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Abstract

Geopolymers offer a number of benefits, including high sorption capacity, sufficient durability, and substantial mechanical
strength as well as low CO, emission and limited drying shrinkage, which may make them sustainable candidates to be utilized
as landfill liner materials. Hence, this research is aimed at evaluating how a clay-fly ash geopolymer can meet the requirements
proposed for mineral liners so as to compensate for the scarcity of suitable local clay. In this study, clay-fly ash geopolymers are
synthesized from the mixtures containing 60% fly ash to the total solid mass and then activated by 10 M NaOH solutions. Several
experiments are conducted to assess the mechanical strength, permeability, durability, and sorption capacity of the proposed liner
material. Results depict that geopolymerzation has led to a prominent alteration in clay structure, contributing to a non-plastic soil
with lower swelling potential and desiccation cracking probability. Proven to enhance sorption capacity and resist freeze-thaw
cycles, the clay-fly ash geopolymers are shown to satisfy the criteria of volume shrinkage < 4%, permeability < 1x1077 cm/s,
unconfined compressive strength > 200 kPa, and plasticity index < 7-10. Microstructural analyses also corroborate that the
binding agents result in the formation of coagulated particles covered by aluminosilicate gels, thus rendering a more sustainable
material. Additionally, the sorption capacity of the clay-fly ash geopolymers exposed to freeze-thaw cycles also shows compa-
rable values to the unexposed specimens.
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Introduction

Landfilling is a prevalent and effective method of hazardous
waste disposal. Compacted clay layers have been widely
employed in landfills to simultaneously serve as impervious
and chemical attenuating liners. Given that the mineral liners
cannot remain impermeable to leachate in the long run, the
amendment of their attenuation ability seems to be indispens-
able as even small municipal landfills may notably impact the
groundwater quality. In addition to having sufficiently high
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impermeability and contaminant retention, liner materials are
expected to effectively withstand mechanical and environ-
mental stresses with minimum loss in their long time service-
ability (Daniel 1993).

For hazardous waste, the hydraulic conductivity of liner
materials must remain lower than 107’ ¢cm/s. To meet this
criteria, compacted clay liners must have intrinsic properties
of minimum fines content > 20-30%, gravel content < 30%,
plasticity index < 7-10%, and maximum particle size < 25-50
mm (Daniel 1993; EC 1999/37/EC). In many cases, the un-
availability of suitable local clays with such properties is itself
a great concern. On the other side of the spectrum, for
compacted clay layers, low hydraulic conductivity is parallel
to high-plasticity index, which, in turn, may reduce the long-
term serviceability owing to the increased seepage of leachate
as a result of the consolidation phenomenon and drying
shrinkage. Various consequences of freezing, e.g., vertical
desiccation cracking, might also increase the hydraulic con-
ductivity by as much as 1000 times, thus threatening the ser-
viceability of liner (Daniel 1984; Sterpi 2015). Moreover, for
a layer constructed of a high-plasticity clay, the diffusion of
chemical components within its matrix may lead to an in-
crease in the hydraulic conductivity of the liner. This is
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primarily due to the reduced double-layer thickness induced
by variations in cation charges and the electrolyte concentra-
tion of pore solution (Broderick and Daniel 1990).
Furthermore, macro-fabric fissures within a clay layer de-
crease the proper contact between the leachate and soil, thus
reducing the attenuation capacity of the liner, offered by ad-
sorption and cation exchange reactions (Bagchi 1987).

Due to the negative aspects associated with the scarcity of
suitable local soils satisfying the above-mentioned require-
ments, different mineral mixtures treated with cement and
lime have been exploited in geotechnical engineering practice.
Nonetheless, their deficiencies in long-term durability and
sacrificial mechanism of immobilization (Ganjian et al.
2004), as well as their negative environmental and financial
downsides associated with the use of Portland cement and
lime have prompted the introduction of alternative binders
such as geopolymers (McLellan et al. 2011).

Geopolymers, produced by the alkaline activation of alu-
minosilicate resources such as clay and fly ash, seem to have
rectified these concerns and have recently gained considerable
attention for soil stabilization due to their excellent properties,
including proper short-term strength, considerable chemical
durability, sufficient freeze-thaw resistance, limited shrinkage,
and low swelling potential (Pacheco-Torgal et al. 2015;
Pourakbar et al. 2015; Rios et al. 2016; Alastair et al. 2018;
Abdeldjouad et al. 2019). Sargent et al. (2013) used alkaline
activation to enhance the mechanical properties and durability
of soft alluvial soils against wetting-drying and freeze-thaw
cycles. Fly ash-based geopolymers have also shown high re-
sistance against freeze-thaw cycles and swelling (Bakharev
2005; Fu et al. 2011). A 30% decrease in the resistance of
alkaline-activated fly ash binders was observed after 150
freeze-thaw cycles (Dolezal et al. 2007). Ma and Ye (2015)
confirmed that early-age cracking due to drying shrinkage was
not observed in the fly ash-based geopolymers. Alkaline acti-
vation, furthermore, significantly enhances the sorption ca-
pacity of fly ash due to the increased negatively charged sites
and cation exchange reactions and therefore has been exten-
sively employed for heavy metal removal from aqueous solu-
tions throughout the literature (Engelhardt and Michel 1987;
Wang et al. 2007; Al-Zboon et al. 2011; Zhang and Liu 2013;
Muzek et al. 2014; Javadian et al. 2015). Thus, it seems that a
clay-fly ash geopolymer is a low-energy technique for the
design of an environmentally friendly landfill liner using
available local clay, which can guarantee the long-term per-
formance of an active-passive liner (Khaksar Najafi et al.
2020). However, geopolymerization has not been investigated
widely in the design of active-passive liners in landfill sites.

