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Arsenic(V) immobilization in fly ash and mine tailing-based geopolymers: 
Performance and mechanism insight 
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• A low-carbon fly ash/mine tailing-base 
geopolymer was developed. 

• The geopolymers have high mechanical 
strengths and long-term stabilities. 

• It can efficiently immobilize exogenous 
AsV in addition to the intrinsic AsV. 

• Calcite and calcium silicate hydroxide 
contribute mainly to immobilizing AsV. 

• The AsV-immobilized geopolymers can 
be further used as construction 
materials.  
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A B S T R A C T   

Global mining activities produce thousands of millions of toxic-bearing mine tailing (MT) wastes each year. 
Storage of the mine tailings not only encroaches upon large areas of cropland but also arouses additional 
ecological and environmental risks. Herein we demonstrate that geopolymerization of a mixture of the toxic- 
bearing mine tailings and the coal fly ash (FA) can effectively immobilize exogenous arsenic (As) species in 
addition to inherent As from the raw materials. The geopolymers also possess high compressive strengths (e.g., 
>25 MPa for specimens with 54 wt% FA and activated with 10 M sodium hydroxide (NaOH)), allowing them to 
be further used as low-carbon, cement-free building materials. The geopolymer strength was found to depend 
clearly upon the NaOH concentration, the FA content, and the curing time, with the maximum being 37.07 MPa 
for a specimen with 54 wt% FA, 0.03 wt% As, activated with 10 M NaOH and cured for 28 days. Leaching tests 
showed that all specimens achieved an immobilization efficiency as high as 95.4% toward As, and that both the 
short-term and long-term leachabilities of all toxic elements are far below the standard maximum contaminant 
levels. Microstructural analyses indicate that calcite, calcium silicate, and calcium silicate hydroxide are likely to 
play a crucial role in immobilizing As species and heavy metals of concern in the geopolymer matrixes. Given the 
superior mechanical strengths and long-term stabilities, the FA/MT-based geopolymers demonstrate a promising 
low-carbon material for both the remediation of As-bearing lands and the construction industry.   
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1. Introduction 

Arsenic (As) contamination in water environments (e.g., mine 
drainage, groundwater, etc.) and soils due to mining activities have 
raised the risk of arsenic exposure to crop plants (e.g., rice), animals, and 
humans, and thus aroused growing concern from across the world 
(Podgorski and Berg, 2020). China holds approximately 70% of the 
world’s arsenic reservoirs (Li et al., 2016). The mining of lead, zinc, and 
copper ores produced over 32 million tons of arsenic-bearing mine 
tailing (MT) wastes annually, predominantly in Hunan province, China 
(Li et al., 2019). In severe situations, these arsenic residues can 
contaminate the surrounding soils and groundwater, causing serious 
threats to the sustainability of agroecosystems and food safety. To 
address this issue, a variety of technologies, including adsorption, 
bioremediation, chemical-enhanced washing, chemical precipitation, 
electrocoagulation, electrokinetic method, ion-exchange, membrane 
filtration, phytoremediation, solidification/stabilization (S/S), etc. have 
been widely exploited and well documented in the literature (Alka et al., 
2021; Nidheesh and Singh, 2017; Singh et al., 2015). In spite of soil 
remediation, adsorption, chemical-enhanced washing, precipitation, 
and phytoremediation are effective in sequestering and/or immobilizing 
arsenic, however, both the economic and the environmental restrictions 
limit their application on a large scale (Wang et al., 2019). 

Pozzolanic-based solidification/stabilization (S/S) is a well- 
established, effective, yet cost-efficient remediation technology to 
immobilize hazardous wastes in contaminated soils and sludges (Pal
ansooriya et al., 2020). Arsenic can be effectively immobilized using 
ordinary Portland cement (OPC) (Choi et al., 2009; Singh and Pant, 
2006) and magnesium phosphate cement (Devi et al., 2020; Wang et al., 
2020) as the major cementitious materials. However, the high carbon 
footprint associated with the production of both types of cement makes 
the cement-based S/S technology less appealing in the scenario of global 
carbon neutrality by the middle of the century (Shi et al., 2019). To this 
end, low-carbon, high-efficiency S/S technologies using massive indus
trial by-products, e.g., fly ash (FA), red mud, blast-furnace and/or 
smelting slag, mine tailings (MTs), flue gas desulfurization (FGD) gyp
sum (Gp), etc. as the alternative cementitious materials have received 
much attention and also been extensively studied (Jiang et al., 2022; 
Tian et al., 2021; Wang et al., 2020). 

Of various low-carbon S/S technologies, geopolymerization of the 
mixture of arsenic-bearing waste and the silica- and/or alumina-rich 
industrial solid wastes (e.g., fly ash, red mud, mine tailing, etc.) by al
kali activation has been demonstrated to be an effective alternative to 
immobilize arsenic into the geopolymer matrix (Diaz-Loya et al., 2012; 
Tian et al., 2021; Zhou et al., 2021). Geopolymer binders derived from 
both the alkali activation of coal fly ash (Diaz-Loya et al., 2012) and the 
high-energy ball milling activation of granulated lead smelting slag (Liu 
et al., 2019) have shown excellent ability to stabilize the municipal solid 
waste incinerator fly ash (MSWI FA) with high arsenic content. Recently, 
it was reported that red mud-metakaolin (MK) based geopolymer shows 
a good arsenic retention capability as well as a high compressive 
strength (~15 MPa), making it an environmentally friendly backfilling 
material for sustainable remediation of arsenic pollution (Zhou et al., 
2021). However, the production of MK by calcining kaolinite (at 700 ◦C) 
can yield high CO2 emissions, even though kaolinite clays (>40% 
kaolinite) are inexpensive and widely accessible (Kavitha et al., 2016). 
Compared to metakaolin-based geopolymers, fly ash and/or mine 
tailing-based geopolymers have a lower carbon footprint, making them 
more desirable for use as building materials and as a matrix for immo
bilizing toxic wastes (Ahmari and Zhang, 2012; Zhang et al., 2011; 
Zhang, N. et al., 2021). For instance, when using sugar mill lime sludge 
as a Ca-based activator, it was suggested that coal fly ash and mine 
tailing-based geopolymer can effectively stabilize the mine tailings with 
high levels of arsenic and heavy metals. Besides, since the geopolymer 
has high compressive strength (>7.5 MPa), it can also be used as con
struction materials (Opiso et al., 2021). 

