficiently increase the rate of
polycondensation reaction. However, when the tempera-
ture rose to a certain level, the increased water loss could
hinder the dissolution of active minerals and slow down
the polycondensation process, thus hindering the
development of UCS. After 28 d of curing, there was not
evident increase of UCS when the temperature ascended.
The UCS even decreased when the temperature exceeded
60 °C. It was mainly because polycondensation reaction
was completed during the late curing ages. The increase
of the temperature may accelerate the dissolution of
scattered polymers in alkaline environment and destroy
the polymer structure instead (Aygormez et al., 2020b),
leading to the decrease of UCS.

For ASK2 with high early strength, the increase of the
curing temperature would prevent the formation of
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Fig. 6 UCS variation of ASK1 and ASK?2 influenced by curing temperature.

hydration products. The UCS started to decline when the
temperature exceeded 60 °C at the curing ages of 3 and 7
d. And the UCS started to decline when the temperature
exceeded 40 °C at the curing ages of 28 d. The results
indicated that the increase of curing temperature could
only accelerate polymerization process, but had no
obvious effect on the final polymer product.

3.2.4 Sulfate resistance

The influence of sulfate on the UCS of the two
geopolymers was investigated and presented in Fig. 7.
After immersed in Na,SO,, MgSO, and the mixed
solution of Na,SO,/MgSO, for 90 d, the loss rate of UCS
for ASK1 was 6.2%, 5.7% and 4.1%, respectively, and
the loss rate of UCS for ASK2 was 6.1%, 5.9% and 5.5%,
respectively. Both geopolymers showed excellent sulfate
corrosion resistance. In Portland cement, sulfate could
corrode C-S-H gel, and coprecipitate with Ca" to
generate CaSO,, causing expansion and fragmentation of
the cement (Chen et al., 2021). In the geopolymer,
however, Na*, Kt and Ca?" were harmonic ions for
charge balance between interlayers of polymer molecular
chains. In this case, the coprecipitation of sulfate and
Ca?" had little effect on the structure of the geopolymer.
Among different sulfate solutions, the loss rate of UCS
under Na,SO, corrosion was the highest for the two
geopolymers. It was because the ionization degree of
Na,SO, was higher than that of MgSO,. Additionally, the

smaller radius of Na' ions endow them with faster
diffusion speed and stronger erosion effect. Notably,
during the immersion period of 0-15 d, the UCS of the
two geopolymers increased by about 4%. It was because
at the initial stage of diffusion, Na™ and Mg?* could enter
into the geopolymers to balance the charge, leading to the
closer connection between the geopolymer molecules and
the improvement of the UCS for the geopolymers.

3.2.5 Carbonation resistance

CaCO; produced by carbonization could cause expansion
and damage to the building material structure (Meek
et al., 2021), resulting in the decrease of UCS. According
to the weight loss curve in TG-DTG, the content of
crystal water in the mineral and the degree of carbonation
could be quantitatively analyzed. From the TG-DTG
curves of the two geopolymers at the curing age of 60 d
(Fig. 8), it could be seen that the weight loss of ASKI
was much less than that of ASK2. For ASK1, little weight
loss was observed when the temperature was below
600 °C. The weight loss of 1.2% for ASK1 between 600
and 800 °C was attributed to the CaCO; decomposition.
And the content of CaCO, was calculated to be 2.73% for
ASKI1. There were three weight loss ranges for ASK2.
The initial weight loss between 100 and 150 °C was
caused by the desorption of pore water and surface
adsorbed water. The weight loss between 200 and 250 °C
was due to the loss of bound water of almandine and
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hydrated calcium aluminate, etc. (Westrum et al., 1979).
The weight loss up to 9.3% was observed between 600
and 770 °C, due to the CaCO; decomposition. And the
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N
\,\/\’f\
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content of CaCO; was calculated to be 20.52% for ASK?2.
The results demonstrated that the carbonation resistance
of ASK1 was much higher than that of ASK2. ASK2 had
a higher content of SS, which contained a certain amount
of f-CaO. Thus it was easier for ASK2 to form the
mineral phase containing Ca in alkaline system,
endowing it with poorer carbonation resistance. Cations
such as Ca?" and Na' in the geopolymers were bound by
the negatively charged polymer, providing less chance for
the contact between Ca?" and CO;>~ in the liquid phase
(Bortnovsky et al., 2008).

3.3 Characterization of geopolymer

3.3.1 XRD analysis

Mineral compositions of ASK1 and ASK?2 at curing ages
of 3, 28 and 60 d were measured and presented in Fig. 9.
A broad peak was found between 18° and 30° for the
ASK1 precursor, implying the presence of amorphous
silicon and aluminum phases (Chindaprasirt et al., 2022).
At the curing age of 3 d, the mineral compositions of
ASK1 and ASK2 greatly resembled that of ASKI
precursor. With the increase of curing ages, the position
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Fig. 9 XRD patterns of ASK1 and ASK2 at diverse curing ages.
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of the center of the broad peak gradually shifted toward
the higher angle region, implying the occurrence of
geopolymerization for the two geopolymers (Silva et al.,
2007). It was worth noting that at the curing ages of 60 d,
the peaks of C,S, CSH, Ca(OH), and CaCO; could also
be found. The appearance of an amorphous peak at the
curing age of 3 d for ASK2 was contributed to the
formation of some geopolymer fragments wrapped on the
surface of SS particles. With the increase of curing age,
the hydration reaction took place at the same time,
leading to the emergence of the diffraction peaks of
hydration products at the curing age of 60 d for ASK2.
Also, the strong alkalinity promoted the formation of
Ca(OH), and CaCO;. Compared with ASK2 precursor,
the diffraction peak of RO was weakened. It was also
because the hydration reaction greatly reduced the crystal
properties of ASK2 precursor (Bai et al., 2019).
Moreover, the obvious diffraction peaks of C,S at the
curing age of 60 d for ASK2 were attributed to the low
hydration activity of C,S (Chang et al., 2021).