Compacted clay is the primary constituent of all types of
landfill liners, including compacted clay liners and
geosynthetic clay liners (GCL). Therefore, the performance
of compacted clay, as the active-passive component, is effec-
tual in the functionality of the whole liner of any type. For this
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reason, the primary objective of this study is to propose a clay-
fly ash geopolymer to be replaced by the compacted clay all
over the liner so as to increase its efficiency, as the improved
performance of the compacted clay liner by the
geopolymerization process will be very effective in the effica-
cy of the whole liner layer.

In this context, the present study is to examine how effec-
tively a clay-fly ash geopolymer can fulfill the minimum re-
quired properties to design an active-passive liner in compar-
ison to an untreated clay. Samples containing 60% fly ash and
40% clay are activated by 10 M NaOH solutions to synthesize
clay-fly ash geopolymers. A series of laboratory tests are con-
ducted to evaluate the performance of the proposed liner ma-
terial. Mechanical strength and stiffness are evaluated via un-
confined compressive strength and indirect tensile strength
tests, whereas hydraulic permeability is assessed by constant
head experiments. Drying shrinkage, freeze-thaw effects and
Atterberg limits of the specimens are attentively studied to
examine their durability. Sorption capacity is also evaluated
by several batch experiments. In addition, several microstruc-
tural analyses are also conducted on the clay-fly ash
geopolymers and untreated clay so as to detect the imposed
changes in micromechanical features formed by
geopolymerization.

Materials and methods
Materials used
Clay

The used clay was collected from the sediments behind the
Manyjil dam located in Guilan Province in the north of Iran.
This soil is medium-plasticity clay (CL) in accordance with
ASTM D2487 (2000). The physical properties and the chem-
ical compositions of the soil measured by energy-dispersive
X-ray fluorescence (EDXRF) analysis are as listed in Table 1.

Fly ash

Fly ash used in this study was supplied by the electric power
plant in India (DIRK). The chemical compositions of the fly
ash, presented in Table 1, show that it is classified as a class F
fly ash, a low-calcium precursor, based on ASTM C618
(2012). Its specific surface area, determined by the BET-
nitrogen adsorption method, was measured to be equal to 4
m?/g.

Aqueous solution

Aqueous solution was prepared to simulate the generated
leachate in the experiments. It contained 100 and 200 mg/L
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Table 1 Physical properties and
chemical components (wt%) Physical properties Chemical components %
obtained from EDXRF analysis
of the used soil and fly ash Soil Soil Fly ash
Values Standard SiO, 50.1 60.8
Clay content (%) 33.69 ASTM D422 (2002) ALO; 12.9 28.3
Liquid limit (%) 36.80 ASTM D4318 (2000) Fe,0O3 6.39 327
Plastic limit (%) 19.60 ASTM D4318 (2000) CaO 9.35 1.92
Specific gravity (Gs) 2.717 ASTM D854 (2014) Na,O 1.04 0.17
Maximum dry density (g/cm3) 1.77 ASTM D698 (2007) K,0 2.54 0.76
Optimum water content (%) 19.00 ASTM D698 (2007) MgO 3.62 0.61
Others 13.95 4.03

of Pb(SO,) and zinc nitrate Zn(NOs), corresponding to 68.32
and 69.08 mg/L of Pb(Il) and Zn(II), respectively.

Sample preparation

In a separate study conducted by the authors, a typical clay-fly
ash geopolymer, namely CF6N10, containing 60% fly ash
activated by 10 M NaOH resulting in an activator/fly ash ratio
of 0.355, was observed to possess the highest adsorption ca-
pacity. Accordingly, to fabricate the specimens in the present
study, the clay dried at 110 °C was initially mixed with 60%
fly ash to obtain fairly homogeneous mixtures. Thereafter, the
activator was added to the mixture so that uniform pastes with
approximately 21.28% activator content were acquired. To
synthesize clay-fly ash geopolymers and untreated clay spec-
imens, compaction conditions were considered to be compat-
ible with the state of 95% of the optimum moisture contents
(OMC) for the corresponding mixtures obtained by the stan-
dard Proctor test (ASTM D698 2007). Accordingly, the target
dry densities of 1.57 g/cm?® and 1.75 g/cm® were measured for
the two mixtures of “40% clay + 60% fly ash” and “100%
clay”, respectively.

Experimental approach
Hydraulic conductivity

The permeability of the untreated clay and clay-fly ash
geopolymer to water and the aqueous solution, i.e., K., and
K aq Tespectively, was measured according to ASTM D5856
(2002). The pastes were placed in cylindrical molds, 100 mm
in diameter and 170 mm in height, and then compacted at a
constant rate to reach the target dry densities. Molds contain-
ing clay-fly ash geopolymers were then placed at room tem-
perature, 24 °C, and after 7 days of curing, were subjected to
constant head flow provided separately by water and the aque-
ous solution. The apparent porosity of the tested samples was
also determined in accordance with ASTM C20 (2000).

Unconfined compressive strength

Unconfined compressive strength (UCS) tests were carried
out in accordance with ASTM D2166 (2000). UCS values
were measured in two identical specimens, and the average
experimental results were reported. A displacement-control
soil-test CT-742 machine, fitted with a 133-kN-load cell and
operating at a loading rate of 0.6 mm/min, was utilized for
UCS tests to assess the uniaxial stress-strain response of
geopolymers.

