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1. Introduction

Resistance and durability of fly ash based
geopolymer for heavy metal immobilization:
properties and mechanisms

Xupicheng Ren, © 12 Fan Wang, 1® Xiang He® and Xiaomin Hu*?

Geopolymer technology is an effective method of fly ash (FA) disposal developed in recent decades. This
study provided a novel technology based on geopolymerization for FA resource, which could solve the
problem of long-term heavy metal leakage trends. Firstly, Unconfine compressive strength (UCS) of
geopolymer and the heavy metals leaching test was taken to discuss the effects of oxidize species. The
results indicated that the UCS of geopolymer samples was increased with the increase of CaO, and the
largest 28 d UCS was 24.8 MPa when CaO content was 31.5%. When the CaO content was 32%, the
leaching concentration of heavy metals was the lowest (Pb?" was 0.02 mg L%, Cd?* was 0.01 mg L),
and the solidification rate of heavy metal ions were more than 93.6%. Secondly, two methods were used
to evaluate the corrosion resistance of FA based geopolymer. The observations suggested that the FA
based geopolymer exhibits a high level of resistance to erosion caused by sulfate ions and chloride ions.
Thirdly, carbonation tests were taken to discuss the durability of FA based geopolymer. The results
shown that UCS exhibited a modest rise following the process of carbonation, and then demonstrated
a stable trend after a period of 28 days, and the heavy metal leaching test results that comply with the
limitations specified in the national standard at 7, 14, 28, and 56 days. The findings from accelerated
carbonization tests at 56 days, determined by empirical equations, suggest that the carbonization age of
geopolymers is projected to be 102 years. Finally, XRD, FTIR and SEM were taken to discuss the
microstructure characterization of FA based geopolymer, and solidification mechanisms of heavy metal
ions by geopolymer materials could be concluded as gelation, physical encapsulation, and chemical
reactions.

rate of 3%.* China's hazardous waste management is greatly
concerned about the prevalence of carcinogenic and highly
toxic dioxins, heavy metals, and other pollutants in FA.> The

Incineration is a prevalent technique for managing municipal
solid waste in China. The process of treating fly ash resulting
from incineration is frequently hindered by concerns regarding
its efficiency and cost-effectiveness in solidification." It is
noted for its effectiveness in completely destroying harmful
microorganisms and reducing the volume and weight of MSW
by more than 85%. China's estimated municipal solid waste
incineration (MSWI) capacity is expected to reach approxi-
mately 200 million tons, which is equivalent to 600 000 tons per
d, from 2021 to 2025. This facility is projected to produce 6
million tons of MSWI fly ash (FA) annually, with a production
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emissions from China's MSWI plants are widely recognized as
the main contributors to pollution. Consequently, the proper
disposal of FA has become a significant concern within the
domestic sector. The essential aspect of identifying an
economically feasible, secure, and effective approach for
disposing of FA is a primary problem.

The main treatment methods for FA now include safe
disposal in landfills, solidification/stabilization (S/S), separa-
tion and extraction, and heat treatment.> Out of the various
methods used in China for disposing of FA, the S/S technology
is considered the most prominent.® S/S is a procedure that
entails the amalgamation of a fixing agent with an immobili-
zation agent, followed by a reaction conducted under precise
conditions to generate a solidified matrix. The stabilization of
FA primarily takes place through physicochemical processes,
leading to the creation of a stable compound that has minimal
toxicity and is highly resistant to migration or dissolution.

Geopolymer technology is an effective method of FA disposal
developed in recent decades.”® The process of FA-based

© 2024 The Author(s). Published by the Royal Society of Chemistry
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geopolymer curing stabilization involves mixing FA with a geo-
polymer matrix and adding alkali exciters. This mixture
undergoes a geopolymerization reaction, resulting in the
formation of a geopolymer that stabilizes the FA.*>'* The geo-
polymer effectively immobilizes pollutants such as heavy metals
and dioxins, as confirmed by leaching tests that comply with
national standards. This process allows for the resource utili-
zation of FA according to specific requirements.">"*

The stability of FA-based geopolymer in the environment is
of great significance, and the degree of influence of the curing
body on the natural environment needs to be further confirmed.
Sulfate erosion, as the most common type of erosion, should be
fully considered before the geopolymer is applied. Sulfate
erosion mainly occurs in coastal and inland salt lake areas,
especially in the environment of acidic groundwater or high
viscous soil, which will have a certain impact on the strength of
the geo-polymerization material.** The resistance to chloride
ion permeability is also a significant indicator of the erosion
resistance of the geopolymer. It measures the extent of diffusion
or migration of ions within the structure when exposed to
pressure or electric field force. This resistance is influenced by
the compactness and pore structure of the cured material.*
Furthermore, carbonation test technique and standard of
cement (GB/T50082-2009) concrete can be utilized to evaluate
the impact of carbonation on the FA based geopolymer. The
carbonation depth of concrete specimens in a specific concen-
tration of CO, medium can be used to evaluate the long-term
stability (or durability) of the concrete.’® Zhang' discovered
a relationship between natural carbonation and artificially
accelerated carbonation. This correlation formula may be
utilized to calculate carbonation rate coefficients and anticipate
the carbonation process. This study introduced a novel
approach utilizing geopolymerization reaction to treat MSWI
FA. This method addressed the issue of FA disposal and
transformed it into a valuable resource. Furthermore, geo-
polymers offered benefits such as high early strength, low
exothermic reactions, durability, and long-lasting curing
compared to Portland cement. Additionally, the preparation of
geopolymers eliminated the need for milling and calcination
processes, resulting in carbon dioxide emissions reduction.®

The primary research objective of this work is: 1, to examine
effect of oxidize species on the UCS of FA-based geopolymer; 2,
to explore the effectiveness of the FA-based geopolymer immo-
bilization of curing heavy metals; 3, to investigate the FA-base
geopolymer sulfate resistance and resistance to chlorine ion
penetration performance; 4, to carry out the geopolymer
carbonization and to predict the long-term stability of the FA
based geopolymer through a comprehensive comparison; 5, to
detect the geopolymer microscopic structure and the curing
mechanism.

2. Materials and methods
2.1 Solid materials

The primary compositions of slag and metakaolin chosen for
this investigation could be found in Table S7,T and their micro-
morphology was displayed in Fig. S3.T Slag complies with GB/T
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25 032-2010 standard for slag aggregate used in MSWI and
could be used directly as an aggregate for cement products,
demonstrating its environmental friendliness.

The geopolymerization processes primarily depend on the
dissolution and gelation of silica-aluminate in an alkaline
setting. Therefore, the FA utilized in this study should be
batches rich in silica-aluminate. Metakaolin and slag were
added to MSWI FA to ensure there was sufficient silica-alumi-
nate content for a sufficient reaction, as the source of silica-
aluminate.

This project created a geopolymer using hazardous waste FA
as a raw material. The MSWI FA was sourced from Everbright
Environmental Protection Energy (Shenyang) Co., Ltd, and the
samples were collected from the bag-type dust collector within
the MSWI system. The chemical analysis of FA was presented in
Tables S1 and S2.1The pre-treatment method is to dry for 12 h in
a 108 °C dryer.

The slag and metakaolin, utilized as the raw materials for
have plenty Si and Al elements good for geo-polyamidation in
this study, were sourced from the Qingling Mineral Processing
Plant located in Hebei Province, China. Metakaolin is derived
through the process of -calcination, wherein kaolin
(AlO-2Si0,-2H,0) was subjected to elevated temperatures
ranging from 600 °C to 900 °C for a duration of 2 h.

