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Abstract

The bioaccumulation of lead in soil poses a significant human health risk. The solidification/stabilization (S/S) technique,
employing binders like Portland cement or lime, is a common method for remediating lead-contaminated soil. However,
cement production has adverse environmental impacts, prompting the exploration of eco-friendly alternatives like alkali-
activated materials (AAMs). This study assesses AAM efficacy in the S/S of lead-contaminated soil. The effects of several
factors, including varying amounts of volcanic ash (VA), lead concentration, curing temperatures, and curing times are
investigated. Unconfined compressive strength (UCS), toxicity characteristic leaching procedure test (TCLP), X-ray diffraction
(XRD), Fourier-transform infrared spectroscopy (FTIR), and field emission scanning electron microscope-energy-dispersive
spectroscopy-mapping analyses (FESEM/EDS/mapping) analyses are used to study the specimens. The findings indicated
a substantial increase in the UCS of lead-contaminated soil treated with 15% VA (under oven curing (OC) conditions), and
10% VA (under ambient curing (AC) conditions) exhibited remarkable increases of up to 600% and 458%, respectively.
Moreover, the leaching of Pb>* ions from samples contaminated with 10,000 mg/kg (under OC conditions) and 2500 mg/
kg (under AC conditions) experienced significant reductions of 87% (from 135.14 to 13.36 ppm) and 91% (from 26.32 to
2.21 ppm), respectively. The S/S process in these samples operated through three primary mechanisms of chemical bonding,
physical encapsulation, and the formation of insoluble silicate. The formation of N-A-S—H and hydroxy sodalite structures
played a vital role in facilitating these mechanisms. Therefore, alkali-activated VA demonstrated excellent performance in
the remediation of lead-contaminated soil.

Keywords Alkali-activated volcanic ash - Solidification/stabilization - Lead - Soil remediation - Heavy metal - Geopolymer

Introduction expansion of urbanization, and extraction from mines cause

an increase in HMs pollution (Hamad et al. 2019; Zhuo et al.
The bioaccumulation and toxicity of heavy metals (HMs)  2019; Leung et al. 2021). Lead, as a toxic heavy metal, enters
adversely affect human health and the surrounding  the human body from two sources: dust inhalation and the
environment. Various sources such as the breakdown of rocks ~ food chain (Kabata-Pendias 2000). Developmental delay,
containing heavy metals, volcanic eruptions, and human  learning difficulties, vomiting, weight loss, and hearing loss
activities such as the construction of various industries,  are some of the damages caused by lead poisoning in adults
(Tang et al. 2019). Hence, developing effective technologies
to remediate lead-contaminated sites is of particular
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Pooria.ghadir @strath.ac.uk to immobilize contaminants and improve soil characteristics.

This process is implemented by introducing a binding agent
into the contaminated site through which the mobility (or
toxicity) of HMs is reduced, and they become encapsulated
into a monolithic solid with a minor surface area (Deng
et al. 2024). In the S/S process, lime (CaO or Ca(OH)2)
and Portland cement are the most often utilized binders
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(Chen et al. 2023). However, cement production has led to
multiple environmental impacts, including considerable CO,
emission (about 0.7-1.1 t/ t PC), dust generation, and the
depletion of natural resources (Bosoaga et al. 2009).

In recent years, there has been a growing interest in
a new generation of cement, called alkali-activated
materials (AAM), as a substitute for Portland cement. The
reaction between a reactive aluminosilicate precursor and
an alkaline activator facilitates the formation of AAMs
(Pacheco-Torgal et al. 2014). Specifically, when AAMs
are derived from a source with a high aluminosilicate and
low calcium content, they are referred to as geopolymers
(Pacheco-Torgal et al. 2014). The chemical and physical
properties of AAMs and geopolymers make them capable
of retention of the toxic components, particularly HMs
(Wang et al. 2023). The performance of AAMs in S/S
is affected by numerous factors such as concentrations
and types of HMs, the binder content and properties,
activator content and chemical composition, curing
temperature, and curing time. In soil contaminated with
cadmium and lead after being treated with coal bottom
ash-based geopolymer, the leaching amount of Pb and
Cd decreased by 95% and 97%, respectively (Dong et al.
2023). Phair et al. (2004) showed that the immobilization
of Cu** and Pb>* geopolymers made with NaOH had
a substantially higher immobilization efficiency than
those made with Na,SiO; or a combination of Na,SiO;
and NaOH. Investigation of different curing times and
curing temperatures for fly ash—based geopolymer showed
that when samples were cured at 20 °C for 28 days, the
maximum level of Pb immobilization efficiency (99.99%)
was attained (Nikoli¢ et al. 2018).

When studying the efficacy of AAMs in the S/S approach,
understanding the mechanisms by which AAM help in the
S/S of HMs is essential. When Pb in the nitrate form was
added to a metakaolin-based geopolymer, Perera et al.
(2005) proposed that Pb might be encapsulated in the
amorphous structure of geopolymers as no new crystalline
phases were found. Lee et al. (2016a) stated Pb is dispersed
in the geopolymer environment without forming a specific
chemical compound. According to Phair et al. (2004), a
chemical process, not physical encapsulation or sorption, is
responsible for the immobilization of Pb. In addition to the
mentioned mechanisms, the formation of insoluble silicate
compounds such as Pb;SiO5 in AAM based on fly ash and
GGBS has been mentioned in some research as a reason for
Pb immobilization (Palomo and Palacios 2003; Zhang et al.
2008; Long et al. 2020).

In the last decade, the use of natural pozzolans such
as volcanic ash (VA) as a precursor in AAM has been
considered (Robayo-Salazar and de Gutiérrez 2018). Since
there is no need for VA to be combusted before being used
as a precursor and also the high amount of silicon and
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aluminum in VA, it is among the most suitable materials for
AAM production (Takeda et al. 2014). In addition, due to
the superficial nature of volcanic ash deposits and its easier
extraction, the use of this material is also justified from an
economic point of view. To date, the majority of research
studies have primarily focused on enhancing the mechanical
properties of AAMs through the utilization of VA.
However, limited attention has been given to exploring the
potential of AAM based on VA for S/S of heavy metals. On
the other hand, there are lots of studies on the applications
and mechanisms of S/S of lead using AAM mortars and
pastes, but few studies have investigated the capability
and mechanism of AAMs in the remediation of soil
contaminated with heavy metals. Lead can pose remarkable
distress to the structures through physical and chemical
changes to soil texture (Li et al. 2015). Previous studies
on lead-contaminated soils have shown that increasing
the concentration of lead cation reduces the thickness of
the diffuse double layer which leads to a reduction in the
Atterberg limits, optimum moisture content, and pH and
increases the maximum dry density, hydraulic conductivity,
and electrical conductivity of the soil (Li et al. 2015;
Nazari Heris et al. 2020). The interaction between lead-
contaminated soil particles and AAMs could potentially
influence the mechanisms involved in the S/S process.
This interaction may yield varied outcomes compared to
the S/S of lead in AMMs-based mortars and pastes, as
elucidated in previous studies. Furthermore, the efficacy
of alkali-activated VA in the S/S of lead contamination has
received relatively scant investigation. Consequently, this
study aims to capitalize on the beneficial characteristics
of VA as binders in AAM and investigate their efficacy in
remediating heavy metal-contaminated soil.