The specimens were prepared promptly after the
above-mentioned mixing procedure. The pastes were
placed in a cylindrical mold, 38 mm in diameter and
76 mm in height, and compacted with a constant rate
to reach the target dry densities. Then, the specimens
were removed and promptly wrapped in a plastic bag
to prevent moisture loss. Afterwards, the samples were
placed at room temperature, 24 °C, for different curing
periods of 7 and 28 days.

Indirect tensile strength

The indirect tensile strength (ITS) tests were carried out
based on ASTM D3379 (1975). Similar to the speci-
mens prepared for UCS tests, cylindrical specimens,
76 mm in length and 38 mm in diameter, were used
for ITS experiments. The tests were conducted on the
untreated clay and CF6N10 cured for 28 days under a
monotonic loading rate of 0.6 mm/min to determine
peak tensile forces. According to the peak forces obtain-
ed, the ITS values were calculated using Eq. (1).

ITS=a—— (1)
0

where P is the maximum load applied, D and L are the

diameter and length of the sample, respectively, and «

is the shape parameter, which can be calculated as a =
0.2621k + 1, where k = L/D (Abdeldjouad et al. 2019).
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Atterberg limits

Liquid limit (LL) and plastic limit (PL) of the specimens were
also measured in accordance with ASTM D4318 (2000). In
order to evaluate the immediate and long-term effects of alka-
line activation on the Atterberg limits of the treated clay, the
corresponding limits were measured both immediately after
mixing and also after 28 days of curing at the room tempera-
ture (24 °C).

Freeze-thaw cycles

Freeze-thaw cycle tests were conducted in accordance
with ASTM D560 (2003) so as to determine the sam-
ples’ resistance to weight loss for the full respective
cycles. The pastes were compacted to reach the target
dry densities in a cylindrical mold, 38 mm in diameter
and 76 mm in height. For CF6N10, the first freeze-thaw
cycle exposure occurred at the age of 28 days. A single
freeze-thaw cycle consisted of approximately 24 h of
freezing in a freezer set at —20+1°C followed by 24 h
of thawing at room temperature.

Volume shrinkage

Shrinkage limit of the untreated clay and volume shrinkage of
the untreated clay and clay-fly ash geopolymers were all mea-
sured according to ASTM D4943 (2002) to evaluate the
cracking likelihood, which controls the long-term serviceabil-
ity of a liner material.

Batch experiments

The prepared homogeneous pastes were placed in the
cylindrical molds, 38 mm in diameter and 10 mm in
height, resulting in the specimens with a constant area
to thickness ratios of 11.33 cmz/cm, and then compacted
to achieve the target dry densities. Afterwards, the sam-
ples were removed and wrapped in plastic bags so as to
prevent moisture loss and then cured at room temperature
(24 °C). Following specific curing periods, the samples
were removed from the plastic bags and except their top
surfaces, coated with wax, and submerged in aqueous
solutions. Additionally, the effects of different curing
times, i.e., 7, 14, and 28 days, and various numbers of
exposures to freeze-thaw cycles, i.e., 1 and 3 cycles, on
the sorption capacity of clay-fly ash geopolymers were
rigorously examined. After the batch experiments, the
solutions were filtered, and the concentrations of Pb(II)
and Zn(Il) in solutions were determined by an atomic
adsorption spectrometer. The removal efficiency and the
equilibrium adsorption capacity (¢.) for Pb(II) and Zn(II)
are defined as follows:
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Removal efficiency (%) = (COC;CC) x 100 (2)
0
Co—C.
aulmg/g) = sy )

where Cy and C, are, respectively, the initial and equilibrium
concentrations of Pb(I) and Zn(II) ions in the solution (mg/L),
V is the volume of solution (L), and W is the weight of an
adsorbent (g).

Microstructural analysis

The surface morphology of the untreated clay and clay-fly ash
geopolymers cured for 7 and 28 days was evaluated by SEM/
EDS analyses using a MIRA III instrument. Their powder had
been coated with a thin layer of gold in a sputter coater before
the measurements were performed. SEM images were also
utilized to analyze the morphology of untreated clay and
clay-fly ash geopolymers cured for 7 days after undergoing
three freeze-thaw cycles.

The X-ray diffraction (XRD) patterns of the clay, fly ash,
and clay-fly ash geopolymers at the age of 7 days were ana-
lyzed with a Pan Analytical Xpert Pro diffractometer
(PW1730). The operating conditions were 40 kV and 30
mA. The radioactive source was Cu generating a wavelength
equal to 1.54056 A. The step size and time per step used were
equal to 0.5° and 1 s, respectively.

Fourier transform infrared (FTIR) spectra of the untreated
clay and clay-fly ash geopolymers cured for 7 days, unex-
posed and exposed to freeze-thaw cycles, and 28 days were
studied using an FTIR device (AVATAR) with an attenuated
total reflectance (ATR) unit in the range of 4000-400 cm .

The specific surface area, pore size distribution, and total
pore volumes of the untreated clay and clay-fly ash
geopolymers cured for 7 days were measured from N, gas
adsorption-desorption isotherms at the temperature of liquid
nitrogen (—196 °C) by BELSORP MINI II instrument. The
specific surface area was calculated in accordance with the
Brunauer-Emmett-Teller (BET) equation (Wang et al. 2007,
Luukkonen et al. 2016). Pore size distributions were obtained
from desorption data using the Barrett-Joyner-Halenda (BJH)
method (Luukkonen et al. 2016).