In this investigation, slag was included to adjust the silica-
aluminate ratio, whereas FA served as both a fixed component
and actively participated in the reaction. This is an important
innovation compared with previous studies.*®

2.2 Liquid materials

The excitation curing liquid utilized in this study comprises of
water glass, specifically sodium silicate (Na,0-nSi0O,), along
with solutions of aluminum silicate (NaAlO,), aluminum
hydroxide (Al(OH);), and sodium hydroxide (NaOH). The
refractive index of water glass was determined by the ratio of
Si0,/Na,O, ranging from 1.5 to 3.5. In order to achieve the
desired refractive index, NaOH was commonly employed for
adjustment purposes. All the liquid components mentioned are
of analytical quality and were bought from Sinopharm Chem-
ical Reagent Co. Ltd. The water glass criterion is 25 kilograms
per barrel of aqueous solution, whereas the Al(OH); and NaOH
solution are prepared from 500 grams each bottle of solid
reagent.

2.3 Synthesis of FA based geopolymer

A diagram of the FA based geopolymer has been synthesis in
Fig. S1.1 The preparation processes consist of the subsequent
steps: Firstly, the experimental procedures involved measuring
a specific quantity of FA and a mineral regulator mixture, con-
sisting of a geo-polymerization curing agent and a geo-
polymerization curing liquid, in accordance with a pre-
determined ratio. The mixture was then placed in a specialized
stirrer and stirred for a duration of 90-120 seconds until it
achieved a uniform consistency, characterized by the absence of
visible grains and a certain level of fluidity. The mixture has
been stirred continuously until it reached a specific level of
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fluidity and viscosity. Subsequently, the mixture was injected
into a cement mortar triple test mold with dimensions of 40 mm
x 40 mm x 160 mm. The test mold was placed on a vibrating
table to facilitate compaction through vibration. Following this,
the test mold was left undisturbed in ambient air conditions for
24 h. The manufactured FA-based geopolymer was placed into
a curing box that maintains a constant temperature and
humidity. The temperature was regulated at 20 & 2 °C, while the
humidity was maintained at a level equal to or more than 95%.
Following the designated curing period, the geopolymer was
removed from the curing box at the appropriate age.

2.4 Unconfined compressive strength (UCS)

The UCS of the geopolymer samples with different curing times
and total contents were examined to reveal the effect of curing
time and total contents on their mechanical strength. The UCS
was determined using an unconfined compression-testing
machine (DYE-300, Jinan, China). Each batch was repeated
three times and the average values were calculated. The equa-
tion utilized for determining the UCS is:

F,
ucS = ~ 1
= (1)
where: UCS—compressive strength, MPa; F.—maximum load at

failure, N; A—compression area, mm?.

2.5 Heavy metal immobilization rate

The geopolymers were tested using the Solid Waste-Leaching
Method for Leaching Toxicity-Acetic Acid Buffer Solution
Method (HJ/T 300-2007), the Solid Waste-Leaching Method for
Leaching Toxicity-Horizontal Oscillation Method (HJ/T 557-
2010), and the National Standard Solid Waste-Determination of
Copper, Zinc, Lead and Cadmium-Atomic Absorption Spectro-
photometric Method (GB/T 15 555.2-1995). Details in Test S1.

2.6 Sulfate resistance of the geopolymer

The geopolymer test blocks were partitioned into two distinct
groups for experimentation. The first group served as a blank
control group and was subjected to immersion in water. The
second group, was exposed to a pre-prepared solution consist-
ing of either 5% Na,SO, or MgSO,. To mitigate water evapora-
tion throughout the soaking procedure, a layer of plastic wrap
was applied to the surface of the container, and the solution was
refreshed on a weekly basis. Once the test block has been
immersed for the designated duration, it should be removed,
the surface wiped, and subsequently subjected to quality and
UCS testing.

The calculation of the mass loss rate is determined by the
following equation:

M, — M,

0

4= x 100% 2
where: 4 - mass loss rate, %; M;-mass of cured body in Na,SO,
solution or MgSO, solution, accurate to 0.1 g; M,-mass of cured
body in water, accurate to 0.1 g.

The corrosion resistance coefficient is calculated as follows:
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K = Ji x 100% (3)
fo
where: K-compressive strength corrosion resistance coefficient;
fi — the UCS of the cured body test block after sulfate erosion,
accurate to 0.1 MPa; f; - the UCS of the curing body test block,
while immersed in water, is measured with an accuracy of
0.1 MPa.

2.7 Chloride ion penetration test

The examinations were carried out in compliance with the
Standard for Test Methods of Long-term Performance and
Durability of Ordinary Concrete (GB/T 50 082-2009). Details in
Test S2.

2.8 Carbonization experiment

The test processes were as follows: FA-based geopolymers were
prepared by adding inorganic curing agent at 25% of water
consumption, and standard curings were carried out under the
same conditions. After standard curings for 28 days, the FA was
dried at 60 °C for 48 h, and the FA solidified bodies were filled
into a transparent plastic beaker according to the actual bulk
density when stored in a ton bag. Sixteen samples were
prepared (4 for phenolphthalein titration to confirm the
carbonation depth, 4 for water extraction test, 4 for acetic acid
extraction test, and 4 for sulfuric acid and nitric acid extraction
test). Carbonization chamber test conditions: carbon dioxide
concentration 20 + 3%, temperature 20 &+ 5 °C, humidity 70 £
5%. Details in Test S3.

2.9 Characterization of geopolymer

The mineralogical compositions of the geopolymer samples
were analyzed using X-ray diffraction (XRD, D8 Advance
diffractometer, Germany). The determination of the alteration
in binding energy and valence states of elements inside the
geopolymers were conducted using Fourier Transform Infrared
Spectroscopy (FTIR, Thermo Nicolet instrument, United States).
The morphology of the geopolymers were analyzed using
scanning electron microscopy-energy dispersive spectroscopy
(SEM, Hitachi S4800, Japan).

3. Results and discussion
3.1 Effect of oxide contents on the UCS of geopolymer

Tables S1 and S2 display the chemical compositions of FA from
various regions and batches. The findings from the tables
indicated that the FA utilized in this study has a high calcium
content and low levels of silica and aluminum. Due to the
influence of FA batch, region and mineral regulator type, the
oxide composition of FA and mineral regulator from different
regions is obviously different, and the oxide composition
determines the structure type of the geopolymer. Therefore, in
the following study, the influences of the oxide composition in
the geopolymer on the mechanical properties of the geopolymer
were mainly considered.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3.1.1 FA contents. The proportion of Ca in the FA was
excessive, while the quantity of Si and Al crucial for the geo-
polymerization process inadequate. Therefore, the
amount of added FA might significantly impact the UCS of FA-
based geopolymer. The UCS of geopolymer for different FA
contents was shown in Fig. 1a, the 7 d, 14 d and 28 d UCS of the
geopolymer gradually decreased with the increase of FA
content. When the FA content was 50%, the 28 d UCS of the
geopolymer was the highest, which was 19.3 MPa. When the FA
content was 80%, the 28 d UCS was the lowest 7.1 MPa. A higher
FA content leaded to a decrease in the amount of mineral
modifier, and a reduction in Si-Al content in the system, which
restricted the creation of the geopolymeric structure. With the
increase of FA content, the restriction effect was more obvious,
which also leaded to a steady decrease in the UCS of the geo-
polymer. Based on this, in the follow study, the FA content of
50% would be selected to investigate the parameters that
influence the UCS of the geopolymer.