While many studies have demonstrated that geopolymer matrix 
plays a crucial role in the immobilization of arsenic wastes, the under
lying mechanisms remain poorly understood due to the contradictory 
results that have often been presented. During the geopolymerization 
process, arsenic can react either with calcium-rich components to form 
calcium arsenate precipitates, with Friedel’s salt to yield As-Friedel’s 
salt mineral, or with the geopolymer gels (e.g., calcium (alumino)silicate 
hydrate) to form surface complexes (Jiang et al., 2022; Liu et al., 2019). 
Zhou et al. claimed that ion exchange with ettringite, formation of Ca–As 
and Fe–As precipitates, and physical encapsulation with geopolymer gel 
were the predominant mechanisms for stabilizing arsenic (Zhou et al., 
2021). However, other studies showed that arsenic exhibits a poor 
immobilization potential in geopolymer systems due to its high pH 
sensitivity (Giels et al., 2019; Izquierdo et al., 2009). In this regard, the 
interactions between arsenic and the mine tailing-based geopolymer 
matrix and the immobilization mechanism of arsenic should be further 
elucidated. 

In this study, we focus on the feasibility of immobilizing exogenetic 
arsenate (AsV) in geopolymer matrices derived from the mixtures of fly 
ash, lead-zinc mine tailing, and FGD gypsum that were activated with 
sodium hydroxide and sodium silicate solution. The geopolymer speci
mens were investigated at different AsV contents, NaOH concentrations, 
fly ash contents, curing time, etc. to explore the mechanic properties, 
microstructure, AsV leaching characteristics, and the immobilization 
mechanism of arsenic by using unconfined compressive strength (UCS) 
test, X-ray diffraction (XRD), scanning electron microscopy (SEM), 
Fourier Transform Infrared (FTIR), and X-ray photoelectron spectros
copy (XPS) analyses. 

2. Materials and methods 

2.1. Materials 

The raw materials used in this study include lead-zinc (Pb–Zn) mine 
tailings (MTs), class F fly ash (FA), and FGD gypsum (Gp). Both the FA 
and the Gp were obtained from Jiangsu Nanre Power Generation Co., 
Ltd. (Nanjing, China). The MT was provided by Nanjing Yinmao Pb–Zn 
Mining Industry Co., Ltd. (Nanjing, China). The mineral constituents, 
chemical compositions and trace heavy metals of both the FA and the 
MT can be found elsewhere (Bah et al., 2022). The FDG gypsum consists 
of kidney bean-shaped powders of size ranging from ~10 to ~55 μm, 
with almost pure gypsum (CaSO4‧2H2O, JCPDS #33–0311) as well as 
trace metals (see Fig. S1in the Supplementary data). 

Reagent grade 96% NaOH pellets were purchased from Macklin 
Biochemical Co., Ltd. (Shanghai, China). Sodium silicate (SS) solution 
with silica to sodium oxide molar ratio of 2:2–2:2.31 was obtained from 
Ganjiashan Yourui Refractories Co., Ltd. (Nanjing, China). Sodium 
arsenate dibasic heptahydrate (Na2HAsO4⋅7H2O, 98%) was purchased 
from Sigma-Aldrich (Shanghai, China) and used as the arsenate source. 
All chemicals were used as received without further purification. 
Deionized water was used in preparation solutions and the geopolymer. 

2.2. Preparation of geopolymer 

For the preparation of FA/MT-based geopolymer, FA was fully mixed 
with MT by using a benchtop laboratory mixer (NJ-160A, Wuxi Jianyi 
I&M Co., Ltd, China) at a given content, i.e., 28 wt%, 44 wt%, 54 wt%, 
and 61 wt% (by total solid mass) to form a dry-blend. Then the NaOH (5, 
8, and 10 M) together with 25 g of SS and deionized water were slowly 
added to the above dry-blend while mixing gently until a homogeneous 
paste was formed. The liquid to solid (L/S) ratio was kept at 0.33–0.34 to 
achieve a paste with good workability. The resultant paste was then cast 
into the six-fold concrete cube test steel moulds (20 × 20 × 20 mm3) at 
room temperature for 24 h. The shaped cubic geopolymer specimens 
were demoulded carefully and then placed in a blast drying oven for 
barely curing at 65 ◦C for another 24 h. After cooling, the specimens 
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were left in the lab tray with a PE film covering and cured at room 
temperature for 7, 14, and 28 days before further tests. All geopolymer 
specimens were prepared in triplicate. To study the effect of Gp content 
on the mechanical strength as well as the AsV immobilization perfor
mance of the FA/MT-based geopolymer specimens, 2.5 wt% and 5 wt% 
of Gp (by total solid mass) were added into the dry-blend. In the case of 
preparing geopolymer for AsV immobilization, 0.01 wt%, 0.03 wt%, and 
0.05 wt% of arsenic (by the mass of elemental As) were added along 
with the NaOH solution. The geopolymer specimen composition matrix 
is summarized in Table 1. 

2.3. Characterization of geopolymer 

The unconfined compressive strength (UCS) tests were performed to 
evaluate the effects of NaOH concentration, incorporated Gp, curing 
time, and introduction of AsV on the mechanical strength of the resultant 
geopolymer specimens. After 7-, 14-, and 28-day curing, the geopolymer 
specimens were tested on a WDW-100 universal material testing ma
chine (Jinan Fangyuan Test Instrument Co., Ltd., China) at a constant 
loading of 5 MPa/s in terms of the ASTM C109M − 2008 standard. Each 
geopolymer specimen was tested in triplicate and the average UCS value 
was used for further analysis. 