Results and discussion
Hydraulic conductivity

The results obtained from the permeability tests illustrate that
the K., of the untreated clay and CF6N10 cured for 7 days
were 2.04 x10°° cm/s and 5.19 x10™® cm/s, respectively.
These K, values of both samples are observed to be higher
than their corresponding K,,q values, which were 7.35 x 1077
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cm/s and 4.84 x10™® cm/s for untreated clay and CF6N10,
respectively. The permeability of the untreated clay to water
and the aqueous solution is nearly thirty-eight and fifteen
times as much as those measured for CF6N10, respectively.
K, and K,,q values of CF6N10 cured for 7 days satisfy the
required limit of hydraulic conductivity. In general, fly ash-
based binders show low hydraulic conductivity due to the very
small pore sizes (Pacheco-Torgal et al. 2015). Compatible
with the obtained results, a mixture of 20% bentonite-fly ash
was reported by Mollamahmutoglu and Yilmaz (2001) to
meet the permeability criterion for a liner material.
Sivapullaiah and Moghal (2011) also indicated that adding
10-20% bentonite, gypsum, or lime to fly ash caused the
hydraulic conductivity of the liner to reduce to less than
1077 mys.

Saturated hydraulic conductivity is primarily influenced by
the pore features of soil as well as the viscosity and density of
fluid (Mitchell 1976). Having higher apparent porosity, 35%
compared to 31.8%, the untreated clay is more permeable to
water compared to the measured value for CFON10. Several
reasons may contribute to the lower permeability of CFON10.
Most importantly, the growth of amorphous geopolymeric
products filling the porosity of the treated clay leads to an
overall decrease in the pore space, accompanied by a general
decrease in hydraulic conductivity to water compared to that
of the untreated clay. Furthermore, geopolymerization chang-
es the fabric of the treated soil due to the formation of
geopolymeric gels, causing the disaggregated grains to con-
nect and form coagulated particles quite similar to small clods
and consequently reducing the water flow at particle level
(Benson and Daniel 1990; Glukhovsky 1994; Sivapullaiah
and Baig 2011).

Concerning the permeability to the aqueous solution, for
low-plasticity clay, hydraulic conductivity decreases with the
increased concentration of salt solution. The contaminant so-
lution decreases the double-layer thickness and contributes to
the edge-to-face flocculated fabric of the clay. The properties
of high-plasticity clay and low-plasticity clay are mostly con-
trolled by double-layer thickness and its fabric, respectively
(Sargent et al. 2013). The aqueous solution, possessing a low-
er dielectric constant and higher electrolyte and cation con-
centration compared to distilled water, has reduced repulsive
forces in micro and mesopores. This feature substantially con-
tributes to the edge-to-face flocculated fabric of clay with
smaller clods and consequently a decrease in hydraulic con-
ductivity (Benson and Daniel 1990; Rao and Mathew 1995;
Yilmaz et al. 2008; Gupta et al. 2011). Benson and Daniel
(1990) also reported decreases as much as four to six orders
of magnitude in hydraulic conductivities of soils with smaller
clods. According to SEM analyses, the clay-fly ash
geopolymers consist of a large number of finer clusters, ren-
dering a flocculated fabric, leading to a decreased permeabil-
ity. Furthermore, Li et al. (2013) reported that the permeability

of kaolin, a low-plasticity clay, increased by 16.7% when
permeated with less concentrated Ca solutions (1 and 5
mM), while its value was about 10 times lower than the orig-
inal value for the solution containing 10 Mm. Jo et al. (2005)
also showed that the strong electrolyte leads to a decrease in
the permeability of geosynthetic clay liner compared to that
reported for lower electrolyte.

In comparison to the exchangeable cations and pore salt
concentration, the dielectric constant of pore solution has pro-
found effect on the above-mentioned alteration in clay fabric
(Mitchell 1976). Given the lower dielectric constant of aque-
ous solution compared to water, it commonly leads to the
flocculated fabric with small clods. For CF6N10,
geopolymerization has mainly converted the clay structure to
a cementitious one which is not affected by the properties of
aqueous solution. This may be the main reason why the aque-
ous solution has reduced the permeability of CF6N10 consid-
erably less than that of the untreated clay.

Strength and stiffness

Figure 1a and b present the stress-strain curves obtained from
the UCS and ITS tests of the untreated clay and CFO6N10. It is
evident that the clay-fly ash geopolymers possess consider-
ably higher UCS and ITS values compared to the untreated
clay, which could satisfactorily meet the UCS > 200 kPa cri-
terion for compacted landfill liner material (Kolawole et al.
2006). Murmu et al. (2019) also reported that the compressive
strength of a mixture of expansive clay and 20% fly ash en-
hanced to 2500 kPa after 28 days of curing time, which was
more than ten times the reported strength for the untreated
clay.

According to Fig. la, although the clay-fly ash
geopolymers exhibit brittle behavior with sudden drops at
their failure strains, the slopes of the ascending branches in-
crease considerably, contributing to the significant increase in
their stiffness with smaller failure strains compared to the
untreated soil. This is further pronounced for the clay-fly ash
specimens cured for 28 days, referring to the formation of
more aluminosilicate gels. Similarly, Pourakber et al. (2015)
reported that the geopolymerization resulted in brittle post-
peak behavior along with smaller failure strain, contributing
to lower settlements in the liner constructed by the proposed
material.