This study focuses on the S/S of lead-contaminated soil
using alkali-activated VA. The effects of several factors,
including different amounts of VA (5, 10, and 15%), different
lead concentrations (500, 2500, and 10000 mg/kg_l), two
curing temperatures (ambient cured: temperature =25 °C,
relative humidity =85%) and oven cured (temperature =50
°C, relative humidity = 15%), and different curing times
(1, 7, 28, and 90 days) were investigated. Unconfined
compressive strength (UCS) tests, toxicity characteristic
leaching procedure (TCLP) tests, X-ray diffraction (XRD)
analysis, Fourier-transform infrared spectroscopy (FTIR),
and field emission scanning electron microscope-energy-
dispersive spectroscopy-mapping analyses (FESEM/
EDS/mapping) were employed to study the mechanical
performance, leaching behavior, and microstructure of the
samples. By investigating these factors and conducting a
comprehensive analysis, this research seeks to advance our
understanding of the remediation potential of AAMs based
on VA, as well as the underlying mechanisms involved in
the S/S process.
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Materials

The soil was obtained from the university campus (Tehran),
and it was screened on-site through a 2-mm sieve and then
dried in an oven at 105 °C for 1 day. According to ASTM
D424-54 (ASTM (American Society for Testing and
Materials) (1982)) and ASTM D423-66 (ASTM (American
Society for Testing and Materials) (1972)), the soil’s liquid
limit (LL), plastic limit (PL), and plasticity index (PI) were
measured at 26%, 18%, and 9%, respectively. Particle size
distribution curves were generated after sieve analysis and
hydrometer testing according to ASTM D422-63 (ASTM
(American Society for Testing and Materials) (2002)) and
ASTM D7928-17 (ASTM (American Society for Testing
and Materials((2017)), respectively (Fig. 1). The results
show that the soil is classed as clayey sands (SC) soil based
on ASTM 2487-11 (ASTM (American Society for Testing
and Materials) (2011)). The oxide composition of the soil
was investigated through X-ray fluorescence (XRF) testing,
and the results are presented in Table 1. The maximum dry
density (,,,, = 1.74g/cm?) and the optimum water content
(®,,, = 14%) of the soil were measured based on standard
Proctor compaction test following the ASTM D1557-09
(ASTM (American Society for Testing and Materials)
(2009)).

VA utilized in this study was collected from Taftan
Mountain in Iran, respectively. Grain size distributions of
VA are shown in Fig. 1. The oxide compositions of the
VA and soil were obtained through XRF analysis, and
the results are illustrated in Table 1. Analytical grade of
lead nitrate (Pb(NO;), provided by Merck was utilized
to prepare different concentrations of contaminated soil
(500, 2500, and 10000 mg/kg by the mass of the soil). To
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Fig. 1 Grain size distribution of the tested soil and VA

Table 1 Chemical composition

. Component oxide Content
of the materials used (Wt%)
Soil VA
Sio, 49.2 55.7
AlLO4 16.8 21.8
CaO 15.3 10.1
Fe,04 22 33
Na,O 1.6 5.8
MgO 2.3 1.7
K,0 1.9 0.9
MnO 0.8 0.1
P,05 ND 0.2
TiO, 0.9 0.3
L.OI 9 0.1

prepare the TCLP leaching solutions, acetic acid provided
by Neutron Pharmachemical Company was used. The
alkali activator used in this research was NaOH with a
concentration of 6 M.

Experimental program
Overview of the tests

Two main sets of UCS tests were conducted to consider
the effects of multiple factors on the S/S process. In set
1, the impacts of lead concentrations of 500, 2500, and
10000 mg/kg, various binder contents of 5, 10, and 15%,
and four curing times of 1, 7, 28, and 90 days were studied,
while set 2 was investigated different curing conditions
(OC: cured in an oven at 50 °C with a relative humidity
of 15% and AC: cured at an ambient temperature of 25 °C
with a relative humidity of 85%) and four curing times
of 1, 7, 28, and 90 days. The lead concentrations in set
2 were considered to be 2,500 mg/kg. The outline of the
experimental program and the mix designs of the samples
are shown in Tables 2, 3, and 4. Sample IDs are also shown
in Tables 3 and 4. As an example, the ID V10D90-B stands
for the 2500 (mg/kg) contaminated sample containing
10% VA, cured in a dry condition for 90 days. The last
letter in each sample ID signifies the contamination
amount in each sample, such that Un, A, B, and C stand
for the 0 (uncontaminated), 500, 2500, and 10,000 mg/kg
contamination in each sample.

Specimen preparation
The soil was screened through a 2-mm sieve and then

dried in an oven at 105 °C for 1 day. In order to prepare the
contaminated soil, lead concentrations of 500, 2500, and
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Table 2 Summary of the experimental program

Set of Lead concentra- Binder type Binder Activator type Alkali activa- Curing time (day) Curing condition Activator/
experi-  tion (mg/kg) replace- tor molarity (soil + binder)
ments ment (%) (M)
Setl 0, 500, 2500, VA 0,5,10,15 NaOH 6 1,7, 28,90 Dry?* 0.16

10000
Set 2 0, 2500 VA 10 NaOH 6 1,7,28,90 Wet® 0.16

aTemperature = 50 °C, relative humidity = 15%; “temperature =25 °C, relative humidity =85

Table 3 Samples IDs of set 1
samples

Sample ID Lead concentration Binder/soil activator (or water)/soil
(mg/kg)

VoD (1, 7, 28, 90)*- Un 0 0 0.16

V5D (1,7, 28, 90)- Un 0.05

V10D (1,7, 28, 90)- Un 0.1

V15D (1,7, 28, 90)- Un 0.15

VOD (1,7, 28, 90)- A 500 0

V5D (1,7, 28, 90)- A 0.05

V10D (1,7, 28, 90)- A 0.1

V15D (1,7, 28, 90)- A 0.15

V0D (1,7, 28,90)- B 2500 0

V5D (1,7, 28,90)- B 0.05

V10D (1,7, 28, 90)- B 0.1

V15D (1,7, 28, 90)- B 0.15

VOD (1,7, 28, 90)- C 10000 0

V5D (1,7, 28, 90)- C 0.05

V10D (1,7, 28, 90)- C 0.1

V15D (1,7, 28, 90)- C 0.15

'D indicates the dry curing (DC) condition

2The numbers in the brackets indicate the curing time of each sample

Table 4 Samples IDs of set 2

Sample number
samples

Lead concentration

Binder/ soil Activator (or water)/soil

(mg/ kg)
VOA!(1, 7, 28, 90)>- Un 0 0.1 0.16
V10A (1, 7, 28, 90)- Un
VOA (1,7, 28, 90)- B 2500