3.1.2 CaO contents. Previous researches has demonstrated
that the Ca content could influence the course of the geo-
polymerization processes then significantly affecting the UCS
of geopolymers.” The effect of CaO contents on UCS of FA-
based geopolymer was explored. CaO was mainly provided by
FA and slag, and the content of CaO could be changed by
adjusting the content of slag when the content of FA was 50%.
As depicted in Fig. 1b, content of CaO was changed from 20.5%
to 34.5%, with the increase of CaO content in the geopolymer,
the UCS of the geopolymer at 7 d, 14 d and 28 d increased first
and then decreased. The UCS at 28 d was only 4.8 MPa when the
CaO content was 20.5%. The 28 d UCS reached its maximum
value of 24.8 MPa when the CaO concentration was around
31.5%.

There might be three reasons for this phenomenon: (i) dense
structures were formed. CaO would react with H,O in the alkali
activator to form Ca(OH),, and then Ca(OH), reacted with CO,
in the air to form dense mineral systems such as CaCO;.>*** At
the same time, the generated Ca(OH), was alkaline in water,
which provided conditions for the active reaction of meta-
kaolin.?* (ii) The Si-Al chain structure became more stable and
exhibited better compressive strength. With the increase of
calcium content in the system, the average bond length of the
Ca-O bond became shorter, indicated that the increase of
calcium content would promote the bonding of Ca-O, which
made the average bond length of the Si-O bond in the structure
shorter, and the Si-Al chain structure became more stable and
exhibited better compressive strength. (iii) More stronger chain
types were formed. With the increase of CaO content, the
content of Si-Al (mainly SiO, and Al,O;) in the system was also
increasing. According to the research of Tian et al.,* the unit
structure of geopolymer could be divided into PSDS type (-Si-O-
Al-0O-Si-0-Si-0-), PSS type (-Si-O-Al-O-Si-O-) and PS type (-
Si-0O-Al-0O-), of which PSS type was the long chain structure of
Si and Al was the strongest chain type. CaO, SiO, and Al,O; in
the raw materials reacted to form C-S-H and C-(A)-S-H gel
structures under the condition of alkali activation, which were
attached to the three-dimensional structure of zeolites

was
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Table 1 Effect of n (SiOy)/n (Al,Os) ratio on UCS of FA based
geopolymer

n (Si0,)/n (AL,05) 7d 14d 28d
4.5 8.9 9.2 111
4.6 9.1 11.7 12.9
4.7 11.7 14.1 15.2
4.8 10.4 12.9 13.3
4.9 8.8 10.0 11.7

generated by the previous polymerization reaction, which was
equivalent to filling the gaps and making the structure more
compact, thus improving the UCS.**

When CaO content was 34.5% the 28 d-UCS was dropped to
18.4 MPa. Since the content of FA was constant, the higher of
content of CaO the more slag was added to the raw material.
Due to the increase of slag amount, the increase of C—(A)-S-H in
the system might cause certain damage to the grid structure,
which made the UCS of the geopolymer start to decline in the
macro level. On the other hand, with the increasing of CaO
content, the unit structure of geopolymer begin to transform
from PS-type and PSS-type to PSDS-type gradually, and the
PSDS-type geopolymer structure has some side effects on SiOy,
which reduces the structural stability.

3.1.3 Ratio of SiO,/Al,03;. The main component of the
geopolymer is an oxide combination including Si and Al. The
geopolymer's three-dimensional structure resembles that of
zeolite, and it is comprised of SiO, and AlO, units.>® Hence, Si

Table 2 Variation in mass and UCS of FA based geopolymer following
sulfate attack

Cao

content 7d 14d 28d

31.5%  Mass in pure water (g)
Mass in Na,SO, aq. () 421.2  421.7  421.6
Mass in MgSO, aq. (g) 4232 423.0 4234
Mass loss rate in Na,SO, aq. (%) 0.00 0.31 0.50
Mass loss rate in MgSO, aq. (%) 0.64 0.62 0.93
UCS in pure water (MPa) 12.3 13.5 17.6
UCS in Na,S0, aq. (MPa) 13.9 144  16.7
UCS in Na,S0, aq. (MPa) 12.0 113 162
K, in Na,S0, aq. 1.13 1.07 0.95
K, in MgSO, aq. 0.98 0.84 0.92
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and Al assumed a significant role in the development of the
geopolymer structure. The SiO,/Al,0; ratio might significantly
affect the UCS of the geopolymer.

In the high calcium system, the molar ratio of n (SiO,)/n
(Al,0;) ranged from 4.5 to 4.9. The UCS of the geopolymer,
depicted in the Table 1, at 7 days, 14 days, and 28 days exhibited
a statistically significant increase with the increase of n (SiO,)/n
(Al,O3). At a molar ratio of n (SiO,)/n (Al,03) of 4.7, the UCS of
the geopolymer reached its maximum value of 15.2 MPa after 28
days. In the high calcium system, the geopolymer exhibited
a significant slag content and contained a substantial quantity
of CaO. The CaO component underwent a reaction with SiO,
and Al,O;3, resulting in the formation of a C—(A)-S-H gel that
possessed a specific level of strength.”® Nevertheless, as the
molar ratio of n (SiO,)/n (Al,0;) increased, the concentration of
Al, O3 in the system diminished, leading to a reduction in -Si-
O-Al chains. Consequently, a portion of SiO, remains unreac-
ted, resulting in a decline in the geopolymer's strength.

3.2 Immobilization efficiency of heavy metal

Fig. 1c revealed that the immobilization efficacy of heavy metal
in the geopolymer solidified during geo-polymerization was
much inferior to that observed in the original FA (Tables S3 and
S4t1). The immobilization efficiency of heavy metals in the
geopolymer exhibited a progressive increase with the rise in
CaO content. The geopolymer exhibited the highest immobili-
zation efficiency for heavy metals when the CaO content was
32%. At this composition, the leaching concentrations of Pb>*
and Cd** were measured to be 0.02 mg L' and 0.01 mg L™,
respectively. Furthermore, the maximum amounts of Cd and Pb
that could be trapped per gram of geopolymer were determined
tobe 0.191 mg g ' and 0.047 mg g~ ', respectively. Following the
process of geo-polymerization, the S/S efficiency for Pb>" and
Cd** could attain a notable rate of 93.6%. The favorable solid-
ification phenomenon observed in geopolymer materials might
be attributed to the involvement of heavy metal present in FA
during the three-dimensional structure creation reaction of the
geopolymer. Table 4 presented the immobilization efficiencies
of some commonly used methods. Cement curing is costly and
can be adjusted in size, but there is a risk of leakage. Chemical
stabilization is cheap but needs a landfill site. Melt curing is
expensive and consumes a lot of energy. The adsorption method
is restricted by the adsorption material and lacks long-term
stability. In conclusion, geopolymerization technology offers
specific benefits.

Table 3 Heavy metal concentration of FA and FA based geopolymer leaching test

Cd Pb As Ba Be Cr Cu Hg Ni Se Zn
Standard 0.15 0.25 0.3 25 0.02 4.5 40 0.05 0.5 0.1 100
FA 4.236 4.771 0.079 3.313 0 0.072 2.385 0.063 0 0.005 28.28
od 0 0.071 0.005 1.506 0 0 0 0 0.046 0.040 0.171
7d 0.005 0.043 0 1.258 0 0.021 0.037 0 0.088 0.036 0.123
14d 0.005 0.086 0 1.282 0.001 0.030 0.042 0 0.072 0.043 0.165
28d 0.007 0.067 0 1.351 0 0.022 0.042 0 0.083 0.033 0.144
56 d 0.002 0.051 0 1.221 0 0.018 0.039 0 0.090 0.042 0.139
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3.3 Erosion resistance experiments

3.3.1 Study on sulfate erosion resistance of geopolymers.
The assessment of the geopolymer's resistance to sulfate was
conducted by analyzing its mass loss rate and corrosion resis-
tance coefficient (K). According to the observations depicted in
Fig. S1,T there was no significant detachment or porous struc-
ture on the surface of the all three group of geopolymers. Table
2 displayed the observed alterations in the mass of geopolymers
following exposure to sulfate erosion for several days.