Figure 1b illustrates that alkaline activation has changed
the post-peak behavior, causing the maximum ITS value and
the failure tensile strain to increase substantially. The failure
strain of CFON10 has enhanced to 0.016, approximately three
times that of the untreated clay, 0.0054. This rise in the failure
strain and maximum ITS value is of significant importance as
the repair of tensile cracks formed as a result of differential
settlements is impossible (Daniel 1993). Ergo, higher ITS
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Fig. 1 The mechanical strengths of the untreated clay and CF6N10 cured
at room temperature. a UCS and b ITS

value associated with larger failure strain helps enhance the
long-term serviceability of the liner material.

Durability
Atterberg limits

The results reveal that the alkaline activation considerably
reduces the immediate LL and PL values of clay to 19.30%
and 15.50%, respectively, resulting in a plasticity index of <
7-10%. Moreover, it means that the compaction process of the
clay-fly ash geopolymer is more feasible than that of the un-
treated clay with higher LL value. More importantly, increas-
ing the curing time to 28 days caused the treated clay to thor-
oughly lose its plasticity. In good agreement with the obtained
results in the course of this study, Murmu et al. (2019) also
found that LL and PL of an expansive clay treated with alka-
line activation of fly ash decreased after a curing period of 28
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days, so that the specimens turned out to be completely non-
plastic. Given that the general behavior of clays, such as swell-
ing and consolidation probability, is predominantly controlled
by their plasticity, CF6N10 shows considerably lower swell-
ing and consolidation likelihood, thus enhancing the long-
term durability and consequently the operating service time
of a liner.

It is accepted that the lower dielectric constant of NaOH
(i.e., 57.5), compared to that of water (i.e., 80), along with the
increased electrolyte concentration and cation valence causes
a reduction in the diffuse double-layer thickness and turn the
clay structure into a flocculated fabric with larger internal void
spaces for water entrapment. Although the corresponding phe-
nomenon consequently leads to the increased LL values for
low-plasticity clays (Mitchell 1976; Sridharan et al. 1988;
Sridharan 2014), the high portion of fly ash in CF6N10 has
contributed to a considerable reduction in its immediate LL
value. In good agreement with the obtained results, for a mix-
ture of soil and fly ash, Ahmed (2014) showed that increasing
fly ash content from zero to 20% caused a reduction in the
liquid limit, and thus, the plastic index.

Regarding the long-term LL and PL values of CF6N10,
geopolymerization process profoundly affects the fabric of
clay-fly ash geopolymers, so that the increased curing period
contributes to a significant drop in LL and PL values, leading
to a sort of non-plastic materials. In this context, Glukhovsky
(1994) introduced the processes of destruction-coagulation,
coagulation-condensation, and condensation-crystallization
as the main mechanisms for the alkaline activation reactions.
In the second stage, the inter-connection of the disaggregated
products gives rise to polycondensation and consequently
constitution of coagulated particles. Palomo et al. (2004) also
proposed that alkaline activation at the ambient temperature
leads to aluminosilicate gels with short-range ordered alumi-
nosilicate gels surrounding the clay particles. Thus, it seems
that alkaline activation changes the clay fabric due to very fact
that the clay particles are covered by geopolymeric gels,
resulting in coagulated grains. These coarser fractions behave
like silt (Arasan and Yetimoglu 2008) and become non-plastic
in long run. To endorse the results obtained, Provis and van
Deventer (2009) also described sodium aluminosilicate hy-
drate gels as a charge-balanced aluminosilicate structure
which was observed to decrease the water adsorption tenden-
cy and consequently reduce the plasticity properties.

Volume shrinkage

The volume shrinkage values measured for the untreated clay
and CF6N10 were equal to 8.7% and 2.4%, respectively. It is
evident that CF6N10 can efficiently satisfy the threshold limit
of 4% to mitigate the volume shrinkage of a mineral liner
(Ganjian et al. 2004; Kolawole et al. 2006). In agreement with
the obtained results, Khadka et al. (2018) found that alkaline
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activation of clay containing 12% fly ash showed the best
results so as to control the shrinkage behavior of expansive
soils. Furthermore, according to the results found by Ahmed
(2014), lower plastic index contributes to reduced volume
shrinkage. Murmu et al. (2019) also showed that the shrinkage
limit of treated expansive clay decreased to almost zero for fly
ash content more than 10%.

As can be observed in Fig. 2, the untreated clay with the
shrinkage limit equal to 13.08% is quite vulnerable to severe
cracking when it dries at room temperature, whereas the clay-
fly ash geopolymer has not considerably suffered from desic-
cation cracking. It is well proved that shrinkage plays an im-
portant role in liners’ performance due to the likelihood of
cracking in a restrained condition. Indeed, the durability and
permeability of liners might suffer from fractures mainly
caused by drying shrinkage and differential settlement
(Daniel 1993; Sterpi 2015).

The results confirm the observations obtained from
Atterberg limits tests, where the behavior of the treated clay
has been significantly affected by geopolymerizaton. Drying
shrinkage in geopolymers is related to the micro-crack forma-
tion due to the loss of water. The track of the unit weight of the
clay-fly ash geopolymers cured for 7 and 28 days show a
decrease from 2.04 to 2.01 g/em’, which may be attributed
to the micro-crack formation (Lee and Lee 2013). Moreover,
the coagulated particles resulting from geopolymerization
may be another reason for lower shrinkage in CF6N10, be-
cause it has been well corroborated that flocculated fabric
leads to a considerably lower weight loss caused by drying
shrinkage compared to the dispersed structure with parallel-
oriented particles (Mitchell 1976).