V10A (1,7, 28, 90)- B

'A indicates the ambient curing (AC) condition

>The numbers in the brackets indicate the curing time of each sample

10,000 mg/kg were considered so lead nitrate was dissolved
in deionized water (20% of the soil mass) and then added to
the soil. The obtained mixture was thoroughly blended for
10 min, poured into a sealed bag, and then the mixture was
allowed to stand at room temperature for 10 days to provide
adequate time for chemical interactions between clay
particles of soil and lead. After 10 days, the contaminated
soil was dried at 105 °C for 24 h.
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The activator solution content was selected as 16% of the
total weight of the soil and binder. To prepare the specimens,
the abovementioned contents of VA and activator solution
were mixed for 5 min. Subsequently, the soil was added
to the obtained slurry of both sets of the samples, and the
mixing was resumed for 4 min. The mixture was then poured
into standard cylindrical molds with 38 mm diameter and
76 mm height. A steel rod with a diameter of 37 mm was
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utilized for compaction and for eliminating air pockets.
Then, the prepared specimens were demolded, and set 1
and set 2 samples were cured in OC and AC conditions,
respectively, for 1, 7, 28, and 90 days. To minimize the error,
for each mix design, three samples were prepared, and their
average was considered the representative value.

Unconfined compression test

Unconfined compression tests were carried out with the
use of a universal testing machine with a maximum loading
capacity of 50 kN and a loading speed of 1 mm/min
following ASTM D2166-16 (ASTM (American Society for
Testing and Materials) (2016)).

TCLP test

The leachability of contaminated soil samples was examined
by using the TCLP test (USEPA 1992). To perform this test,
after subjecting the specimens to the UCS test, they were
crushed to reduce the particle size to less than 9.5 mm. To
prepare the leaching solution, Acetic acid was added to
distilled water to reach a pH of 2.88 +0.05 and then mixed
with crushed samples with a ratio of 20:1 for the liquid to
solid, and then they were placed on a TCLP rotary machine
to rotate at a speed of 30 rpm for 18 h. At the end of the
test, the solution was filtered using a 0.45-pm glass fiber
filter, and then 15 mL of the solution was poured into a
falcon, and the lead concentration was measured using an
ICP-OES device.

Microstructural characterization

The mineral characteristics of the soil, binders, and a number
of the stabilized samples were studied by XRD through an
X’Pert Pro software of Panalytical Company with anode
material of Cu, with a step of 0.02° over the range 2—80°
operated at 40 kV and 40 mA. The PerkinElmer Company’s
FTIR spectrometer was utilized to study the functional
groups of the samples. Morphological analyses and element
distribution were tested by field emission scanning electron
microscope-energy-dispersive spectroscopy-mapping
(FESEM, EDS, mapping ZEISS, Germany).

Results and discussion
UCS of the VA-treated soil

Effect of VA content

Figure 3 shows the UCS of the untreated and treated
samples containing various amounts of VA and lead,

at different curing times. As depicted in Fig. 2a, an
increase in the percentage of VA from 5 to 15% resulted
in higher UCS values, with the highest UCS achieved in
samples containing 15% VA. For example, in the cases
of V15D7-Un, V15D28-A, V15D28-B, and V15D28-C
compared to their respective untreated samples, notable
increases of 433% (from 2.91 to 15.53 MPa), 600% (from
2.51 to 17.59 MPa), 529% (from 2.27 to 14.28 MPa),
and 536% (from 1.83 to 11.65 MPa) were observed,
respectively. The increase in UCS at higher binder
contents could be attributed to the rise in the amorphous
aluminum and silicon in the medium which was dissolved
by the activator leading to monomer formation (Zhou et al.
2021). The monomers’ polycondensation then led to the
formation of geopolymeric networks and improved the
final strength.

Effect of curing time and condition

According to Fig. 2a, in treated uncontaminated samples,
the UCS increased up to 7 days for a constant percentage
of VA. However, in the case of treated contaminated
samples, the increase in UCS continued for up to 28 days.
Curing conditions and moisture content have remarkable
effects on the strength at various curing times. Water
provides an environment and participates in the hydrolysis
and dissolution of aluminosilicates, ion transfer, and
polycondensation reactions. The final structure of a hardened
geopolymer encompasses three distinct types of water: non-
evaporable water (also known as chemically bonded water,
residing within the geopolymer network), evaporable water
(comprising physically bonded water derived from the
geopolymerization process and integrated into the final
reaction products, as well as free water occupying the larger
pores of the matrix), and hydroxyl groups (found on the
edges and surfaces of geopolymer colloids) (Davidovits
2008). Non-evaporable water and hydroxyl groups play
pivotal roles in maintaining strength stability, with
evaporation occurring within specific thermal thresholds:
100 to 300 °C for non-evaporable water and 300 to 800 °C
for hydroxyl groups (Zuhua et al. 2009). Physically bonded
water evaporates within the temperature range of 75 to
100 °C (Park and Pour-Ghaz 2018), while free water
evaporates between room temperature and 150 °C (Perera
et al. 2006). Given the curing temperatures (25 and 50 °C)
applied in this study, evaporation predominantly ensues
through the volatilization of free water. The higher curing
temperature (in OC condition) expedited the evaporation
rate of free water. The escalated evaporation rate of free
water resulted in heightened alkalinity within the sample,
thereby accelerating ion dissolution and polycondensation
reactions. Consequently, a more compact geopolymeric
network formed, leading to a pronounced enhancement
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of UCS. The mentioned process for treated contaminated
samples occurred in 28 days. This is attributed to the
presence of lead hydroxide ion which reduces the alkalinity
of the medium and increases the viscosity (Lee and Van
Deventer 2002). Lower alkalinity slows down the leaching
of silicon and aluminum as well as polycondensation
reactions. In addition, the dispersion of salt (lead nitrate) in
the soil causes retardation in the geopolymerization process
by reducing the evaporation rate of free pore water. This
occurs through two mechanisms: (i) the increase of osmotic
potential near the water evaporation levels from the soil and
(ii) the formation of salt deposits on the sample surface or
in the soil matrix (Nachshon et al. 2011).