To investigate the microscopic characteristics of geopolymer, the 
crushed specimens from the UCS tests were collected and further milled 
into fine powders for further tests. X-ray diffraction (XRD) analysis was 
conducted on an XRD-6100 diffractometer (Shimadzu, Japan) at a tube 
voltage of 40 kV and a tube current of 30 mA with Cu-Kα radiation (step 
size: 0.02◦, scanning rate: 5◦ min− 1). The morphological images of the 
geopolymer specimens were obtained on a SU1510 (Hitachi, Japan) 
scanning electron microscope (SEM) at an accelerating voltage of 1.5 kV. 
Fourier Transform Infrared Spectroscopy (FTIR) data were collected on 
an Is5 infrared spectrometer (Thermo Nicolet, USA) by using the KBr 
pellet method. X-ray photoelectron spectroscopy (XPS) analysis was 
performed on a PHI 5000 spectroscope (Versa Probe, UIVAC-PHI, 
Japan) equipped with a monochromatized Al Kα X-ray source (hν =

1486.6 eV). The C1s peak (284.8 eV) was used for the calibration of 
binding energy values. 

2.4. Leaching tests 

To evaluate the leachability of AsV as well as some heavy metals of 
concern from the FA/MT-geopolymer specimens, all the specimens were 
crushed into granules with size far less than 9.5 mm and then the 
Toxicity Characteristic Leaching Procedure (TCLP) tests were conducted 
following the US EPA test method 1311 (U.S. Environmental Protection 
Agency, 1992). The leachates were filtered with 0.45 μm filters (Tianjin 
Navigator Lab Instrument Co., Ltd, China) and acidified with ultrapure 
nitric acid (Sinopharm Chemical, Shanghai, China) before further ana
lyses. AsV concentrations in the leachates were measured using an Op
tima™ 8000 Inductively Coupled Plasma-Optical Emission 
Spectrometry (ICP-OES) analyzer (PerkinElmer Inc., USA). All TCLP 
tests were performed in triplicate and average values were used. The AsV 

immobilization efficiency was determined using the following equation, 

Immobilization%=
C0 − Cf

C0
× 100%  

where C0 is the AsV concentration in the initial suspension of the TCLP 
test by assuming that all AsV in the geopolymer specimens are leachable, 
while Cf is the measured AsV concentration in the corresponding 
leachate (mg⋅L− 1). 

3. Results and discussions 

3.1. Effect of NaOH concentration on UCS of the FA/MT-based 
geopolymers 

To investigate the effect of NaOH concentration on the UCS of the 
FA/MT-based geopolymers, UCS tests were performed on geopolymer 
specimens with different FA and AsV contents that were activated with 5, 

Table 1 
Geopolymer specimen composition matrix and characterization tests conducted.  

Specimen ID NaOH (M) FA content (wt.%) Gp content (wt.%) AsV content (wt.%) Si/Al 
a 

Na/Al 
a 

Curing time (days) UCS test XRD SEM FTIR 

FMA5G-02a 5 54 2.5 0.01 0.83 0.41 7, 14, 28 X b  X  
FMA5G-02b 5 54 2.5 0.03 0.83 0.41 7, 14, 28 X X X X 
FMA5G-02c 5 54 2.5 0.05 0.83 0.41 7, 14, 28 X  X  
FMA8G-02a 8 54 2.5 0.01 0.83 0.52 7, 14, 28 X    
FMA8G-02b 8 54 2.5 0.03 0.83 0.52 7, 14, 28 X  X  
FMA8G-02c 8 54 2.5 0.05 0.83 0.52 7, 14, 28 X X X X 
FMA10G-01a 10 61 2.5 0.01 0.94 0.46 7, 14, 28 X X X  
FMA10G-01b 10 61 2.5 0.03 0.94 0.46 7, 14, 28 X    
FMA10G-01c 10 61 2.5 0.05 0.94 0.46 7, 14, 28 X  X  
FMA10G-02a 10 54 2.5 0.01 0.83 0.60 7, 14, 28 X X X X 
FMA10G-02b 10 54 2.5 0.03 0.83 0.60 7, 14, 28 X X X X 
FMA10G-02c 10 54 2.5 0.05 0.83 0.60 7, 14, 28 X X X X 
FMA10G-03a 10 44 2.5 0.01 0.68 0.87 7, 14, 28 X  X  
FMA10G-03b 10 44 2.5 0.03 0.68 0.87 7, 14, 28 X    
FMA10G-03c 10 44 2.5 0.05 0.68 0.87 7, 14, 28 X  X  
FMA10G-04a 10 28 2.5 0.01 0.43 1.62 7, 14, 28 X  X  
FMA10G-04b 10 28 2.5 0.03 0.43 1.62 7, 14, 28 X    
FMA10G-04c 10 28 2.5 0.05 0.43 1.62 7, 14, 28 X    
FMA5G5-02a 5 54 5 0.01 0.83 0.41 7, 14, 28 X    
FMA5G5-02b 5 54 5 0.03 0.83 0.41 7, 14, 28 X    
FMA5G5-02c 5 54 5 0.05 0.83 0.41 7, 14, 28 X    
FMA8G5-02a 8 54 5 0.01 0.83 0.52 7, 14, 28 X X X X 
FMA8G5-02b 8 54 5 0.03 0.83 0.52 7, 14, 28 X  X  
FMA8G5-02c 8 54 5 0.05 0.83 0.52 7, 14, 28 X    
FMA10G5-02a 10 54 5 0.01 0.83 0.60 7, 14, 28 X X X X 
FMA10G5- 