Freeze-thaw cycles

Freeze-thaw cycles tests aimed to determine the resistance of
liner martial to weight loss due to being exposed to the se-
quential freeze-thaw cycles. The results presented in Fig. 3
demonstrate that the untreated clay has shown more weight
loss, in the range of 5.53 to 11.91%, during the corresponding

Fig. 2 Cracking patterns of a the
untreated clay and b CF6N10
cured at room temperature
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Fig. 3 Weight loss experienced during sequential freeze-thaw cycles for
the untreated clay and CF6N10

freeze-thaw cycles. For clay-fly ash geopolymer, losses in
weight are in the range of 4.62 to 6.73%, where the significant
reduction in weight could be observed to occur during the first
three cycles and further cycles have solely contributed to
slight weight losses with no surface cracking. Similarly,
Arora and Aydilek (2005) found that the clay containing
40% fly ash and 7% lime has a 6.8% loss in weight after 12
freeze-thaw cycles. Parsons and Milburn (2003) also reported
that the weight loss in fly ash-treated clay was in the range of 7
to 19% after 12 freeze-thaw cycles.

Due to ice pressure within the pores, soil exposed to freeze-
thaw cycles suffers from particle separation on a microscopic
scale (Arora and Aydilek 2005), giving rise to a reduction in
the overall weight of specimens. The untreated clay is more
vulnerable to weight loss due to having higher porosity and
water content as well as weaker inter-particle bonding, which
could be significantly improved by geopolymerization.

Although the freezing process affects only shallow layers,
compacted clay liners are vulnerable to freezing-induced dam-
age cither during construction or on their side slopes (Daniel
1993). Additionally, previous studies showed that when it
comes to dense soils, such as compacted liner material,
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freeze-thaw cycles would be more critical, causing weak soil
structure and increased permeability (Qi et al. 2008). All re-
sults obtained, admit the great efficiency of CFON10, as a
landfill liner material, in resisting freeze-thaw cycles.

Sorption capacity
Sorption performance

Table 2 shows the results of the batch experiments for the
untreated clay and clay-fly ash geopolymer. As could be ob-
served, the clay-fly ash geopolymer, CF6N10, synthesized
and cured for 7 days at the ambient temperature (24 °C), has
improved Pb(IT) and Zn(IT) removal compared to the untreated
clay, especially in the case of Pb(I), where the removal effi-
ciency has enhanced from 8.32 to 95%. Similarly, Sahoo et al.
(2013) observed that alkali modified fly ash with 1 M NaOH
solution, after keeping at 90°C for 24 h, exhibited 92% and
94% efficiency for the removal of zinc and lead ions, respec-
tively, from acid mine drainage.

Using the unwashed wax-coated adsorbents, the pH of the
solutions has raised from 4.3 to 8.2 during the batch experi-
ments after 90 min of contact time. Since the precipitations of
Pb(II) and Zn(II) require the pH value as minimum as 8.5-9
and 8.7-9.6, respectively, heavy metal extraction by clay-fly
ash geopolymers was conceivable to occur through the afore-
mentioned adsorption process (Abdullah et al. 1999; Pang
et al. 2009; Brbooti et al. 2011).

In comparison to the untreated clay, alkaline activation has
increased the sorption capacity due to several reasons. First, it
leads to the increase in the negatively charged surfaces due to
Si(04)* tetrahedrons replacement by Al(O,)° tetrahedrons,
which could be neutralized by cations such as heavy metal

ions. Besides, the heavy metals could be exchanged with Na
ions through cation exchange reactions (Engelhardt and
Michel 1987; Glukhovsky 1994; Wang et al. 2007,
Lancellotti et al. 2013; Pacheco-Torgal et al. 2015). A
geopolymer matrix is, furthermore, a favorable alkaline envi-
ronment for the precipitation of metal ions in relatively insol-
uble forms (Ganjian et al. 2004; Bumanis et al. 2019).
Although the initial concentrations and valence capacity of
Pb(Il) and Zn(II) are identical, Zn(Il), due to its lower ionic
radius, has access to more adsorptive sites on the surface of the
walls of the pores as well as higher tendency to replace the Na
ions via cation exchange reactions (Mitchell 1976; Anirudhan
and Suchithra 2008; Bumanis et al. 2019). In this regard, in a
separate study, the authors found that it seems the apparent
porosity of CF6N10 to be more important to the Pb(Il) remov-
al, while the Zn(II) sorption is mainly influenced by the active
sites, including adsorption sites and cation exchangeability.
Further analyses of the sorption capacity, including break-
through curves and diffusion coefficient, were out of scope of
the current work, as these investigations need a separate thor-
ough study to be discussed in detail. However, in a qualitative
sense, the lower porosity and consequently the lower hydrau-
lic conductivity of the proposed liner compared to that of the
compacted clay liner justify its longer breakthrough time.