In the treated uncontaminated samples, increasing the
curing time from 7 to 90 days resulted in a decrease in
UCS. For example, in the case of V15D7-Un compared
to V15D90-Un, the UCS decreased by 17% (from 16.3 to
13.48 MPa). However, in the contaminated samples, this
reduction was even more pronounced. For instance, in
V15D28-C compared to V15D90-C, the UCS decreased
by 34% (from 11.65 to 7.63 MPa). This could be due to
two reasons. First, after 7 days, as the evaporation of free
pore water increases in the soil environment, the conditions
become undesirable for hydrolysis and geopolymerization,
and as a result, there will be higher amounts of pores which
are not filled with geopolymeric gel leading to lower UCS
values (Pouhet et al. 2019) This phenomenon occurs more
intensively in contaminated samples because the presence
of lead in the medium of these samples and its effect in
flocculating clay particles increase soil voids, and as a result,

contaminated samples experience a greater drop in strength
than uncontaminated samples. Second, long-term curing
(90-day cured samples) can cause thermal stresses in the
geopolymer matrix leading to the generation of microcracks
in the internal structure of the samples which finally leads to
strength reduction (Noushini and Castel 2016).

Based on the data presented in Fig. 2b, it is evident
that the strength of AC samples continued to increase up
to 90 days. For instance, in the case of the VIOA90-B
sample compared to the similar sample cured for 28 days,
the strength increased by 13% (from 4.2 to 4.75 Mpa). In
the AC condition, the water present in the soil medium
is partially utilized in the process of geopolymerization
reaction, while the rest of the water remains in the voids
of the sample. Consequently, due to the low evaporation
rate and continuous presence of water in the soil medium,
the formation of a geopolymeric network continues for
up to 90 days. Comparatively, the AC condition exhibits
considerably lower UCS values than the OC condition. The
geopolymerization reaction in VA-treated samples requires
higher temperatures, typically ranging from 50 to 100 °C, for
VA activation in the presence of an alkaline activator (Takeda
et al. 2014). Moreover, higher temperatures are necessary
to expedite geopolymerization reaction in alkali-activated
VA samples (Fu et al. 2021). Furthermore, by reducing the
evaporation rate of free pore water in the ambient-cured
samples, the alkalinity of the soil environment decreases.
Consequently, the geopolymerization rate decreases, leading
to a reduction in the strength of AC samples when compared
to OC samples.
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Effect of lead concentration

Based on the observations from Fig. 2, it is evident that the
presence of lead in all concentrations resulted in a reduction
of UCS in the untreated samples. For instance, in the cases
of VOD90-A, B, and C compared to VOD90-Un, the UCS
decreased by 16, 31, and 44%, respectively. Lead reduces
the thickness of the diffuse double layer of the clay minerals.
This finally results in the agglomeration of clay particles and
the generation of more empty spaces among soil particles
resulting in a porous structure (Li et al. 2015; Nazari Heris
et al. 2020), which can reduce the UCS of the contaminated
soil.

In the case of treated contaminated samples, with the
constant VA content and specific curing time, the introduc-
tion of the lead up to 500 mg/Kg (group A) had a posi-
tive effect on the UCS. For example, in VSD1-A, V5D7-A,
and V5D28-A samples, the UCS respectively increased by
26.5% (from 6.4 to 8.1 MPa), 11.6% (from 11.80 to 13.17),
and 24% (from 11.06 to 13.71 MPa) compared to the simi-
lar uncontaminated samples. Increasing the concentration
of lead up to 2,500 (group B) and 10,000 (group C) mg/
kg reduced the UCS. The V5D28-B and V5D28-C samples
experienced 13% (from 11.06 to 9.6 MPa) and 20% (11.06
to 8.84 MPa) reduction in strength, respectively compared
to the similar uncontaminated sample.

It seems that increasing lead up to a certain concentration
(group A samples in this research) can modify the geopoly-
merization process and the formation of geopolymeric net-
work (Zhang et al. 2008; Pu et al. 2021). With the increase
in lead concentration (groups B and C), the capacity of the
geopolymeric network to use lead as a modifier becomes
exhausted (Yunsheng et al. 2007), and lead caused adverse
effects in the geopolymerization process, and as a result,
the formation of the geopolymer structure was reduced or
limited. The adverse effect of lead nitrate on the compressive
strength of geopolymers has already been reported in various
studies. Adding 1% of lead nitrate to fly ash—-based geopoly-
mer reduced the compressive strength by 45% compared to
the uncontaminated sample (Lee et al. 2016b). Adding 1%
of lead nitrate to geopolymer based on Shell coal gasification
fly ash reduced the compressive strength by 30% (Chen et al.
2022). The adverse effect of lead occurs by the substitu-
tion of lead cations with sodium or potassium cations in the
three-dimensional structure of geopolymer to neutralize the
negative charge of the final product (Ogundiran et al. 2013;
Muhammad et al. 2018) which might affect the integrity
and uniformity of the geopolymer structure. Excess lead can
disrupt the poly-condensation process and make it difficult
for the components to link together during the geopolymeri-
zation process. Hence, the expansion of the geopolymeric
chain remains incomplete leading to a reduction in UCS
(Nikoli¢ et al. 2018; Wang et al. 2018). Nevertheless, the
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ultimate strength values of all of the treated samples were
remarkably higher than those of contaminated-untreated soil
and could successfully meet the minimum strength of 2.068
MPa as stated by Portland Cement Association (Portland
Cement Association 1971) for cement-stabilized base and
subbase.

Based on Fig. 2, it can be observed that at a curing time
of 90 days and a constant VA content, an increase in lead
concentration led to a decrease in UCS across all concentra-
tions. The highest decrease in UCS was observed between
V15D90-Un and V15D90-C samples, where the strength
decreased by 76% (from 13.48 to 7.63 MPa). When the sam-
ples were cured under dry conditions for up to 90 days, the
presence of lead ions resulted in larger pores left behind due
to the evaporation of free water. Consequently, this led to a
further decline in UCS. Moreover, in B and C groups, due
to the higher concentration of lead compared to group A, the
mechanism of reduction of DDL thickness and formation of
flocculated structure occurs more intensively, and as a result,
more and larger pores are formed and the reduction in UCS
will be greater.

TCLP results

Figure 3 shows the TCLP results of samples containing dif-
ferent concentrations of Pb>*. As shown in Fig. 3, for a fixed
lead concentration, an increase in binder content led to a
decrease in lead leaching. In the case of group A samples,
the reduction in leaching for V15D28-A and V15D90-A
was 99.5% (from 3.62 to 0.02 ppm) and 97.5% (from 4.66
to 0.11 ppm), respectively. Similarly, for group B samples,
the reduction values were 94.9% (from 32.87 to 1.64 ppm)
and 94.8% (37.32 to 1.94 ppm), while for group C samples,
the reductions were 88.5% (from 143.21 to 16.41 ppm) and
90% (from 135.14 to 13.36). Comparing the TCLP results of
group A and group B samples with the EPA standard reveals
that all treated samples had a leaching concentration below
5 ppm, thus categorizing them as non-hazardous materials
(USEPA 1992).