Based on Table 2, the quality of the cured body exhibited
a marginal decline as the duration of immersion in clear water
increased. The slight augmentation in the mass of the solidified
specimen upon immersion in a solution of MgSO, could
potentially be attributed to two factors. Firstly, it was possible
that some of the MgSO, crystals adhered to the surface of the
geopolymer, thereby leading to an increase in mass. Secondly, it
was also possible that the constituents present in the FA
underwent a chemical reaction with the MgSO,, resulting in the
formation of chemical byproducts and subsequently contrib-
uting to the observed mass increase. The mass loss rate of the
geopolymer in Na,SO, solution exhibits a notable increase,
primarily attributed to the formation of the N-A-S-H gel
structure. This gel structure demonstrated a high level of
resistance against sulfate erosion.*”**

Table 2 present the UCS and K; of the geopolymer specimens
following immersion in sulfate solution for durations of 7, 14,
and 28 days. The UCS of the geopolymer specimens exhibited an
upward trend as the immersion time in a Na,SO, solution with
a mass fraction of 5% increased. Conversely, in the case of
immersion in a MgSO, solution, the UCS initially decreased and
then increased with the increase in soaking time. This
phenomenon might be attribute to Na,SO, solution provided
plenty of Na’, and the period of N-A-S-H gel was a longtime
reaction, so the formation of N-A-S-H provide a growing UCS."
When examining the UCS of the geopolymer submerged in
water and comparing it to the applicable national standards for
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concrete durability, it became evident that the K, of the geo-
polymer in sulfate solution was greater than 0.8. These findings
served as evidences that the FA-based geopolymer exhibited
favorable resistance to sulfate erosion.

3.3.2 Study on resistance to chloride ion erosion of geo-
polymers. Table S51 presented the assessment range of resis-
tance to chloride ion permeability and its correlation with the
permeability of the geopolymer. Fig. 2 illustrated the impact of
the energization duration of chloride ions on the energization
quantity of the geopolymer within the high-calcium systems
(CaO content higher than 30%). As the duration of energization
raised, the amount of energization in the geopolymer also
grown linearly. However, the cumulative energization amount
remained below 250 °C within a 6 hour period. The presence of
a significant amount of CaO in the system leaded to a substan-
tial occurrence of the polymerization reaction, resulting in
a greater stability of the three-dimensional skeleton. Conse-
quently, the internal pores were diminished, causing water
molecules to migrate towards the internal porous space, thereby
enhancing their stability. The reduction in internal pore space
leaded to a decrease in the movement of water molecules,
resulting in a relatively low macroscopic flux performance.

This observation suggested that the FA-based geopolymer
exhibited a high level of resistance to erosion caused by chloride
ions. There might be two reasons for high resistance of FA
based-geopolymer: (i) the FA-based geopolymer matrix has a low
porosity and a compact structure, creating a barrier on the
surface that prevents sulfate and chloride ions from penetrating
into the inside, thus inhibiting erosion; (ii) the micro-structure
produced during geo-polymerization have a more stable three-
dimensional configuration, making them less susceptible to
chemical reactions and enhancing their resistance to erosion.

3.4 Carbonization test and durability life research

3.4.1 UCS of geopolymers before and after carbonation.
The UCS of FA-based geopolymer following accelerated
carbonation for 7, 14, 28, and 56 days could be observed in
Fig. 3a. The corresponding values were 9 to 14 MPa, 10 to
14 MPa, 10 to 16 MPa, and 10 to 16 MPa, respectively. The UCS
exhibited a modest rise following the process of carbonation,
and then demonstrated a stable trend after a period of 28 days.

3.4.2 Heavy metal leaching analysis before and after
carbonization. The leaching results of heavy metals from FA-
based geopolymer samples, have undergone 28 days of main-
tenance, were presented in Table 3. According to the data pre-
sented in Table 3, the levels of Cd and Pb in the FA were found
to above the threshold established by the GB 16889-2008 stan-
dard by a factor exceeding 20. Upon undergoing geo-
polymerization, the concentration of heavy metal leaching in
samples complied with the prescribed limitations set by the
national standard. After 7 d, 14 d, 28 d and 56 d accelerated
carbonization of FA-based geopolymer, the heavy metal leach-
ing test met the requirements of national standard limits.

3.4.3 Carbonization depth. The carbonation process of the
geopolymer is similar to the process of the carbonation of the
concrete. The FA based geopolymer has a zeolite-like three-

12586 | RSC Adv, 2024, 14, 12580-12592

View Article Online

Paper

dimensional cage structure with porous characteristics. Due
to the large amount of unreacted alkaline solution in the pores,
it would react with CO, and water in the natural environment to
generate bicarbonate, carbonate and other substances, and the
carbonized part of the surface of the geopolymer became loose,
which leaded to the deepening of carbonation, and the depth of
carbonation was gradually increased with the prolongation of
time. From Fig. 3b, it could be seen that after 56 d accelerated
carbonation of FA based geopolymer, the average depth of
carbonation was 2.3 mm, while the accelerated carbonation
depth of general concrete could reach a maximum of 20-30
mm, which was 10-15 times higher than that of geopolymer,
indicating that the degree of densification of the geopolymer
was greater than that of ordinary concrete, and the carbonation
resistance was also stronger.
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Fig. 3 UCS and carbonation depth of FA based geopolymer. (a) UCS;
(b) carbonation depth.
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3.4.4 Calculation of carbonation age. In the context of a 56
d accelerated carbonation test using FA-based geopolymer, it is
generally accepted that the concentration of CO, in the atmo-
sphere can be considered as 0.03%. By employing the carbon-
ation depth formula (eqn (S2)t), it was evident that for a given
carbonation depth, the accelerated carbonation age and the
natural carbonation age exhibit a correspondence, as presented
in Table S6.1 Specifically, the accelerated carbonation ages of 7,
14, 28, and 56 days correspond to natural carbonation ages of
13, 26, 51, and 102 years, respectively.

Table S87 displayed the leaching of heavy metals following
the carbonization of the geopolymerized curing body, allowing
for a comparison with the threshold values outlined in several
Chinese regulations. The heavy metal leaching concentration
after carbonization remains 2-3 times below the norm. This
complies with the criteria for ordinary industrial solid waste.
The leached pollutant concentrations of the solidified body
meet the soil, groundwater and surface water standards for
heavy metals and dioxins, ensuring ecological safety in the
environment. The curing body is likely to ensure a safe level of
pollutant leaching over time. It is mainly used inside domestic
landfills and incineration plants to allow in situ resource utili-
zation of MSWI FA.

3.5 Characterization of FA based geopolymer

3.5.1 XRD analysis. Fig. 4 displayed the XRD patterns of the
raw materials. The X-ray energy spectrum of the metakaolin
sample exhibited a distinct and well-defined crystallization
peak within the angular range of 20-30°. This peak has been
identified as the X-ray diffraction peak corresponding to the
presence of quartz crystal (SiO,) and mullite (Al,O3), as vali-
dated by comparison with the standard X-ray film.* The X-ray
spectrum of the original FA primarily consists of calcium salt
and chlorine salt phases. Additionally, there were minor peaks
observed between 50° and 60°, suggesting the presence of
a small quantity of quartz phase in the original FA. This
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Fig. 4 XRD images of raw materials and FA based geopolymer.
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observation confirms that the FA exhibited some degree of
gelling activity when subjected to alkali excitation.