02b 
10 54 5 0.03 0.83 0.60 7, 14, 28 X    

FMA10G5-02c 10 54 5 0.05 0.83 0.60 7, 14, 28 X  X   

a Note: the calculated Si/Al and Na/Al ratios in the initial mixtures are not necessarily the same as the final ratios in the geopolymer gels. 
b X indicates test has been conducted. 
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8, and 10 M NaOH, respectively (Fig. 1a and b, S2 and S3). As in the case 
in Fig. 1a, apart from geopolymers with 28 wt% of FA, the UCS values 
after curing for 7 days (abbreviated as 7-day UCS) of the FA/MT-based 
geopolymers increase almost linearly with increasing NaOH concen
trations ranging from 5 to 10 M. This near-linear dependency between 
the UCS and the NaOH concentration is also evident for these geo
polymer specimens cured for 14, and 28 days, respectively (Figs. S2 and 
S3). It is well established that NaOH accelerates the dissolution of sili
cates and aluminosilicates in aqueous systems (Rees et al., 2007). With 
increasing NaOH concentrations, UCS is likely to increase because more 
Na+ and OH− react with the silica- and alumina-rich phase, dissolving 
more Si and Al and thereby increasing the concentration of Si and Al in 
the liquid phase (Ahmari et al., 2012). Faster dissolution of the alumi
nosilicate phases may lead to faster geopolymer formation due to rapid 
conversion of the raw materials. Besides, it is believed that during the 
formation of geopolymer, Na+ and OH− ions also play significant roles in 
stabilizing aqueous species and colloids, increasing the solubility limits 
of silica and alumina, reducing electrostatic repulsion between the dis
solved anions, and catalyzing geopolymer gel formation and rear
rangement (Rees et al., 2007). These will in turn lead to faster 
geopolymer formation, and thus increase the geopolymer compressive 
strength. The UCS improvement with NaOH concentration has also been 
observed previously (Ahmari et al., 2012; Li et al., 2012; Rees et al., 
2007), particularly in mixtures with a large number of amorphous 
aluminosilicate phases (Ahmari et al., 2012; Allahverdi and Kani, 2009). 
This observation is also validated in the present study that the activation 
of the FA/MT mixtures with 10 M NaOH resulted in the highest UCS (i.e., 
35.52 and 37.07 MPa for 7-day and 28-day UCS, respectively) when the 
mixture with FA content as high as 54 wt% was used (Fig. 1a and S2b). 
This is because FA particles contain more amorphous phases than the 
MT powder and are thereby more reactive to the NaOH solution (Bah 
et al., 2022). 

It is of interest to note, however, that the UCS value of geopolymer 
specimen activated with 10 M NaOH is lower than that activated with 8 
M NaOH in the case of geopolymers with 28 wt% of FA (Fig. 1a and S2). 
This can be explained by the negative effect of excess NaOH on geo
polymer formation which has also been observed previously (Rees et al., 
2007; Rowles and O’Connor, 2003). Geopolymer compressive strength 
is believed to increase with increasing Na/Al molar ratios up to a specific 
maximum value, above which the strength is reduced (Rees et al., 2007; 
Rowles and O’Connor, 2003). Based on this argument, it would appear 
that the Na/Al molar ratio has reached up to the maximum value 
favorable for the geopolymer formation in the specimen with 28 wt% of 
FA that was activated with 8 M NaOH. 

3.2. Effect of FA, AsV and Gp contents on UCS 

As shown in Fig. 1a and S2, all UCS values (i.e., 7-, 14- and 28-day 
UCS) increase with FA contents ranging from 28 wt% to 54 wt%, 
while decrease to some extent when the FA contents are as high as 61 wt 
% at NaOH concentrations of 5, 8 and 10 M, respectively. As discussed 
above, it appears that the Na/Al molar ratios have achieved the opti
mum value favoring geopolymer formation when the FA contents 
increased up to 54 wt%, indicating that the FA/MT mixture containing 
54 wt% FA is the optimal recipe for geopolymer formation regarding the 
compressive strength. Further increasing the FA proportion in the FA/ 
MT mixtures will no doubt result in decreased Na/Al molar ratios, and 
thus declined compressive strengths. This behaviour is in good consis
tency with the calculated Na/Al data (Table 1) and has also been re
ported elsewhere (Shan et al., 2012). 

In general, Na+ ions from the alkali activator (e.g., NaOH) can reduce 
the electrostatic repulsion between the dissolved anions through the 
formation of ion-pairing complexes (e.g., Si/Al–O− ‧‧‧ Na+), by which to 
accelerate the geopolymer gel formation (Rees et al., 2007). As 
mentioned above, 0.01–0.05 wt% of AsV was added to the geopolymer 
mixtures in the form of sodium arsenate to evaluate the immobilization 
performance in this study. For instance, the addition of 0.05 wt% of AsV 

will also introduce 306.5 mg g− 1 of Na+ into the geopolymer system. 
This suggests that the Na+ ions from sodium arsenate will somewhat 
contribute to the geopolymer gel formation, particularly when the Na+

ions from NaOH are very limited. The effect of AsV content on the UCS is 
distinct in the cases of geopolymer specimens with 54 wt% of FA and 5 
M NaOH, which demonstrates that the UCS values increase propor
tionally as the AsV contents increase from 0.01 wt% to 0.05 wt% (Fig. 1b 
and S3), confirming the profound contribution from the Na+ ions of 
sodium arsenate. Similar observations are also notable in geopolymer 
specimens with 61 wt% FA and 10 M NaOH as shown in Fig. 1c and S4, 
where Na+ ions from NaOH are inadequate to dissolve the amorphous 
phases in FA of the mixtures, and therefore the introduction of extra 
Na+ ions along with AsV sources can result in obvious increases in the 
compressive strengths. In other geopolymer specimens rich in Na+ ions 
from NaOH (with high Na/Al molar ratios) as shown in Fig. 1b and c, S3, 
and S4, the effect of AsV content appears to be stochastic since excess 
Na+ ions in the geopolymer system can reduce the compressive strength 
(Rees et al., 2007; Rowles and O’Connor, 2003). 

Gypsum is known to accelerate the induration and the early strength 
of the geopolymer, promoting arsenic solidification to some extent (Li 
et al., 2016; Zhang et al., 2019). Nevertheless, excess gypsum in geo
polymer mixture appears to increase the mobility of arsenic (Li et al., 
2016; Tigue et al., 2018), and reduce the UCS values of the resultant 
geopolymer. Considering the leachability of toxics and the compressive 
strength, adding 8–12 wt% of gypsum to the geopolymer mixture is well 

Fig. 1. (a) Effect of NaOH concentration and FA content on the 7-day UCS of FT/MT-based geopolymer specimens with a constant AsV content of 0.03 wt%, (b) Effect 
of NaOH concentration and AsV content on the 7-day UCS of specimens with a constant FA content of 54 wt%, (c) Effect of AsV and FA contents on the 7-day UCS of 
specimens activated with 10 M NaOH. 
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established (Li et al., 2016; Zhang et al., 2019). However, our results in 
Fig. 2a demonstrate that introduction of 5 wt% of Gp can lead to sig
nificant decreases in the UCS values of geopolymers (NaOH = 10 M, FA 
content = 54 wt%), as compared to those with 2.5 wt% gypsums. 
Therefore, we mainly focus on the geopolymer mixtures with a Gp 
content of 2.5 wt% in the present study, and all geopolymer mixtures 
were blended with 2.5 wt% of Gp unless otherwise specified. Moreover, 
it is worthy to note that the highest UCS of 39.46 MPa can be found in 
geopolymer specimens with 61 wt% FA, 0.05 wt% AsV and 10 M NaOH 
after curing for 14 days (see the supplementary UCS data). Besides, this 
geopolymer has a 28-day UCS as high as 31.88 MPa. In comparison to 
conventional FA-based geopolymers (Ahmari et al., 2012; Jiang et al., 
2022; Tian et al., 2021), the geopolymer exhibits superior compressive 
strength, making it an attractive material for use in construction 
(Capasso et al., 2019; Zhang, X.L. et al., 2021). 