The formation of a geopolymer network can lead to physi-
cal encapsulation through which heavy metals are trapped
within the oligomeric coating gels (Guo et al. 2017; Wang
et al. 2018), leading to leaching prevention. In the samples
treated with a fixed amount of VA, Increasing the curing
time from 28 to 90 days led to an increase in lead leaching
in all samples. Cracks caused by thermal stresses can disrupt
the performance of the physical encapsulation mechanism,
when these cracks are exposed to TCLP liquid and lead par-
ticles are washed and leached from the surfaces of these
cracks. Despite the significant decrease in the UCS with
increasing the curing time from 28 to 90 days, there was a
very slight increase in lead leaching in VA-treated samples.
This could be due to the chemical bonding of lead in the
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geopolymer network. This chemical bond occurs through
the exchange of metal cations with Na* and bonding as a
result of the interaction between the anions and metal ions
(Ji and Pei 2019a). For a consistent VA content and curing
time, it was observed that the leaching of Pb increased pro-
portionally with higher initial Pb concentrations. Despite
the synergic occurrence of both physical encapsulation and
chemical bonding, the leaching in the highest concentration
(group C samples) failed to be dropped to the required level
recommended by the EPA standard. This could be attributed
to the high concentrations of lead that disrupted the develop-
ment of geopolymeric chain and made the occurrences of
physical encapsulation difficult. Also, the capacity for the
chemical bonding between lead cations and the geopolymer
network is augmented at lower lead concentrations; hence,
the excess lead leaches in the soil medium.

In the comparative evaluation of curing conditions for
group B samples treated with 10% VA, it was observed that
although there was a notable contrast in UCS outcomes,
lead leaching exhibited a similar reduction level under both
curing conditions. This suggests that, under AC conditions,
the formation of the geopolymeric network was adequate to
mitigate lead leaching through mechanisms involving physi-
cal encapsulation and chemical bonding. Consequently, the
excessive formation of geopolymeric structures and the con-
siderable enhancement in UCS under OC conditions did not
significantly contribute to further reducing lead leachability.

Microstructural analysis
XRD results

Figure 4a shows the XRD patterns of VOD90-Un, VOD90-C,
V10D90-Un, V10D90-C, and V10A90-B samples. Using
Origin Pro software, a quantitative analysis of the XRD data
was performed in order to determine the amount of amor-
phous phase. The percentages of amorphous and crystalline
phases for all samples are presented in Fig. 4b.

In Fig. 4a, the XRD pattern of VA exhibited several
sharp peaks which are attributed to sodium anorthite (PDF
96-900-6116), tremolite (PDF 01-071-1058), and albite
(PDF 00-010-0393). In the treated samples, the intensity
of albite at 20 of 23.6°, 21°, 26°, and 36.6° and anorthite
peaks at 20 angles of 20.1° and 47.6° decreased, and the
tremolite crystalline phase of VA was completely destroyed
which was due to the dissolution of silicon and calcium in
the medium and provided the conditions for the formation
of geopolymeric reaction products.

Determining the amount of amorphous and crystalline
phases of each sample is beneficial for better understand-
ing the phenomenon of geopolymerization. In Fig. 4b, the
increase in the amorphous phase of samples V10D90-Un,
V10D90-C, and V10A90-B indicates the alkaline activation

of binders and the development of geopolymer network. A
slight increase in the amount of amorphous phases in sam-
ples cured in dry conditions compared to ambient conditions
shows the ability of oven curing in the dissolution of alumi-
nosilicates and the formation of geopolymeric amorphous
phases. The full width at half maximum (FWHM) depends
on the crystallite size such that its lower amounts indicate
higher crystallinity and more ordered structure. In Fig. 4a,
the FWHM value for the albite phase at the 26 of 29.49° in
the VOD90-Un and VOD90-C samples were 0.18 and 0.15,
respectively, and for the V10D90-Un and V10D90-C sam-
ples, the FWHM values were obtained as 0.38 and 0.40,
respectively. This increase in the value of FWHM in the
treated samples can indicate the formation of amorphous
geopolymeric phases such as N-A-S—H in these samples.

In Fig. 4a, the increase in the intensity of the peak in
V10D90-Un and V10D90-C samples at an angle of 24.3
degrees is related to the formation of hydroxy sodalite
which is a type of zeolite (01-088-1190). Heating can rap-
idly change the aluminosilicate nature. The more the heating
progresses, the sharper the peaks become which are identi-
fied as zeolite-type structures (Fletcher et al. 2005; Fultz and
Howe 2012). In the V10D90-C sample, small peaks were
observed at the angles of 27.7° and 28.7°, which could be
related to the reaction of lead with dissolved silica and the
formation of Pb;SiO5 (PDF 00-032-0537). This indicates
another type of lead interference in the geopolymerization
process. The formation of such insoluble compounds can
contribute to reducing the leaching of lead from treated sam-
ples. The formation of such compounds with low solubility
has been reported in previous studies in samples with higher
lead concentrations (3.125% or 2%) (Palomo and Palacios
2003; Palacios and Palomo 2004; Zhang et al. 2008; Long
et al. 2020). In general, the formation of Pb;SiOs is highly
probable in the medium with high lead content; however,
in this research, the highest concentration of utilized lead
was 1%.

FESEM/EDX analysis

Figure 5 indicates the FESEM micrographs of the VOD90-
Un, VOD90-C, V10D90-Un, V10D90-C, and V10A90-
B samples. In Fig. 5a, the N-A-S—H gel and the crystal
structure of wool ball-like particles of hydroxy sodalite
are observed. The possibility of the formation of these
compounds was discussed in the XRD section. The forma-
tion of zeolite crystal structures such as hydroxy sodalite
along with the N-A-S—H structure can help to improve the
compressive strength of geopolymers (Lee et al. 2016a),
which was confirmed by the UCS results of this research.

Some needle-shaped crystals are also observed in Fig. 5b.
These crystals can be formed through the reaction of sodium
which has not participated in geopolymeric processes with
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Fig. 5 FESEM micrographs of a, b V10D90-Un, ¢ V10D90-C, d V10A90-B samples

microcracks, some pores are also observed in the structure of
different samples. These pores are formed due to the evapo-
ration of water during the geopolymerization reaction and
long-term oven curing conditions.

Figure 6 shows the mapping analysis of V10D90-Un,
V10D90-C, and VI0OA90-B samples. The uniform dis-
persion of lead ions contributes to better bonding among
formed compounds and provides the appropriate condi-
tions for lead participation in geopolymeric reactions
(Tan et al. 2019). The mapping analysis of V10D90-Un
and V10D90-C samples indicates the presence of sodium,
silicon, aluminum, and oxygen, which are the main com-
pounds of hydroxy sodalite, confirming its formation in
the matrix. In addition, this proper distribution of the men-
tioned elements provides the conditions for the formation
of N-A-S—H gel.