The composition of slag was intricate; nonetheless, analysis
of its X-ray spectra revealed that its predominant phase closely
resembles metakaolin, exhibited a peak within the range of 26°
to 33°. Furthermore, the slag contained crystalline structures
such as quartz (SiO,) and mullite (Al,O3). In the absence of FA
addition, the X-ray spectrum of geopolymer exhibited a higher
density of the geopolymer gel peak within the angular range of
25° to 35°. The hydrated calcium aluminosilicate peaks were
observed at 26.7° and 45.6° in the geopolymer sample, sug-
gesting the presence of heavy metals and contaminants from
the FA used in the geopolymer mixture. The presence of inter-
ference substances hindered the rate of polymerization reac-
tion. The geopolymer made from FA had a greater CaO content
than the pure geopolymer. At a peak of 29.2°, the hydrated
calcium silicate structure became evident. This observation
suggested that the calcium salt, which was more abundant in
the FA, reacted with the active silica present in the raw material
under alkaline conditions, resulting in the formation of calcium
silicate gel. Comparing the plots of the geopolymer with the fly
ash curing body reveals the formation of a new zeolite phase
around 46.7°, which aligns closely with the addition of Cao.
This outcome thoroughly clarifies the high calcium content,
which enhances the mechanical characteristics and curing
outcomes of the cured body.*

Through a comparison of the X-ray atlas of the geopolymer
and the original FA, it was evident that the diffraction peak of
the FA within the range of 30° to 50° diminished or became
inconspicuous following solidification. Notably, the character-
istic diffraction peak of numerous chlorine salt crystals at 30°
and 40° emerges in the X-ray atlas of the geopolymer after the
FA underwent the reaction. This observation suggests that: (i)
FA is not only a waste material but an activator involved in the
reaction during the geopolymerization process. (ii) Some
dangerous chemicals in FA are integrated into the polymer
structure as crystals.*!
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Fig. 5 FTIR images of raw materials and FA based geopolymer.
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3.5.2 FTIR analysis. To examine the alterations in the
microstructure of both the geopolymer and its constituent raw
materials, an infrared spectrum analysis was conducted on the
raw materials, pure geopolymer, and FA -based geopolymer
utilized in the experiment. The outcomes of this analysis were
illustrated in Fig. 5.

The visual evidence presented in the photographs illustrated
the process of geopolymer structure creation. A discernible
absorption peak of considerable breadth manifested within the
wavelength range of 3440-3450 cm ™' and at 3450 cm ™', signi-
fying the hydroxyl (-OH) stretching vibration of unbound
aqueous water. In close proximity, a further peak denotes the
OH bending vibration of unbound aqueous water. This sug-
gested that both the raw materials and the geopolymer possess
a limited quantity of liquid water. However, the amount of
liquid water present was not substantial.*> The existence of
liquid water within the geopolymer promoted the formation of
a denser structure. The absorption peak observed in close
proximity signifies the asymmetric stretching vibration of the
carbonate ion (CO;>”) within the CaCO; compound. The
infrared spectrum of kaolin revealed that the absorption peak at
approximately 1049 cm™' corresponded to the stretching
vibration peak of Si-O-A (where A represented Si or Al). Addi-
tionally, the absorption peak at around 773 ecm ™" corresponded
to the symmetric vibration peak of Si-O-A, while the absorption
peak near 466 cm~ ' corresponded to the bending vibration
peak. In the context of geopolymer research, it has been
observed that the bending vibration peak of Si-O-Si or O-Si-O
occurs at a wavenumber of 468 cm ' in pure geopolymer.
Additionally, the stretching vibration peak of Si-O-A has been
identified at a wavenumber of 1006 cm ‘. The geopolymer
exhibits an absorption peak within the range of 986-991 cm ™,
which corresponded to the stretching vibration peak of Si-O-Al
or Si—O-Si. Additionally, another absorption peak was observed
at 873-875 cm™ ', which could be attributed to the symmetric
vibration peak of Si-O-Al or Si-O-Si. This microscopic creation
elucidates the more rational Al-Si ratio in the fly ash base in
contrast to the pure cured body, since the inclusion of calcium
content leads to reduced Si-O-Al bond lengths and a more
stable structure. This explained how interatomic interactions
impact the macroscopic mechanical characteristics and curing
process. The absorption peak in 449-455 cm ™" corresponded to
the bending vibration peak associated with the Si-O-Si or O-Si-
O molecular bonds.*

Through a comparison of the absorption peak frequencies of
metakaolin and the geopolymer, it becomes evident that the
stretching vibration peak of Si-O-Si underwent a shift towards
lower wavelengths. This shift could be attributed to the stronger
bonding force between Si and O compared to Al and O.
Consequently, it indicated that the aluminosilicate or silicate
structure has undergone a depolymerization reaction.** This
suggested that the introduction of Al,0O; leads to the partial
substitution of the group on the Si-O-Si chain in the initial
metakaolin.** Additionally, the incorporation of FA allowed for
the infiltration of heavy metal ions into the geopolymer struc-
ture. Consequently, there was an exchange of vibration energy

12588 | RSC Adv, 2024, 14, 12580-12592

View Article Online

Paper

between the SiO, group and its surrounding environment,
resulting in a shift in the position of the stretching vibration
peak. In contrast to geopolymer, the stretching vibration peak of
Si-O-A in geopolymer exhibited a shift towards lower wave-
numbers. This shift suggested a depolymerization of the
structure, providing evidence that the utilization of FA as a raw
material involved genuine chemical reactions rather than mere
physical encapsulation within a three-dimensional cage struc-
ture. Simultaneously, it was worth noting that while FA con-
tained a certain quantity of Cl and S, the presence of hydrated
calcium chloroaluminate in the resulting product was not
seen.’ This might be attributed to either the limited quantity of
the product or the encapsulation of chlorine and sulfur inside
the hydration products formed during the reaction.*”

From analyzing the infrared spectrum, it can be inferred
that: (i) the presence of heavy metals in FA does not affect SiO,.
The ions were trapped inside a three-dimensional cage-like
structure created through geo-polymerization, leading to their
solidification. (ii) The macroscopic observation of heavy metal
leaching concentration in the geopolymer was conducted. The
leaching concentration of heavy metal ions Pb>" and Cd** in the
geopolymer showed a substantial decrease compared to the
original FA. (iii) The solidification rate of Pb*" and Cd*" can
achieve an astonishing 93.6%. The geopolymeric structure has
shown to effectively solidify heavy metals found in FA.

3.5.3 Scanning electron microscope (SEM) analysis. Fig. 6
displays the SEM atlas of the geopolymer and raw materials. As
evident from Fig. 6a and b, FA consisted of minutely sized gray
particles. These particles exhibited a generally loose and irreg-
ular distribution. Their shapes were irregular, often flattened,
cotton-wool like, flaky, and porous. The particles possessed
a rough and reticulated surface, often clustering together. FA
predominantly existed in amorphous and polycrystalline forms,
with rare instanced of well-defined crystallization. A small
number of spherical particles could also be observed, indicated
significant differences in the morphology of geopolymerization
products.