3.3. Effect of curing time on UCS 

It has been reported previously that for FA-based geopolymer 

systems the temperature at which specimens are cured significantly af
fects its final compressive strength (van Jaarsveld et al., 2002). Our 
previous work has also confirmed that curing at 65 ◦C can improve the 
overall strength of the geopolymer specimens as compared to those 
cured at 25 ◦C (Bah et al., 2022). Therefore, the effect of curing time on 
UCS in this study was investigated by evaluating the compressive 
strength of specimens cured at 65 ◦C for different curing times. Geo
polymer specimens prepared with varying FA and AsV contents, NaOH 
concentrations, and cured for 7, 14, and 28 days were evaluated and the 
results are presented in Fig. 2b− d. For all specimens, it appears that the 
strength of the geopolymers developed rapidly in the first 7 days, ac
counting for >70% of the maximum UCS values that were obtained in 14 
days. This observation is in good agreement with previous reports (Bah 
et al., 2022; Zhang et al., 2011). 

However, it is of interest to note that the 28-day UCS values 
decreased slightly (i.e., 9.2–16.6%) as compared to the 14-day UCS for 
most specimens studied (Fig. 2b− d). This may attribute to the inade
quate geopolymerization of the mixture due to the initial loss of water 
during the heating process in an oven at 65 ◦C (van Jaarsveld et al., 

Fig. 2. (a) Effect of Gp content on the 7-day UCS of specimens (54 wt% FA, 10 M NaOH); (b) Effect of curing time and AsV content on the UCS of the same specimens; 
(c) Effect of curing time and NaOH concentration on the UCS of specimens (54 wt% FA, and 0.01 wt% AsV); and (d) Effect of curing time and FA content on the UCS 
of specimens (0.01 wt% AsV, and 10 M NaOH). 
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2002; Zhang, N. et al., 2021), and the reduction in compactness owing to 
the phase transitions from amorphous gels to crystalline minerals (Devi 
et al., 2020; Tian et al., 2021). The phase transitions are also confirmed 

by the XRD data to be discussed later in the following section. Never
theless, it is apparent that when the specimen was prepared with 54 wt% 
FA and 10 M NaOH, curing at 65 ◦C for 24 h can endow the specimen 

Table 2 
AsV leaching test results (in mg L− 1) of geopolymer specimens with different curing time.  

Specimen ID AsV leachability Specimen ID AsV leachability Specimen ID AsV leachability 

7 days 14 days 28 days 7 days 14 days 28 days 7 days 14 days 28 days 

FMA5G-02a 0.27 0.75 n.d. FMA10G-02a 0.31 0.02 0.01 FMA5G5-02a 0.48 0.18 n.a. 
FMA5G-02b 2.17 1.11 0.84 FMA10G-02b 1.33 0.61 0.01 FMA5G5-02b 0.94 1.42 1.00 
FMA5G-02c 2.17 1.96 2.09 FMA10G-02c 2.16 1.87 1.37 FMA5G5-02c n.d. 2.56 0.87 
FMA8G-02a 0.34 1.32 n.d. FMA10G-03a 0.12 n.d. 0.65 FMA8G5-02a 0.83 n.d. n.d. 
FMA8G-02b 0.58 0.72 0.22 FMA10G-03b n. d. 0.95 0.09 FMA8G5-02b 1.05 1.33 n.d. 
FMA8G-02c 0.82 n. d. 0.83 FMA10G-03c 2.53 1.87 0.78 FMA8G5-02c 2.60 n.d. 1.77 
FMA10G-01a 0.08 0.44 0.06 FMA10G-04a 0.70 n. d. 0.41 FMA10G5-02a 0.08 1.05 n.a. 
FMA10G-01b 0.57 0.63 0.31 FMA10G-04b n. d. 0.59 0.07 FMA10G5-02b 1.05 0.81 0.13 
FMA10G-01c 0.89 1.20 n.a. FMA10G-04c 0.94 1.19 0.20 FMA10G5-02c 1.16 0.99 1.44 
Chinese standard 5.0 5.0 5.0         

*n.d. = not detected; n.a. = not available. 

Fig. 3. Effect of AsV content on (a) the AsV leachability and the 7-day UCS, and (b) the AsV immobilization efficiency of geopolymer specimens (54 wt% FA, 10 M 
NaOH), (c) Effect of NaOH concentration on the AsV leachability and the UCS of specimens cured for 7, 14, and 28 days (54 wt% FA, and 0.03 wt% AsV), (d) Effect of 
curing time on the AsV leachability and the UCS of specimens with 5, 8, and 10 M NaOH (54 wt% FA, and 0.03 wt% AsV). 
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with a 7-day UCS as high as 35.52 MPa (Fig. 2b), implying that curing at 
elevated temperature can not only enhance the early strength of the 
specimen but also shorten the curing time (Rovnanik, 2010). 