The mapping analysis of the V10D90-C sample indicates
some changes in the texture and structure of the hydroxy
sodalite. The adsorption of lead in the structure of hydroxy

sodalite as a zeolite structure (Golbad et al. 2017; Fan et al.
2021) is one of the reasons for leaching prevention and
insolubility of lead in the treated samples. Adsorption of
Pb* to the structure of hydroxysodalite can be done through
adsorption to the hydroxyl group and ion exchange with
sodium (Lv et al. 2022). Also, the study conducted by Lee
et al. (2016b) demonstrated that increasing the concentra-
tion of lead hindered the formation of hydroxy sodalite in fly
ash—based geopolymer. Figure 6b is related to the mapping
of the needle-shaped crystal structure of sodium carbonate.

Figure 7 indicates the EDS analysis of VOD90-Un,
VOD90-C, V10D90-Un, V10D90-C, and V10A90-B sam-
ples. The sodium content in VOD90-Un and VOD90-C
samples is very low which is due to the absence of geo-
polymer in these samples. Higher sodium contents were
detected in V10D90-Un, V10D90-C, andV10A90-B
samples which, along with the proper presence of sili-
con, aluminum, and calcium ions, provided the suitable
conditions for the formation of N-A-S—H gels (Bilondi
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et al. 2018). Additionally, Si/Al and Na/Al ratios are  in sample V10D90-C compared to sample V10D90-Un.
elemental ratios for geopolymer formation (Chen et al. ~ This could be due to the increase of Pb concentration (on
2018) which are within the appropriate range for all treated  a nano-structural level) in the matrix. Hence, it could
samples. As observed, the atomic ratio of Si/Al increased  be perceived that either amorphous “lead-incorporated
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aluminum-deficient” aluminosilicate gel or amorphous
lead silicate has been formed as a result of Pb contami-
nation (Nikoli¢ et al. 2018). This is in agreement with
XRD analysis and identification of the Pb;SiO5 phase in
the V10D90-C sample.

FTIR analysis

FTIR spectra of VOD90-Un, VOD90-C, V10D90-Un,
V10D90-C, and V10A90-B samples are shown in Fig. 8.
Some bands at wave numbers of about 460, 520, and
1080 cm~! were vivid in all the samples which are due
to Si—O stretching and bending vibrations and are asso-
ciated with the main components of the soil structure.

The OH™ absorption band at wave numbers 3420 cm™!

to 3452 cm™! and 3770 cm™! and the H-O-H absorption
band at wave numbers 1623 to 1637 cm™!, 1794 cm™!, and
2520 cm™! correspond to crystalline water and physical
water respectively. Absorption of moisture from the atmos-
phere as well as water entrapment in geopolymer cavities
can cause the formation of physical water (Fernandez-Jimé-
nez and Palomo 2005). The process of geopolymerization
is done properly in the presence of water and heat; hence,
during the geopolymerization process, more water is drawn
into the soil structure and geopolymer, which results in
increased formation of hydroxyl bonds (Ferndndez-Jiménez
et al. 2008). The absorption bands in the wave numbers 1407
to 1489 cm™! and the two weak bands in 2861 and 2828

Fig.8 FTIR spectra of untreated
and treated samples
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are related to the O-C-O bond which is due to the carbona-
tion in geopolymers and the formation of structures such as
sodium carbonate (Mijarsh et al. 2014). The absorption band
(NO,) that occurred in the wave number 1385 is attributed
to the nitrate bond owing to the soil contamination with lead
nitrate (Ji and Pei 2019b).

The bands appearing around the wave numbers 646 cm™,
587 cm~!, 870 cm™!, and 1000 cm™! correspond to the flex-
ural vibrations of Si—O bonds in the tetrahedral SiO,, the
symmetrical vibrations of Si—O-Si bonds, and tensile vibra-
tions of Si—O-Al bonds (Luo et al. 2022). These bands are
the main bands in the aluminosilicate matrix of a geopoly-
mer gel which are known as the fingerprint of geopolymeri-
zation area (Palomo et al. 1999; Yaseri et al. 2019). These
absorption bands are susceptible to the presence of Al and
Si. The replacement of AlO, tetrahedral structures with SiO,
as a result of the expansion of geopolymerization reactions
and the creation of the interconnected geopolymer network
can be explained by the fact that Al-O bonds are weaker
than Si—O bonds, which is why these bands have been dis-
placed to lower wave number (Davidovits 2008). The shift
and reduction of the wave number (from 1030 to 1008 cm™")
of the Si—O-T band in treated samples compared to untreated
samples implies the formation of geopolymeric matrix. On
the other hand, FWHM values for this band in VOD90-Un
and VOD90-C samples were 196 and 188 cm™!, respectively;
while in the treated samples, the value of FWHM was in
the range of 202 to 228 cm™". Such increase in the value of
FWHM confirms an increase in the amount of amorphous
compounds and the formation of more geopolymeric struc-
tures such as N-A-S—H in the treated samples (Rees et al.
2007a, ul Haq et al. 2014). Furthermore, the increase in the
intensity of the Si—O-Si band in the V10D90-Un sample at
wave numbers of 870, 587, and 646 cm™! can be attributed to
the further development of the geopolymeric network (Rees
et al. 2007a; 2007b).

In the V10D90-C sample, the lead metal reduced the
Si—O-T bond wave number to 1008 cm™! which is the low-
est wave number in this bond. This indicates the involvement
of lead in the formation of geopolymer structures (Ji and Pei
2019a; Xia et al. 2019). Studies have shown that the position
of the Si—O-T band has changed in the presence of heavy
metals such as zinc and lead, which could be due to the
presence of these heavy metals as substitutions for charge-
balancing ions (sodium and calcium) in the geopolymer
structure (Xia et al. 2019). This also confirms the occurrence
of physical encapsulation of lead in the geopolymer structure
(Muhammad et al. 2018). Symmetric resistive vibration at
wave number 790 cm~! corresponds to the Si—O-Si bond
which is related to inactivated geopolymeric raw materials.
But considering that this band is also present in the structure
of the used soil, it can be investigated through a change in its
intensity which is related to inactivated geopolymeric raw

materials (Yaseri et al. 2019). The dissolution of Si and its
separation from this bond to participate in the geopolymeri-
zation process reduces the intensity of this bond in V10D90-
Un and V10D90-C samples (Hajimohammadi et al. 2017).

The absorption band at wave number 710 cm™" is related
to the formation of hydroxy sodalite in samples V10D90-
Un and V10D90-C (Klima et al. 2022). The reduction of
this wave number to 690 cm™! in sample V10D90-C could
indicate the intervention of lead in the formation of Si—O-
Al and/or hydroxy sodalite bonds. This was also seen in the
FESEM-mapping analysis.