The analysis of Fig. 6¢c and d revealed that, a significant
portion of the FA actively engaged in the hydration reaction and
became integrated into the geopolymer structure. Additionally,
a minor fraction of the FA particles adhered to the surface of the
geopolymer, likely attributed to the presence of diverse crystal
forms within the FA. The irregular crystalline substances were
incapable of engaging in the hydration reaction observed in
geopolymers. Consequently, these impurities, along with heavy
metals, get cemented within the three-dimensional network
structure of geopolymers. According to the findings presented
in Fig. 6¢ and d, it was evident that the presence of a high
calcium system leaded to a decrease in the aluminosilicate
structure, which was primarily composed of the hydration C-A-
S-H gel. Instead, the main hydration products in this system
shifted towards the hydration C-S-H gel. This gel was charac-
terized by a laminated sheet structure that exhibits strong
interconnectivity, which pertained to the immobilization char-
acteristics of geopolymers for heavy metals. The microstructure
of FA particles allows heavy metals to be securely embedded in
the geopolymer structure. As the reaction progresses, the heavy
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Fig. 6 SEM images. (a and b) FA; (c and d) FA based geopolymer before carbonation; (e and f) FA based geopolymer after 28 d carbonation.

metal elements become enclosed in the macrostructure. The
presence of CaO leads to a compact geopolymer surface with
high UCS.*®

Upon further examination of the geopolymer after acceler-
ated carbonization (Fig. 6e and f), it became evident that the
carbonized portion exhibited a more loosely structured particle
morphology with increased porosity. This suggested that the
carbonization process triggered changes in the geopolymer's
internal structure, possibly due to the rearrangement or modi-
fication of its chemical components. In contrast, the uncar-
bonized portion maintained a highly dense internal structure,
indicated that it remained relatively unaffected by the carbon-
ization process.

3.5.4 Immobilization mechanism of geopolymer. The
reaction between Si and Al in FA and alkali activator results in
the development of a polymer mechanism, which is divided into
the following steps: 1. During the dissolution step, an alkaline
activator dissolves the silicate and aluminate compounds in the
FA, creating monomers of silicate and aluminate. 2. Polymeri-
zation stage: Monomers undergo a polymerization event to
produce dimers, trimers, and other polymers. The alkaline
activator serves as a catalyst in the polymerization procedure. 3.
Precipitation occurs when the solution becomes saturated,
causing the polymer to form a gel. Initially, the gel generated is
an aluminum-rich substable gel. During the reaction, the sili-
cate in the FA slowly dissolves, leading to a rise in the silicon
content of the gel. A gel phase was eventually generated from
the FA-based polymer mass containing C-A-S-H (sodium-
containing) and (N,C)-A-S-H (high calcium content N-A-S-H)
gels. Hydrated silicates and zeolites are formed as precipitates.
Polymerization reaction impacts the structure and pore micro-
structure of the polymer, therefore influencing the material's
physical properties.**™*

© 2024 The Author(s). Published by the Royal Society of Chemistry

The solidification mechanisms of heavy metal by geopolymer
materials primarily encompass gelation, physical encapsula-
tion, and chemical reactions.****

Geopolymer compounds solidify heavy metals by gelation,
physical encapsulation, and chemical reactions. (i) When
exposed to alkali, the amorphous aluminosilicate phase
dissolves, resulting in the separation of SiO, and AlO,. After-
ward, these distinct species experience dehydration poly-
condensation and gelation processes. (ii) An rise in the
concentration of oligomeric gel was noticed as the reaction
progressed. This rise resulted in the solidification of heavy
metal cations within the system structure, aided by the encap-
sulation effect. The intended solidification effect was success-
fully accomplished as a result. (iii)The geopolymer's
microporous structure and significant specific surface area help
in effectively absorbing heavy metal ions during solidifying.
Alkaline circumstances were predominant in this investigation,
thus we regard (i) and (ii) as the primary processes by which
geopolymers immobilize heavy metal ions.

Upon exposure to alkali, the amorphous aluminosilicate
phase undergoes dissolution, leading to the separation of SiO,
and AlO,. Subsequently, these separated species undergo
dehydration polycondensation and gelation reactions.*® During
the progression of the reaction, there was an observed increase
in the concentration of oligomeric gel. This increase leaded to
the solidification of heavy metal cations within the system
structure, facilitated by the encapsulation effect. Consequently,
the desired solidification effect was achieved.*”*®* The geo-
polymer's microporous structure and substantial specific
surface area facilitate the adequate accommodation of heavy
metal ions during the solidification process.

The process of generating hydroxides, carbonates, silicates,
and aluminates of heavy metals was occasionally regarded as an
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alternative method of solidification.” However, it was also
recognized as a type of gelation and physical encapsulation, as it
relied on the gelation phase for encapsulation and fixation in
subsequent stages. Indeed, it was worth noting that heavy metals
may not always be exclusively present in the form of ions, as
posited by several scholars.* Therefore, Pb**, Cd*", etc. can also
be immobilized by forming hydroxide precipitate. Hence, it was
possible to immobilize Pb*>*, Cd>*, and other similar ions by
inducing the formation of hydroxide precipitates.>* Additionally,
Pb*" ions had the capability to form silicate phases, so enabled
their immobilization., and Pb>* could form corresponding sili-
cate phase and been immobilized.** Nevertheless, several experts
contended that the presence of the hydroxide phase has not been
detected in the infrared spectrum, thus necessitating further
experimental evidence to substantiate this mechanism.

Several studies have indicated that the incorporation of pure
geopolymer and geopolymer solidified with FA did not intro-
duce additional mineral phases into the existing phase struc-
ture. Instead, these materials tended to preserve a significant
number of their original features.*® This observation suggested
that the geopolymer, upon completion of the curing process,
did not demonstrate a significant enhancement in its perfor-
mance with regards to heavy metal ion retention. Nevertheless,
it was possible to maintain the original compact structure to
a significant degree, hence enhancing its effectiveness in pre-
venting the leaching of heavy metal ions.

Geopolymers had the ability to undergo an alkali activation
process involving dissolution, depolymerization, and repoly-
merization, resulting in the formation of a distinctive three-
dimensional network with a zeolite-like cage structure. This
structural characteristic enabled geopolymers to effectively
solidify heavy metal ions. Furthermore, heavy metals had the
potential to contribute to the development of the geopolymer
framework structure by engaging in ion replacement processes
that arise from electrovalence equilibrium.> The substitution of
ions did not alter the inherent fundamental composition of
SiO, and AlO,. In the composition of the geopolymer, the
aluminum ion (AI’**) exhibited a notable degree of electroneg-
ativity subsequent to its interaction with four oxygen ions (0*>").
To achieve electrovalence equilibrium, some cations, such as
Na' and K', actively engage in the production of the structural
monomer, serving to maintain electrovalence balance. The
alkali metal ions have the ability to replace certain heavy metal
ions present in FA, occupied their positions within the geo-
polymer structure. This substitution process enabled the stable
solidification of these heavy metal ions inside the geopolymer
matrix.>® The substitution described held particular signifi-
cance for ions, specifically Pb>", that possessed radii similar to
Na' and K'. Pb*" has a radius of 0.119 nm, while Na" and K"
have radii of 0.095 nm and 0.138 nm, respectively. The prox-
imity of Pb>"'s radius to those of Na* and K*, coupled with its
intermediate position between them, contributed to the notable
curative impact of Pb>". This observation further supported the
validity of the ion replacement mechanism. Certain studies
posited the existence of substituting heavy metals in the cova-
lent structure of Si and Al.°*® However, it was widely accepted
that the primary mechanism of solidification in geopolymers
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involved the chemical coordination of heavy metal ions with the
terminal non-bridge oxygen atoms in Al-O- and Si-O- bonds.