Effect of curing time

The results presented in Table 2 depict that the increase in the
curing time from 7 to 14 and 28 days has contributed to the
enhanced removal efficiency of Zn(II) and Pb(Il), which is
parallel to the reduction of the apparent porosity from 31.8
to 22.5% and 21.4%, respectively. The overall increase in
curing time from 7 to 28 days has increased the Pb(II) and

Table 2 The results of the batch experiments for the untreated clay and clay-fly ash geopolymer
Specimens  Geopolymer dosage Curing time Moisture content ~ Apparent porosity ~ Freeze-thaw Removal q. (mg/g)
(g/L) (days) (%) (%) cycles efficiency

(%)

Pb(l) Zn(l) Pbl) Zn(ll)
Clay 329 18.00 35.0 - 832 725 0.025 0.152
CF6N10-7* 289 7 14.94 31.8 - 95.0 959 0.223 0.229
CF6N10-14* 289 14 225 - 96.1 96.4 0.226 0.230
CF6N10-28" 289 28 21.4 - 963 979 0.227 0.233
CF6N10-D° 289 7 Dry 31.8 - 85.8 96.0 0.202 0.229
CF6N10-S° 289 7 Saturated 16.20 31.8 - 941 959 0.222 0.229
CF6N10-1° 289 7 31.8 1 914 941 0215 0224
CF6N10-3° 289 7 31.8 3 947 959 0.223 0.229

27, 14, and 28: days of curing time
D and S: moisture condition referring to dry and saturated states

€1 and 3: number of freeze-thaw cycles

@ Springer



A sustainable landfill liner material: clay-fly ash geopolymers

4119

Zn(Il) removal by 1.3% and 2% so as to reach 96.3% and
97.9%, respectively. As can be observed, an increased curing
time of 7 to 14 days has worked better to enhance the Pb(II)
removal compared to Zn(Il) removal, while the further in-
crease in curing time to 28 days has performed better for
Zn(Il) removal. All in all, the highest sorption capacity ob-
served for CF6N10-28 may be attributed to the more alumi-
nosilicate gels formed as a result of the prolonged curing time
(Pacheco-Torgal et al. 2015), which is in good agreement with
the significant rise in the mechanical strength of the treated
clay cured for 28 days in comparison to that of the specimen
cured for 7 days (Fig. 1a). Similarly, Wang et al. (1994) and
Haha et al. (2011) reported that the pore sizes and volumes
continuously decrease due to the prolonged curing time. The
lower porosity of CF6N10-28 has contributed to a lower in-
crease of the adsorption for Pb(Il) as compared to Zn(II). The
increased active sites, nonetheless, improved the overall re-
moval efficiencies of Pb(Il) and Zn(II).

Effect of moisture conditions

According to the test data presented in Table 2, both
dry and saturated specimens show similar sorption ca-
pacities for Zn(II) removal, whereas the Pb(II) removal
by CF6N10-D is 8.3% lower than CF6N10-S. This ob-
servation may be attributed to the different mechanisms
involved in their sorption process. As Zn(II) ions have
smaller ionic radius compared to Pb(Il), they can simply
occupy the active sites close to the surfaces. However,
Pb(Il) ions have to diffuse to get access to active sites,
referring to the dominated effect of adsorbent pores on
the Pb(Il) removal. The predominant influence of diffu-
sivity on Pb(II) removal has made a reduction in sorp-
tion capacity of dry specimens, as the absence of mois-
ture in the pores of adsorbents has limited the accessi-
bility of Pb(I) to active sites due to the diffusion of
reduced solutes (Melkior et al. 2005 and 2007; Gimmi
and Kosakowski 2011). Given that there is no clear
difference between sorption capacities of CF6N10 and
CF6N10-S, it may mean that the moisture condition in
CF6N10 is near to saturation, although saturated speci-
mens contributed to slightly lower Pb(II) removal. It
seems that the increased leachate velocity within the
adsorbent has reduced the contact time required for
completing the sorption mechanisms in saturated condi-
tions (Bagchi 1987).

Effect of freeze-thaw cycles

The results illustrate that CFON10-3 exposed to 3 freeze-thaw
cycles has shown higher removal efficiency for both heavy
metals compared to that obtained for CF6N10-1 exposed to
only 1 freeze-thaw cycle. Therefore, the sorptions of Pb(Il)

and Zn(Il) by CF6N10-3 are close to those for the unexposed
treated clay. 1t means that 3 cycles of freezing and thawing
have not resulted in adverse effects on the sorption capacity of
the treated clay (CFO6N10). Once again, both specimens ex-
posed to freeze-thaw cycles have worked better for Zn(II)
removal, especially the specimen experiencing 1 freeze-thaw
cycle (CF6N10-1), as the removal of Zn(Il) by CF6N10-1 is
2.7% more than that of Pb(II). However, the sorption by
CF6N10-3 has shown a higher rise in Pb(II) removal in-
creased by 3.3% in comparison to a 1.8% rise observed for
Zn(Il) removal. Compatible with the results reported by Du
etal. (2020), freeze-thaw cycles could be observed to substan-
tially enhance the sorption of Pb(Il).

It seems that the surfaces of soil particles are augmented as
a result of freezing which breaks down the soil grains
(Hinman 1970; Bullock et al. 1988; Oztas and Fayetorbay
2003), contributing to the more adsorption sites and finer par-
ticles with more inter-particle pores. The results obtained from
SEM analyses also reveal that the freezing process has broken
the clay particles. Furthermore, the FTIR results show higher
peaks in the positions referring to the Si-O stretching vibration
which contributes to the smaller crystalline phases due to the
crushing of soil particles. Although the freeze-thaw cycles
resulted in a decrease in alkaline activation process which
needs high temperature, the breakage of soil particles could
compensate for the active sites, especially for 3 cycles of
freezing and thawing.