3.4. Leaching results of AsV 

For geopolymer formation, a compacted and consolidated material 
with relatively high strength is usually preferable, while low perme
ability is desirable from a long-term environmental safety perspective 
when using such geopolymer for the solidification/stabilization of toxic 
wastes. The TCLP leaching results of AsV as well as typical heavy metals 
of concern (e.g., Cu, Pb, Cr, etc.) from the raw materials and geopolymer 
specimen without addition of any exogenous AsV are shown in Table S1. 
It is obvious that AsV is completely undetectable in both raw materials 
and the synthetic geopolymer, although earlier XRF results have 
confirmed the presence of 21.3 and 151.9 ppm AsV in FA and MT, 
respectively (Bah et al., 2022). In addition, it is interesting to note that 
only the leachability of Pb (i.e., 16.25 ppm) among the heavy metals of 
concern in MT exceeded the maximum contaminant level (MCL) by 3.3 

times, whereas the leachability of Pb in the synthetic geopolymer was 
only 0.27 ppm, which is far below the MCL (i.e., 5 ppm). The leach
abilities of exogenous AsV from the geopolymer specimens with different 
compositions and curing times are given in Table 2 and depicted in 
Fig. 3. The results are quite variable, with leached AsV concentrations in 
the leachates (i.e., the AsV leachabilities) ranging from 0 (not detected, 
n.d.) to 2.6 mg L− 1 (Table 2). In the case of geopolymer specimens with 
54 wt% of FA and 10 M of NaOH, curing in the air for 7 days endowed 
the specimen of 0.03 wt% AsV with the maximum strength (i.e., 35.52 
MPa), while presented the highest AsV leachability (i.e., 2.16 mg L− 1) to 
the specimen with 0.05 wt% AsV (Fig. 3a). However, when prolonging 
the curing time to 14 days, it is of interest to note that both the UCS 
values and the AsV leachabilities increase proportionally with the AsV 

contents from 0.01 to 0.05 wt%, which has also been observed previ
ously (Akhter et al., 1997). Further extending the curing time to 28 days 
resulted in the maximum compressive strength of the specimen with 
0.03 wt% AsV (i.e., 37.07 MPa), while the highest AsV leachability of 
that incorporating 0.05 wt% of AsV (i.e., 1.4 mg L− 1). Nevertheless, this 
is lower than the standard MCL value, confirming its environmental 

Fig. 4. XRD patterns of (a) geopolymer specimens of 54 wt% FA, 10 M NaOH and cured for 7 days with varying arsenic contents; (b) specimens of 54 wt% FA, 0.03 
wt% AsV, cured for 7 days and activated with 5, 8, and 10 M NaOH; (c) specimens of 0.01 wt% AsV, 10 M NaOH and cured for 7 days with varying FA contents; (d) 
specimens of 54 wt% FA, 0.01 wt% AsV, 10 M NaOH, and cured for different days. (C: Ca2SiO4; C1: CaCO3; C2: Ca5(SiO4)2(OH)2; Q: quartz). 
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benignity. 
Results in Fig. 3c indicate that the AsV leachability decreases with 

increasing NaOH concentrations from 5 to 10 M for specimens with 54 
wt% of FA, 0.03 wt% AsV and cured for 14, and 28 days, respectively, 
whereas the UCS values increase proportionally with the NaOH con
centrations as discussed above. This can be explained by the fact that 
higher NaOH concentration can lead to the faster dissolution of the 
aluminosilicate phases, and thereby faster geopolymer formation 
(Ahmari et al., 2012; Rees et al., 2007), by which free AsV were 
consolidated and in turn stabilized (Liu et al., 2019; Opiso et al., 2021). 

Furthermore, it is evident that extending the curing time from 7 to 28 
days does not improve the compressive strength of these specimens too 
much (Fig. 3d) since specimens are likely to reach their ultimate 
compressive strength in 7 days for FA/MT-based geopolymer (Zhang 
et al., 2011). However, prolonging the curing time can significantly 
reduce the AsV leachabilities. For instance, in specimen with 54 wt% of 
FA, 0.03 wt% of AsV and activated with 10 M NaOH (i.e., FMA10G-02b), 
a reduction of AsV leachability from 1.33 mg L− 1 to 0.01 mg L− 1 was 
observed when extending the curing time from 7 to 28 days (Table 2). 
This is in good agreement with the previous report (Clancy et al., 2015), 
confirming that increased curing time appears to reduce the water 
permeability and porosity of the geopolymer, and thereby enhance the 
AsV S/S performance as expected. 

Besides, the AsV immobilization efficiencies of all geopolymer spec
imens are above 95.4% (Fig. 3b), and AsV leachabilities of all specimens 
are below 5.0 mg L− 1 as specified in the standard (Table 2). Moreover, 
the leachabilities of heavy metals of concern including copper (Cu), 
cadmium (Cd), lead (Pb), and chromium (Cr) are also below the MCLs 
(Table S2), indicating that all specimens comply with the Chinese 
leaching standard for hazardous wastes (GB 5085.3–2007) (PRC Min
istry of Ecology and Environment, 2007). In addition, the leachability 

values of AsV and heavy metals of concern in geopolymers (i.e., the 
FMA10G-02 series) after curing for either 90 or 270 d are far below the 
MCLs as well (Table S3), endowing these materials with a long-term 
environmental safety. Therefore, the FA/MT-based geopolymers 
demonstrated superior immobilization performance for both AsV and 
typical heavy metals and high compressive strengths, particularly in 
specimens with 54 wt% of FA activated with 10 M NaOH (i.e., the 
FMA10G-02 series). Given their superior mechanical strengths and 
contaminant immobilization efficiency, FA/MT-based geopolymers can 
be used for remediation of AsV and heavy metal-contaminated sediments 
and the geopolymers with immobilized contaminants can be further 
used as low-carbon building materials. 

3.5. Immobilization mechanism of AsV 

To better understand the underlying mechanism responsible for AsV 

immobilization, several geopolymer specimens were collected and 
ground into fine powders for microstructural characterizations. XRD 
patterns of geopolymer specimens show evidence for calcium silicate 
(Ca2SiO4, JCPDS #31–0302), calcite (CaCO3, JCPDS #05–0586), cal
cium silicate hydroxide (CSH, Ca5(SiO4)2(OH)2, JCPDS #29–0380), 
quartz (SiO2, JCPDS #46–1045), and amorphous phases (Fig. 4, S5− 7), 
all of which were commonly observed in fly ash-based geopolymers (Li 
et al., 2012; Rees et al., 2007). Of all specimens containing AsV, no ev
idence for crystalline calcium arsenate was identified, suggesting that 
precipitation with calcium ions seems not to be responsible for AsV 

immobilization. This is, however, contrary to preceding studies of sta
bilizing arsenic wastes at high levels with calcium-rich cementitious 
materials (Jiang et al., 2022; Wang et al., 2019) and is likely due to the 
low AsV loadings (i.e., 0.01–0.05 wt%) in this study. 