This research aims to create a geopolymer with strong
chemical resistance and superior physical characteristics.
Geopolymers have shown to be the most promising storage
matrix for future industrial applications based on the initial
results. Since this work is exploratory, initial results have been
achieved, enabling further scientific research to pursue the
prospective application of geopolymers for immobilizing heavy
mental from FA. Geopolymer have superior mechanical quali-
ties and effective immobilize efficiency. The cured bodies can be
utilized in various real-world situations, not limited to landfill
sites. Construction, road facilities, mines, and ecological
restoration offer a variety of promising opportunities. But the
fluctuation in the silica-aluminate content of FA significantly
impacts the characteristics of geopolymer.

4. Conclusions

This paper studied the safe disposal of FA by geopolymer
technology. The effect of oxidize species on the UCS of FA-based
geopolymer and the effectiveness of the FA-based geopolymer
immobilization of curing heavy metals was explored. Sulfate
resistance, resistance to chlorine ion penetration performance
and carbonization text were taken to predict the long-term
stability of the FA-based geopolymer. The following conclu-
sions can be drawn from this study:

1. The UCS of geopolymer samples was increased with the
increase of CaO, and the largest 28 d UCS was 24.8 MPa when
CaO content was 31.5%.

2. When the CaO content was 32%, the leaching concentra-
tion of heavy metals was the lowest (Pb** was 0.02 mg L', Cd**
was 0.01 mg L™ '), and the S/S rate of heavy metal ions were more
than 93.6%.

3. The FA based geopolymer exhibited a high level of resis-
tance to erosion caused by sulfate ions and chloride ions.

4. The results of carbonation tests of FA based geopolymer
shown that UCS exhibited a modest rise following the process of
carbonation, and then demonstrated a stable trend after
a period of 28 days, and the heavy metal leaching test results
that comply with the limitations specified in the national
standard at 7, 14, 28, and 56 days. The accelerated carbonation
ages of geopolymer could be long as 102 years.

5. XRD, FTIR and SEM revived that the three-dimensional
structure of zeolites were generated by polymerization reac-
tion in FA-based geopolymer, and solidification mechanisms of
heavy metal ions by geopolymer materials could be concluded
as gelation, physical encapsulation, and chemical reactions.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This research was supported by Liaoning Provincial Science and
Technology Project (2022JH2/101300112). Special thanks are

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ra00617h

Open Access Article. Published on 18 April 2024. Downloaded on 3/12/2026 11:09:31 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

due to the instrumental or data analysis from Analytical and
Testing Center, Northeastern University, China and Shiyanjia
Lab (http://www.shiyanjia.com).

References

1 X. Sun, ]. Li, X. Zhao, B. Zhu and G. Zhang, Procedia Environ.
Sci., 2016, 31, 535-540.

2 H.Y. Zhang, G. X. Ma and G. L. Yuan, J. Adv. Med. Res., 2012,
531, 272-275.

3 P. Wang, Y. Hu and H. Cheng, Environ. Pollut., 2019, 252,
461-475.

4 China National Resource Recycling Association, China
Resources Comprehensive Utilization, 2021, vol. 039, p. 04.

5 H. Wang, F. Zhu, X. Liu, M. Han and R. Zhang, Waste Manag.
Res., 2021, 39, 1135-1148.

6 C. Marieta, A. Martin-Garin, I.
Materials, 2023, 16, 2538.

7 X. Guo, W. Hu and H. Shi, Constr. Build. Mater., 2014, 56, 81—
86.

8 Y. Luna Galiano, C. Fernandez Pereira and J. Vale, J. Hazard.
Mater., 2011, 185, 373-381.

9 D. Das and P. K. Rout, J. Mater. Eng. Perform., 2021, 30, 3213~
3231.

10 B. Bouzar and Y. Mamindy-Pajany, Int. J. Environ. Sci.
Technol., 2023, 20, 11891-11912.

11 A. Al-Mashgbeh, S. Abuali, B. El-Eswed and F. I. Khalilj,
Ceram. Int., 2018, 44, 5613-5620.

12 P. He, M. Wang, S. Fu, D. Jia, S. Yan, J. Yuan, J. Xu, P. Wang
and Y. Zhou, Ceram. Int., 2016, 42, 14416-14422.

13 P. Duxson, A. Fernandez-Jiménez, J. L. Provis, G. C. Lukey,
A. Palomo and ]. S. J. van Deventer, J. Mater. Sci., 2007, 42,
2917-2933.

14 A. Mériot, M. De Noirfontaine, M. Courtial, L. Izoret,
S. Tusseau-Nenez, M. Labourel, S. Gauffinet and
F. Dunstetter, J. Am. Ceram. Soc., 2023, 106, 709-721.

15 M. Ji, G. Liu, B. Yu, H. Liu and G. Cheng, Fractals, 2023, 31,
2350112.

16 P. Zhang, X. Wang, J. Wang and T. Zhang, J. Renewable
Mater., 2023, 11, 745-776.

17 W. Zhang, X. Song, X. Gu and S. Li, Constr. Build. Mater.,
2012, 34, 409-417.

18 J. Tan, H. Dan and J. Li, Environ. Sci. Pollut. Res., 2022, 29,
80727-80738.

19 Y. Luo, H. J. H. Brouwers and Q. Yu, Cem. Concr. Res., 2023,
170, 107198.

20 L.-Y. Xu, Y. Alrefaei, Y.-S. Wang and ].-G. Dai, Constr. Build.
Mater., 2021, 276, 122196.

21 J. H. Kim, H. Anwer, Y. S. Kim and J.-W. Park, Chemosphere,
2021, 280, 130419.

22 G. Ma, C. Bai, M. Wang and P. He, Crystals, 2021, 11, 1310.

23 Q. Tian, Y. Pan, Y. Bai and K. Sasaki, Environ. Sci. Pollut. Res.,
2022, 29, 24298-24308.

24 Y. Liu, C. Yan, Z. Zhang, H. Wang, S. Zhou and W. Zhou,
Fuel, 2016, 185, 181-189.

25 Q. Tian, S. Nakama and K. Sasaki, Sci. Total Environ., 2019,
687, 1127-1137.

Leon and A. Guerrero,

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

26 J. L. Provis, Cem. Concr. Res., 2018, 114, 40-48.

27 J. L. Provis and S. A. Bernal, Annu. Rev. Mater. Res., 2014, 44,
299-327.

28 A. Palomo, P. Krivenko, I. Garcia-Lodeiro, E. Kavalerova,
O. Maltseva and A. Fernandez-Jiménez, Mater. Constr.,
2014, 64, €022.

29 Y. M. Nie, H. W. Ma, S. X. Liu and F. S. Niu, J. Adv. Med. Res.,
2010, 177, 628-635.

30 J.-E. Aubert, P.-Y. Mahieux and B. Husson, Waste Biomass
Valorization, 2010, 1, 261-270.

31 J. Liu, D. Wu, X. Tan, P. Yu and L. Xu, Materials, 2023, 16,
3444.

32 T. H. Vu and N. Gowripalan, J. Adv. Concr. Technol., 2018, 16,
124-135.

33 J. Chen, Y. Wang, S. Zhou and X. Lei, J. Environ. Chem. Eng.,
2017, 5, 373-380.

34 B. 1. El-Eswed, R. I. Yousef, M. Alshaaer, I. Hamadneh,
S. I. Al-Gharabli and F. Khalili, Int. J. Miner. Process., 2015,
137, 34-42.