3.3.2 SEM/EDX analysis

The morphologies of blended raw materials and geopoly-
mers at different curing ages were shown in Fig. 10.
Irregular fragments after alkali corrosion appeared both in
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X
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&

overed silica S]gm
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L NET !
o ¥ {
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ASKI1 and ASK2 precursor slurry (Figs. 10(a) and 10(b)).
In addition, ASK1 precursor showed some sphere struc-
tures, which was attributed to a high content of SFA glass
beads. After curing for 3 d, the main structures of ASK1
and ASK2 were formed (Figs. 10(a) and 10(b)). And the
more condense structure of ASK2 endowed it with higher
early strength. With the increase of curing ages, more
integrated surface was formed in ASK1, but there are still
some pore with diameter around 1-5 pm distribution in
the matrix. At the curing age of 60 d, spherical structures
of glass beads completely disappeared in ASK 1 (Fig. 10(a)),
and a compact layered structure emerged, indicating that
polymer molecules were evenly distributed. In contrast,
original particle in ASK2 reunited by insufficient
faveolate C-S-H, and thus exhibited fragmented morpho-
logy (Fig. 10(b)), which led to lower strength of ASK2
during the long-term period. From the element
compositions of ASK1 and ASK?2 at diverse curing ages
(Table S1), it could be found that Ca/Si for ASK2
remained almost the same (Fig. 10(d)). However, Si/Al
for ASK1 ascended from 1.32 to 1.52 as the curing age
increased from 3 d to 60 d (Fig. 10(c)), implying that
amorphous poly-sialate conversion (Li et al., 2022a) and
a more stable structure was synthesized (Scheme 1). The
results further verified higher long-term strength and
better of durability of ASKI.
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Fig. 10 Microstructures of blended raw materials and geopolymers at diverse curing ages.
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3.4 Economic assessment of geopolymer paste and
concrete

The cost of producing the geopolymer paste and concrete
were estimated and presented in Fig. 11. Details of
quantity and cost of items involved in the production of
different geopolymer paste and concrete were listed in
Table S2. The cost of two geopolymer pastes (ASK1 and
ASK?2) and their concretes (ASK1C and ASK2C) were
¥755.95, ¥793.64, ¥306.83 and ¥314.88, respectively.
The total costs of about 36.38%—37.33% were contri-
buted by the alkali activators (SH and SS) to geopolymer
paste production. Sodium carbonate, as a more environ-
mentally friendly and economical alkali activators
(Adesina, 2021; Oyebisi et al., 2022), may be used to
replace SH and SS used in future study to reduce the
higher cost arising from the alkali-activation process. In
addition, this geopolymer paste could be used in Pb, Cr
and Zn immobilization and possessed excellent
immobilization efficiency in early-age (Chen et al.,
2022), thus has great potential applications for hazardous
wastes disposal.

Significantly, there were about 59.98%—-61.01% total
cost reduction in ASKIC and ASK2C than Portland
cement concrete of C30 grade (¥786.85/m3) (Oyebisi
et al., 2022). Due to the energy consumption of SS ball-
milling, the cost of concrete ASK2C was 4.99 percent
higher than the ASKI1C. The cost of ASK2C could be
further reduced by shortening the ball-milling time of SS
and using its coarse part replacing the Sand/Fine
Aggregate in concrete production. In addition to the cost
benefits, the geopolymer concrete may facilitate the waste
management and commercialization of shell coal

[ Material cost [[0] Operating cost[___] Labor cost

65.14% 33.07%
ASK2C
65.22% 33.94%
ASKI1C
83.81% 13.12%
ASK2 []
84.79% 13.78%
ASK1 || |
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Cost (¥)

Fig. 11 Contribution of materials, operating, and labor in total cost.

gasification fly ash and steel slag, and thus conserving the
natural resources and reducing the CO, emission.

4 Conclusions

1) ASK2 possessed better packing density of the granular
components, resulting in a higher early physical strength
when the degree of polymerization was relatively low.
ASK1 had a larger content of SFA with great pozzolanic
activity, leading to a better integrity and higher long-term
physical strength.

2) Properly raising the curing temperature could
increase the early strength, but had almost no effect on
the late strength. Nevertheless, further raising the curing
temperature would hinder the development of Ilate
strength. Both ASK1 and ASK?2 had excellent acid-base
resistance and sulfate resistance. The freeze-thaw
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resistance, and carbonation resistance of ASKI1 were
better than that of ASK2. The synthesized ASK1 had
stronger long-term stability.

3) Heavy metals in raw materials could be effectively
stabilized through geopolymerization process. Except that
the leaching concentrations of Mn in ASK1 and Ni in
ASK?2 slightly exceeded the standard limit, the leaching
concentrations of all the other heavy metals after 100
cycles of freezing and thawing met the requirements of
corresponding standards. The results of this study could
offer a new approach to solidification and stabilization of
heavy metals using SFA-SS geopolymers and explore a
new way for the comprehensive utilization of industrial
solid wastes.
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