Furthermore, it is worth to note that increasing the AsV contents 

Fig. 5. SEM images of geopolymer specimens of 54 wt% FA, cured for 7 days and activated with (a) 5 M NaOH, (b) 8 M NaOH, and (c, d) 10 M NaOH.  
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appears to enhance the phase transition from amorphous to crystalline 
(Fig. 4a and S5), with the highest crystallinity of the specimen con
taining the maximum AsV content (i.e., 0.05 wt%). This has also been 
observed in previous reports (Tian et al., 2021; Wang et al., 2019) and is 
likely owing to the hydration inhibition of geopolymer gel by arsenate. 
The NaOH concentration is also observed to have a profound effect on 
the phase composition of the geopolymer, and Fig. 4b and S6 illustrate 
the relationship between the NaOH concentration and the crystalline 
phase composition. There is an increase in the intensity of reflections at 
2θ ~26.8◦ and 29.3◦ (attributed to calcium silicate and CSH, respec
tively) with increasing NaOH concentration, indicating that higher 
NaOH concentration accelerates the much more and faster formation of 
both calcium silicate and CSH, which is good agreement with the above 
discussion. Besides, CSH is believed to act as an effective encapsulator 
and physical barrier to prevent the leaching of toxic elements from the 
geopolymer (Bankowski et al., 2004; Opiso et al., 2021). This might 
explain why the specimens activated with 10 M NaOH demonstrated the 
best S/S performance towards AsV (Fig. 3 and Table 2). Of these speci
mens activated with 10 M NaOH, those with 54 wt% FA and 0.01 wt% 
AsV demonstrated a greater amount of amorphous geopolymer gels as 

compared to other specimens with different FA and AsV contents (Fig. 4a 
and c). Since the amorphous gel is likely to form a more compact geo
polymer network than the specimens dominated by crystalline phases 
(Devi et al., 2020; Tian et al., 2021), and thereby leading to the 
maximum UCS (Fig. 2d) and the best S/S performance. As discussed 
earlier and expected, prolonging the curing time will eventually improve 
the development of crystalline phases (Fig. 4d, S7), resulting in loss of 
the compactness, and thus a slight decrease in the 28-day UCS values 
(Fig. 2d and the supplementary UCS data). It is of interest to note, 
however, that the specimens with 54 wt% and 10 M NaOH (i.e., the 
FMA10G-02 series) showed improved S/S performance towards AsV 

with increasing curing time (Fig. 3c− d, Table 2), regardless of the slight 
reduction in the 28-day UCS values (Fig. 2d). This observation reflects 
that AsV appears to be incorporated into the crystalline minerals (e.g., 
calcite, and CSHs) during the phase transition process over time (Li 
et al., 2019; Zhou et al., 2021). 

SEM images of geopolymer specimens with 54 wt% FA are shown in 
Figs. 5 and 6, and S8. Obviously, three distinct particulates, i.e., the 
partially and unreacted FA particles, the unreacted MT, and the resultant 
geopolymer gels, can be identified. The unreacted FA particles are 

Fig. 6. FTIR spectra of (a) geopolymers (54 wt% FA, 10 M NaOH, 7-d curing) with varying AsV contents, (b) geopolymers (54 wt% FA, 0.05 wt% AsV, 7-d curing) 
activated with different concentrations of NaOH; XPS spectra of (c) survey scan, and (d) O 1s region on geopolymers (54 wt% FA, 10 M NaOH, 90-d curing) with 
varying AsV contents. 
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attached or surrounded by the gels which also consolidate and embed 
some partially reacted FA particles (Fig. 5, S8 and S9). No kidney bean- 
shaped particles corresponding to Gp can be found even in specimens 
with a Gp content of 5 wt% (Fig. S9), implying high reactivity of Gp 
particles in the geopolymerization reaction. It is worth noting that a 
large amount of unreacted FA particles remained in the geopolymer 
specimens (Fig. 5, S8 and S9), as compared to other FA/MT geopolymer 
(Zhang, N. et al., 2021). This is most likely due to the aggressive initial 
loss of water from the specimens during the heating process in oven, 
which probably inhibited the geopolymerization and thus resulted in a 
large amount of unreacted FA particles. Nevertheless, comparison of the 
micrographs in Fig. 5 indicates that as the NaOH concentration 
increased from 5 to 10 M, the number of unreacted FA particles 
decreased apparently and the specimens became more compact, 
implying a higher degree of geopolymerization at higher NaOH con
centration (Ahmari et al., 2012; Zhang et al., 2011), which further 
confirms the above XRD results in Fig. 4. This observation provides 
direct microscopical evidence of the superior performance of specimens 
with 54 wt% FA and 10 M NaOH in both the compressive strength and 
the AsV immobilization (Figs. 2 and 3, and Table 2). Moreover, note that 
there is no significant change in the microstructure of the specimens 
with 54 wt% and 10 M NaOH after curing for 7 days (cf. Figs. S8b and c), 
confirming the UCS results that a large portion of the UCS was obtained 
within 7 days (Fig. 2d) (Zhang et al., 2011). 

The FTIR spectra of geopolymer specimens with 54 wt% FA are 
shown in Fig. 6. The assignment of characteristic IR bands based on 