35 X. Guo, H. Shi and W. A. Dick, Cem. Concr. Compos., 2010, 32,
142-147.

36 H. Wang, H. Li and F. Yan, Colloids Surf., A, 2005, 268, 1-6.

37 W. K. W. Lee and J. S. J. Van Deventer, Colloids Surf., A, 2002,
211, 49-66.

38 J. G. S. Van Jaarsveld and J. S. J. Van Deventer, Cem. Concr.
Res., 1999, 29, 1189-1200.

39 S. Alonso and A. Palomo, Mater. Lett., 2001, 47, 55-62.

40 C. Yip, G. Lukey and ]. van Deventer, in Chemeca 2003:
Products and Processes for the 21st Century : Proceedings of
the 31st Australasian Chemical Engineering Conference,
Adelaide, S. A., 2003, pp. 845-851.

41 A. Palomo, A. Fernandez-Jiménez, G. Kovalchuk,
L. M. Ordofiez and M. C. Naranjo, J. Mater. Sci., 2007, 42,
2958-2966.

42 1. Garcia-Lodeiro, A. Fernandez-Jimenez and A. Palomo,
Cem. Concr. Compos., 2013, 39, 82-92.

43 1. Garcia-Lodeiro, A. Fernandez-Jiménez and A. Palomo,
Cem. Concr. Res., 2013, 52, 112-122.

44 Y. Luna Galiano, C. Fernandez Pereira and J. Vale, J. Hazard.
Mater., 2011, 185, 373-381.

45 Y. Luna-Galiano, C. Leiva, C. Arenas and C. Fernandez-
Pereira, J. Non-Cryst. Solids, 2018, 500, 196-204.

46 C. Fernandez Pereira, Y. Luna, X. Querol, D. Antenucci and
J. Vale, Fuel, 2009, 88, 1185-1193.

47 C. Arenas, Y. Luna-Galiano, C. Leiva, L. F. Vilches, F. Arroyo,
R. Villegas and C. Fernandez-Pereira, Constr. Build. Mater.,
2017, 134, 433-442.

48 Y. Chen, F. Chen, F. Zhou, M. Lu, H. Hou, ]. Li, D. Liu and
T. Wang, Sci. Total Environ., 2022, 802, 149905.

49 J. G. S. Van Jaarsveld, J. S. J. Van Deventer and L. Lorenzen,
Metall. Mater. Trans. B, 1998, 29, 283-291.

50 J. Zhang, Y. Gao, Z. Li and C. Wang, Chemosphere, 2023, 321,
138129.

51 G. Huang, Y. Ji, L. Zhang, Z. Hou, L. Zhang and S. Wu, Mag.
Concr. Res., 2019, 71, 362-372.

52 Y. Wang and J. Zhao, Constr. Build. Mater., 2019, 203, 655-
661.

RSC Adv, 2024, 14, 12580-12592 | 12591


http://www.shiyanjia.com
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ra00617h

Open Access Article. Published on 18 April 2024. Downloaded on 3/12/2026 11:09:31 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances Paper

53 S. Sun, J. Lin, L. Fang, R. Ma, Z. Ding, X. Zhang, X. Zhaoand 57 W.Ma, W. Shi, Y. Shi, D. Chen, B. Liu, C. Chu, D. Li, Y. Li and

Y. Liu, Waste Manage., 2018, 77, 356-363. G. Chen, J. Hazard. Mater., 2021, 408, 124809.

54 Q. Tian, B. Guo and K. Sasaki, J. Hazard. Mater., 2020, 387, 58 Z. Chen, G. Yu, Y. Wang and X. Wang, Waste Manage., 2020,
121994. 109, 28-37.

55 Q. Tian, H. Wang, Y. Pan, Y. Bai, C. Chen, S. Yao, B. Guoand 59 R. Bie, P. Chen, X. Song and X. Ji, J. Energy Inst., 2016, 89,
H. Zhang, Environ. Res., 2022, 215, 114333. 704-712.

56 W. Zhu, X. H. Rao, Y. Liu and E.-H. Yang, J. Cleaner Prod.,
2018, 177, 775-781.

12592 | RSC Adv, 2024, 14, 12580-12592 © 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ra00617h

	Resistance and durability of fly ash based geopolymer for heavy metal immobilization: properties and mechanismElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00617h
	Resistance and durability of fly ash based geopolymer for heavy metal immobilization: properties and mechanismElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00617h
	Resistance and durability of fly ash based geopolymer for heavy metal immobilization: properties and mechanismElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00617h
	Resistance and durability of fly ash based geopolymer for heavy metal immobilization: properties and mechanismElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00617h
	Resistance and durability of fly ash based geopolymer for heavy metal immobilization: properties and mechanismElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00617h
	Resistance and durability of fly ash based geopolymer for heavy metal immobilization: properties and mechanismElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00617h
	Resistance and durability of fly ash based geopolymer for heavy metal immobilization: properties and mechanismElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00617h
	Resistance and durability of fly ash based geopolymer for heavy metal immobilization: properties and mechanismElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00617h
	Resistance and durability of fly ash based geopolymer for heavy metal immobilization: properties and mechanismElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00617h
	Resistance and durability of fly ash based geopolymer for heavy metal immobilization: properties and mechanismElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00617h
	Resistance and durability of fly ash based geopolymer for heavy metal immobilization: properties and mechanismElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00617h
	Resistance and durability of fly ash based geopolymer for heavy metal immobilization: properties and mechanismElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00617h

	Resistance and durability of fly ash based geopolymer for heavy metal immobilization: properties and mechanismElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00617h
	Resistance and durability of fly ash based geopolymer for heavy metal immobilization: properties and mechanismElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00617h
	Resistance and durability of fly ash based geopolymer for heavy metal immobilization: properties and mechanismElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00617h
	Resistance and durability of fly ash based geopolymer for heavy metal immobilization: properties and mechanismElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00617h
	Resistance and durability of fly ash based geopolymer for heavy metal immobilization: properties and mechanismElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00617h
	Resistance and durability of fly ash based geopolymer for heavy metal immobilization: properties and mechanismElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00617h
	Resistance and durability of fly ash based geopolymer for heavy metal immobilization: properties and mechanismElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00617h
	Resistance and durability of fly ash based geopolymer for heavy metal immobilization: properties and mechanismElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00617h
	Resistance and durability of fly ash based geopolymer for heavy metal immobilization: properties and mechanismElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00617h
	Resistance and durability of fly ash based geopolymer for heavy metal immobilization: properties and mechanismElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00617h
	Resistance and durability of fly ash based geopolymer for heavy metal immobilization: properties and mechanismElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00617h
	Resistance and durability of fly ash based geopolymer for heavy metal immobilization: properties and mechanismElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00617h
	Resistance and durability of fly ash based geopolymer for heavy metal immobilization: properties and mechanismElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00617h
	Resistance and durability of fly ash based geopolymer for heavy metal immobilization: properties and mechanismElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00617h
	Resistance and durability of fly ash based geopolymer for heavy metal immobilization: properties and mechanismElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00617h
	Resistance and durability of fly ash based geopolymer for heavy metal immobilization: properties and mechanismElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00617h
	Resistance and durability of fly ash based geopolymer for heavy metal immobilization: properties and mechanismElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00617h
	Resistance and durability of fly ash based geopolymer for heavy metal immobilization: properties and mechanismElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00617h
	Resistance and durability of fly ash based geopolymer for heavy metal immobilization: properties and mechanismElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00617h

	Resistance and durability of fly ash based geopolymer for heavy metal immobilization: properties and mechanismElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00617h
	Resistance and durability of fly ash based geopolymer for heavy metal immobilization: properties and mechanismElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00617h
	Resistance and durability of fly ash based geopolymer for heavy metal immobilization: properties and mechanismElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00617h