Discussion

During the geopolymerization process in samples treated
with alkali-activated VA, the formation of N-A-S—H struc-
tures, accompanied by the emergence of hydroxy sodalite
(HS) zeolite structures and the detection of the Pb;SiOs
structure (in group C), was observed. This was evidenced
through XRD, FTIR, and FESEM-EDX-mapping analy-
ses. Previous studies (Djobo et al. 2017) have also noted
the formation of N-A-S—H and zeolite structures (zeolite Y
and HS) in alkali-activated VA. The simultaneous forma-
tion of N-A-S—H structures and the uniform distribution of
lead particles within the soil matrix, as observed in FESEM-
mapping images, create favorable conditions for lead stabi-
lization within these structures via physical encapsulation
and chemical bonding mechanisms. Moreover, HS exhib-
its notable adsorption properties for heavy metals (Esaifan
et al. 2019), with its formation previously documented in
fly ash (Sukmak et al. 2013), coal bottom ash (Geetha and
Ramamurthy 2013), metakaolin (Granizo et al. 2014), and
volcanic pozzolan—based geopolymers (Moon et al. 2014).
The likelihood of HS formation increases with activa-
tors possessing lower silica content and higher alkalinity
(Rozek et al. 2019). Reported Si/Al ratios ranging from 0.5
to 2.46 (Fletcher et al. 2005; Khan et al. 2015; Krdl et al.
2016), sodium hydroxide activator molarities of 5, 8, and 12
(Alvarez—Ayuso et al. 2008; Moon et al. 2014; Bobirica et al.
2015), and curing conditions of 1 day at 60 °C or 7, 28, and
180 days at 85 °C (Criado et al. 2010; Ozer and Soyer-Uzun
2015) have been linked to HS formation. In our study, the
curing conditions (1, 7, 28, and 90 days at 50 °C), a Si/Al
ratio of 2.55, and the utilization of an 8 M sodium hydrox-
ide activator appear to have facilitated HS formation. This
phenomenon contributed to enhanced mechanical strength
and reduced lead leaching.

In this investigation, all three primary mechanisms
of S/S of heavy metals in geopolymers—namely,
physical encapsulation, chemical bonding, and the
formation of new chemical structures of heavy metals
(Ji and Pei 2019b)—contributed to the remediation of
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lead-contaminated soil with chemical bonding proving to
be the most effective mechanism. The validation of the
physical encapsulation mechanism was achieved through
the correlation of results from UCS, TCLP, XRD, FTIR,
and FESEM-EDX-mapping analyses. Confirmation of the
chemical bonding mechanism was obtained through TCLP,
FTIR, XRD, and FESEM-EDX-mapping analyses, while
validation of the formation of a new chemical structure
mechanism (Pb;SiOy formation) was achieved via XRD
and FTIR analyses. Previous studies on the S/S of lead
using metakaolin- and kaolinite-based geopolymers have
reported mechanisms involving physical encapsulation
and the formation of silica- and carbonate-based
structures (El-Eswed et al. 2015; El-Eswed et al. 2017).
In fly ash—based geopolymer, physical encapsulation (Van
Jaarsveld et al. 1998, Van Jaarsveld and Van Deventer
1999, Phair et al. 2004, Nikoli¢ et al. 2014, Lee et al.
2016b, Nikoli¢ et al. 2018, Wang et al. 2018), chemical
bonding (Van Jaarsveld et al. 1998, Van Jaarsveld and Van
Deventer 1999; Nikoli¢ et al. 2014; Wang et al. 2018),
surface adsorption (El-Eswed et al. 2015; Wang et al.
2018), and formation of new silica- and carbonate-based
phase (Palomo and Palacios 2003, Palacios and Palomo
2004, Phair et al. 2004, Zhang et al. 2008, Guo et al. 2017)
mechanisms were reported. The observed variations in
mechanisms can largely be ascribed to several factors,
including the physicochemical properties of the binder, the
type of matrix utilized for the (S/S) process (mortar, paste,
and soil), the type of activator (sodium hydroxide, sodium
hydroxide/sodium silicate, and potassium hydroxide),
the curing temperature (ranging from 25 to 95 °C), and
the type and concentration of lead species (PbSO,, PbO,
PbS, Pb(NO;),). These parameters can influence the
interactions between lead cations and geopolymerization
reactions, potentially impacting the mechanisms involved
in the S/S of lead using AAMs. This study stands out from
prior research in this domain by utilizing VA as a binder
and soil as the base matrix in the S/S process with AAMs.
The uniform dispersion of lead within the soil structure
(attributed to a 10-day pre-experiment contamination
period), the interplay of lead-contaminated soil particles
with geopolymerization reactions, and the favorable
chemical reactivity of VA are identified as the primary
factors contributing to the concurrent occurrence of all
three mechanisms.

Increasing the binder content typically fosters more
favorable conditions for the formation of geopolymeriza-
tion products, thus augmenting the S/S process. However,
in this investigation, the correlation between the rise in UCS
and the decline in lead leaching did not demonstrate a linear
trend with escalating binder content. The most substantial
alterations were observed when the binder content increased
from 0 to 5%. Conversely, with higher VA amounts (10 and
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15%), the variations in strength and leaching content were
less pronounced. This discrepancy could be attributed to
several factors, including the insufficient quantity of activa-
tor to activate higher amounts of VA fully, inadequate cur-
ing temperature to complete all geopolymerization reactions,
and the conversion of free sodium ions to sodium carbonate
phase during carbonation without contributing to the N-A-
S—H formation. Consequently, undissolved and unreacted
particles were likely present in the soil medium. Their non-
participation in geopolymerization reactions led to imperfec-
tions in the geopolymeric network, thereby reducing the rate
of strength gain with increasing binder content. This hypoth-
esis supports the observation of unreacted particles and the
formation of sodium carbonate structures in the treated sam-
ples, as revealed by FTIR and FESEM-EDX-map analyses
in previous sections.