previous studies is summarized in Table 3. Apparently, neither vibra
tional band attributed to the symmetric stretching of As–O bond for the 
adsorbed AsV (i.e., ~830 cm− 1), nor bands associated with calcium 
arsenate (i.e., ~860 cm− 1) are identifiable in both IR spectra, suggesting 
that neither adsorption nor co-precipitation with calcium ions is likely to 
contribute to AsV immobilization (Jing et al., 2003). This is in good 
consistency with the above XRD results (Fig. 4). In general, the major 
Si–O–Si vibration band of the raw FA will undergo broadening and 
shifting toward a lower wavenumber after geopolymerization owing to 
the transition of ordered Si–O–Si structure to a less ordered structure 
with randomly distributed Si–O–Al bonds (Ahmari et al., 2012; Zhang 
et al., 2018). Comparison of the geopolymer IR spectra with that of FA 
reflects a clear shift of band at 1069 cm− 1 (assignable to Si–O–Si/Al 
vibration) to a lower wavenumber at 1002 cm− 1, confirming the for
mation of geopolymer gels with a less ordered network as evidenced by 
the XRD data (Fig. 4). Besides, the intensity of the Si–O–Si/Al vibration 
bands near 1000 cm− 1 decreased clearly with increasing AsV contents, 
indicating the reduction of the geopolymer gel amount as the AsV con
tent increased. This is in good agreement with the above XRD results in 
Fig. 4a. It is worthy to note that the bands of asymmetric stretching 
vibration (v3, –CO3) in surface CaCO3 at 1438 and 1485 cm− 1 weaken as 
well with increasing AsV contents (Fig. 6a). This observation can be 
explained by the fact that the specimen with the least AsV content (i.e., 
FMA10G-02a) holds the maximum amorphous phases (Fig. 4a), which 
are more reactive than the crystalline phases in specimens with higher 
AsV content (i.e., FMA10G-02b, and FMA10G-02c, see Fig. 4a) to react 
with CO2 in the air to form the surface CaCO3. 

The XPS spectra of geopolymers (54 wt% FA, 10 M NaOH, 90- 
d curing) with varying AsV contents are given in Fig. 6c and d, and 
S10. It is of interest to note that no peaks attributable to AsV were 
observed even for specimen with 0.05 wt% of AsV (Fig. 6c), and that the 
peak areas of O 1s region (assignable to metal carbonate and hydroxide, 
respectively) grew with AsV contents (Fig. 6d), confirming the above 
speculation that AsV appears to be incorporated into the calcite and 
CSHs-related crystals upon the long-term curing. The XPS spectra of C 
1s, Si 2p, Al 2p, and Ca 2p regions (Fig. S10) revealed that these metals 
are in the form of carbonates or CSHs-related hydroxides, which can be 
further verified by the XRD patterns (Fig. S11). Given the above ana
lyses, we believe that AsV appears to be encapsulated in geopolymer gels 
after curing for a very short period, and then incorporated into the 
crystalline minerals (e.g., calcite, calcium silicate and CSHs) during the 
phase transition processes as a result of long-term curing (i.e., 28 days 
and beyond) (Li et al., 2019; Zhou et al., 2021). 

4. Conclusion 

In this study, we have developed FA/MT-based geopolymers and 
evaluated the practicability of immobilizing exogenetic AsV in geo
polymer matrices. The results of compressive strength tests showed that 
all variables including FA content, AsV content, NaOH concentration, 
and curing time can affect the strength development of geopolymers, 
and that the optimal formulation demonstrating the maximum 
compressive strength (i.e., 37.07 MPa) attributes to the specimen con
taining 54 wt% FA, 0.03 wt% AsV activated with 10 M NaOH and cured 
for 28 days. Surprisingly, our TCLP leaching test results of either AsV or 
other heavy metals of concern revealed that both the short-term and 
long-term leachabilities of all toxics in geopolymers with varying com
positions are below the standard MCLs even at exogenetic AsV addition 
up to 0.05 wt%, in spite of the fact that the leachability of Pb in MT 
exceeded the MCL value by 3.3 times. Microstructural characterization 
data implied that calcite, calcium silicate, and calcium silicate hydrox
ide (CSH) are likely to play a crucial role in immobilizing AsV and heavy 
metals of concern in the resultant matrixes. The FA/MT-based geo
polymers can be potentially used as low-carbon S/S materials for 
arsenic-contaminated soil remediation and as building materials given 
their superior mechanical strengths and long-term stabilities. 

Table 3 
Assignment of characteristic vibrations to individual band in the geopolymer 
FTIR spectra.  

Wavenumber 
(cm− 1) 

Characteristic vibrations Reference 

3550–3225, 
3450 

stretching (− OH) (Ahmari et al., 2012; Ahmari 
and Zhang, 2012; Yu et al., 
1999) 

1798 v1 + v4 (− CO3) Sow (2016) 
1641 bending (H–O–H) (Li et al., 2019; Yu et al., 

1999) 
1485 asymmetric stretching (v3, 

–CO3) 
(Sow, 2016; Tigue et al., 
2018) 

1438 asymmetric stretching (v3, 
–CO3) 

(Li et al., 2019; Opiso et al., 
2021; Sow, 2016) 

950–1200 stretching (Si–O–Si, Si–O–Al) (Ahmari et al., 2012; Lee and 
van Deventer, 2003; Rees 
et al., 2007; Yu et al., 1999) 

1154 asymmetric stretching 
(Si–O–Si) 

(Opiso et al., 2021; Rees et al., 
2007) 

1120 asymmetric stretching 
(Si–O–Si, Si–O–Al) 

Lee and van Deventer (2003) 

1069 asymmetric stretching 
(Si–O–Si, Si–O–Al), symmetric 
stretching (v1, –CO3) 

(Lee and van Deventer, 2003;  
Opiso et al., 2021; Sow, 2016) 

1030 asymmetric stretching 
(Si–O–Si, Si–O–Al), symmetric 
stretching (v1, –CO3) 

(Rees et al., 2007; Sow, 2016;  
Tigue et al., 2018) 

1002 symmetric stretching (v1, 
–CO3), Si–O in Q2 sites 

(Sow, 2016; Tigue et al., 
2018) 

875 out-of-plane bending (v2, 
–CO3) 

(Ahmari et al., 2012; Jing 
et al., 2003; Sow, 2016) 

758 bending (Si–O–Si, Si–O–Al) (Opiso et al., 2021; Tigue 
et al., 2018) 

712 in-plane bending (v4, –CO3) (Jing et al., 2003; Li et al., 
2019; Sow, 2016) 

673 bending (Si–O–Si, in CSH) (Yu et al., 1999; Zhang et al., 
2019) 

617 stretching (Si–O–Si, Si–O–Al) Lee and van Deventer (2003) 
579 bending (Si–O–Si, Si–O–Al) Opiso et al. (2021) 
554 bending (Si–O–Al) (Lee and van Deventer, 2003;  

Opiso et al., 2021) 
532 internal deformation of SiO4 (Opiso et al., 2021; Yu et al., 

1999) 
455 bending (Si–O–Si) Yu et al. (1999)  
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