Under OC conditions, a higher UCS was attained com-
pared to AC conditions, while the reduction in lead leach-
ability exhibited a similar trend for both curing conditions.
In previous studies investigating the S/S of lead contamina-
tion by AAMs, curing has predominantly been conducted
at elevated temperatures ranging from 40 to 95 °C (Van
Jaarsveld et al. 1998, Palomo and Palacios 2003, Palacios
and Palomo 2004, Zhang et al. 2008, El-Eswed et al. 2015,
Lee et al. 2016b, El-Eswed et al. 2017, Guo et al. 2017,
Nikoli¢ et al. 2018, Wang et al. 2018), with fewer studies
focusing on curing within the ambient temperature range
(20, 23, and 30 °C) (Van Jaarsveld and Van Deventer 1999,
Phair et al. 2004, Nikoli¢ et al. 2014, Nikoli¢ et al. 2018).
This preference is rooted in the belief that processes such as
ion dissolution (silica and alumina ions), alkalinity increase
(due to free water evaporation), geopolymerization reac-
tions, and the formation of geopolymeric networks occur
more efficiently at higher temperatures, thereby resulting
in improved S/S performance (Kovalchuk et al. 2007). In
several studies involving curing at ambient temperature, the
reduction in lead leaching was notable, ranging from 2 to
12 ppm (Van Jaarsveld and Van Deventer 1999, Phair et al.
2004, Nikoli¢ et al. 2014, Nikoli¢ et al. 2018). Additionally,
in the study by Nikoli€ et al. (2018), among all curing con-
ditions examined (28 days at 20 °C, 1 day at 55 and 95 °C,
and 4 h at 95 °C), the optimal S/S performance was achieved
with 28 days of curing at 20 °C. Furthermore, based on the
results of this study, prolonged curing under OC conditions
had an adverse effect on the S/S process due to the forma-
tion of micro-cracks in the geopolymeric network induced
by thermal stresses. Conversely, during long-term curing
under AC conditions, the uniform and gradual development
of the geopolymeric network under pozzolanic reactions in
the presence of moisture led to a reduction in lead leaching
in the 90-day sample compared to the 28-day sample. Con-
sequently, it can be concluded that in the S/S process using
AAMs, curing at ambient temperature does not necessarily
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yield weaker performance compared to curing at elevated
temperatures. This characteristic renders the use of alkali-
activated cements in S/S operations at sites with normal
temperatures more feasible. However, when the primary
objective of the S/S project is to achieve high mechanical
strength of treated soil for construction activities, curing at
higher temperatures will likely be more effective.

The results indicate that increasing the lead concentra-
tion generally led to a reduction in UCS and an increase
in lead leaching in all cases, except for the positive effect
observed on the UCS of group A treated samples. There
exist diverse opinions regarding the influence of lead con-
centration on the S/S process. Still, the majority of reports
suggest a detrimental impact of lead due to its disruption of
the geopolymerization process and introduction of defects
within the formation of the geopolymeric network. Nega-
tive effects on mechanical strength have been documented
for lead concentrations ranging from 0.02% (El-Eswed et al.
2015), 0.5% (Zhang et al. 2008, Nikoli¢ et al. 2014, Lee
et al. 2016b), 1% (Nikoli¢ et al. 2014, Lee et al. 2016b), 3%
(Wang et al. 2018), 3.125 (Palomo and Palacios 2003), to
4% (Nikoli¢ et al. 2018) in fly ash and metakaolin—based
geopolymeric paste and mortar. Conversely, positive effects
on compressive strength have been noted for lead concentra-
tions of 0.1% (El-Eswed et al. 2015), 0.5%, 1%, and 1.5%
(Wang et al. 2018) in the paste matrix of metakaolin and
fly ash-based geopolymers. However, the reason behind the
positive effect of lead on the geopolymerization network and
the exact concentration at which this negative effect occurs
remain unclear, necessitating further investigation in the lead
concentration range of 0 to 1.5%. Based on the reviewed
studies, it appears that all observed positive effects of lead
are attributed to its presence in geopolymeric paste samples,
while negative effects are more pronounced in mortar sam-
ples. In the present study, where the soil matrix was exam-
ined, the negative effects were more pronounced. The transi-
tion from cement paste to mortar and then to a soil matrix
in the S/S process, accompanied by increased porosity and
reduced integrity of the matrix, seems to heighten vulner-
ability to lead cations. This vulnerability arises from the
detrimental effect of lead due to the involvement of contami-
nated soil particles in geopolymerization reactions and the
disruption of geopolymeric network development, as well as
from the aggregation of clay particles due to lead presence
and increased porosity in the soil structure, ultimately lead-
ing to a decrease in the strength of contaminated samples.

This research investigates the S/S of lead-contaminated soil
using alkali-activated VA. VA possesses pozzolanic properties
derived from its abundant silica and aluminum content and
requires minimal pre-treatment before utilization as a precursor
in AAMs. VA is also known for its ease of extraction, low
cost, and ability to achieve high mechanical strength and
durability post-alkaline activation. These attributes have

propelled its utilization in AAMs as a soil stabilizer or heavy
metal immobilizer agent, garnering increasing attention
from researchers. The proper application of VA in these
contexts holds substantial promise for advancing sustainable
development, addressing global warming, and mitigating
environmental crises stemming from heavy metal pollution.

Conclusion

The following conclusions could be drawn from the outcome
of this research study:

(1) Volcanic ash demonstrated high effectiveness in S/S of
lead-contaminated soil. According to EPA, concentra-
tions of 500 and 2500 mg resulted in complete control
of lead leaching, while the sample with 10,000 mg/kg
showed a reduction in leaching by at least 84%.

(2) Inall VA-treated soils, in OC condition, with different
curing times, increasing the percentage of VA would
increase the strength of the soil. The highest UCS was
obtained for the sample prepared with 15% VA.

(3) The treated OC samples exhibited significantly higher UCS
compared to the AC samples. The OC condition enhances
the dissolution rate of silicon and aluminum ions from the
VA structure and increases alkalinity due to water evapora-
tion. This leads to an accelerated rate of geopolymeriza-
tion and the formation of a more extensive geopolymeric
network, ultimately resulting in a higher UCS.

(4) In OC VA-treated samples, the contaminated and
uncontaminated samples reached their maximum UCS
after 28 and 7 days of curing, respectively. This differ-
ence can be attributed to two factors. Firstly, the pres-
ence of Pb leads to a reduction in medium alkalinity.
Secondly, the filling of soil voids by nitrate decreases
the rate of water evaporation. These two factors collec-
tively result in a reduced rate of geopolymerization and
hinder the development of the geopolymeric network.

(5) Inthe samples containing 500 mg/kg of lead and treated
with volcanic ash for 1, 7, and 28 days of curing, an
improvement in UCS was observed. However, as lead
concentration increased to 2500 and 10,000 mg/kg, the
UCS decreased at all curing times. This can be attrib-
uted to lead cations disrupting the formation of the
N-(A)-S—H gel and the polycondensation process.

(6) Despite the superior performance of OC curing conditions
in terms of UCS results, both AC and OC conditions
exhibited nearly identical outcomes in the TCLP test.
This suggests that the formation of the geopolymeric
network under AC conditions was adequate to prevent
lead leaching, and the excess geopolymeric network
formed under OC conditions had minimal impact on
further controlling lead leaching.
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(7) Both physical encapsulation and chemical bonding
mechanisms were effective in S/S of lead-contaminated
soil with alkali-activated VA. However, based on the
results, the chemical bonding mechanism appears to be
more dominant than physical encapsulation.

(8) The results of the XRD, FESEM-EDX-mapping, and
FTIR tests confirmed the formation of structures such
as N-A-S-H, Pb;SiOs, and hydroxy sodalite crystals,
which played a significant role in controlling lead
leaching.
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