Microstructural analysis
SEM/EDS

Figure 4a, b, and ¢ exhibit the microstructural morphology of
the untreated clay and CF6N10 cured for 7 and 28 days, re-
spectively. Figure 4a shows the morphology of the untreated
clay having flat surfaces and irregularly discrete shaped parti-
cles with flaky edges. Circular areas in Fig. 4b depict alumi-
nosilicate gels for CF6N10 specimen at the age of 7 days and
it is conspicuous from Fig. 4c that the increased curing time
has led to the more dissolution of precursors, i.e., the portion
of finer and adsorption sites, confirming the enhanced sorp-
tion capacity of specimens with prolonged curing time.

It is evident that the treated clays consist of a large number
of finer clusters. Indeed, the clay particles have been covered
with binding agents due to the formation of the aluminosili-
cate gels in the form of clusters, rendering a flocculated fabric
of the treated clay (Davidovits and Comrie 1988; Xu and Van
Deventer 2000).

Figure 5 reveals that the structures of the untreated clay and
CF6N10 have been affected by freeze-thaw cycles due to the
formation of the ice lenses which have notably contributed to
the breakage of clay particles (Oztas and Fayetorbay 2003). In
comparison to Fig. 4a, the layered structure of clay has
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Fig. 4 SEM images of a the
untreated clay, and the clay-fly
ash geopolymer cured for b 7 and
b 28 days
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Fig. 5 SEM images of the
specimens exposed to 3 freeze-
thaw cycles a untreated clay and b
CF6N10
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disappeared in Fig. 5a, as the freezing process has broken the
clay particles, confirming the observations made in the
“Freeze-thaw cycles” section.

The chemical elements of CF6N10 after reaching the
equilibrium adsorption were calculated from the average
of 10 points measured using EDS line scan analyses. In
comparison to the chemical elements of the raw mate-
rials presented in Table 1, after adsorption, Pb(Il) and
Zn(IT) have been included in the elements of CF6NI10,
with the contents of 0.52 and 2.60 (wt.%), respectively.
This observation confirms the extraction of heavy
metals by the adsorption process rather than the hydrox-
ide precipitation in the solution.

X-ray diffraction (XRD) analysis

Figure 6 exhibits the XRD patterns of the untreated clay, fly
ash, and CF6N10 at the age of 7 days with major mineral
phases identified. As can be seen, after a curing period of 7
days, the CF6N10 specimen has considerably lower crystal-
line phases compared to the used raw materials, so that the
peaks detecting muscovite, clinochlore, and mullite are less
intense and have transformed to sillimanite (Al,SiOs). This
means that clinochlore and muscovite also participated in the
alkaline activation process due to the disappearance of their
corresponding reflections. Given that the dissolutions of mus-
covite [KAI,SizAlO;¢(OH),] and clinochlore [(Mg, Fe)s(Si,
AD40, (OH)g] have released Mg, Fe, and K ions, a lower
portion of clay in CF6N10 mitigated the competition between
these released cations and Pb(II) and Zn(Il) (Bumanis et al.
2019), thus confirming the higher sorption capacity of the
treated clays due to the lower number of competitive cations
to occupy the active sites.

CF6N10
Q Q Qmus Q

ul Mul Q .

Q 0 Q put Q Ml Soil
Fly ash

T T T T T T T T
0 10 20 30 40 50 60 70 80 90
2Theta (°)

Fig.6 XRD patterns of the untreated clay, fly ash, and CF6N10 at the age
of 7 days with major mineral phases identified: Q, quartz; Mul, mullite;
Mus, muscovite; Cle, clinochlore; Crs, cristobalite; Cal, calcite; Ank,
ankerite; Sil, sillimanite

Fourier transform infrared (FTIR) spectroscopy

The FTIR spectra of the specimens of untreated clay and
CF6N10 cured for 7 and 28 days are presented in Fig. 7.
The increased curing time from 7 to 28 days has contributed
to the shifts of about 2.55 cm™" and 22 cm™' in the bonds
referring to Si-O stretching vibration (Madejova and
Komadel 2001). Indeed, the bonds at 1033.2 cm ! and
1438.86 cm™ ' in the FTIR spectra of CF6N10 have reached
1030.65 cm ' and 1416.64 cm™ ' in the FTIR spectra of
CF6N10-28, respectively. They refer to the lower Si—-O-Si
bonds due to their reorganization in the clay-fly ash
geopolymer (Davidovits 2011). In the untreated clay, the fre-
quencies at 3426 cm ', which is the sign of bending and
stretching vibrations of (H-O—H), have shifted to the higher
frequencies in CF6N10 cured for 7 and 28 days, referring to
the transformation of the adsorbed water into the structural
water of binding agents (Pacheco-Torgal et al. 2015). In the
FTIR spectra of CF6N10, the disappearance of the peak in the
feldspar region, i.e., frequencies between 720 and 500 cm ',
also refers to the alkaline activation of the clay minerals
(Madejova and Komadel 2001). The peak at 558.27 cm !,
indicating Si—O—Al bonds with Al in octahedral coordination,
has reduced to 543.85 cm ! for CF6N10-28, denoting their
dissolution and participation in geopolymerization as a result
of increased curing time (Van Jaarsveld et al. 2002).
Regarding the effect of consecutive cycles of freezing and
thawing on the FTIR results, the frequency at 1033.2 cm ',
observed in the unexposed CFO6N10, has slightly increased to
1035.15 cm ™ after 3 freeze-thaw cycles, referring to the small-
er crystalline phases due to the breakdown of soil particles. For
CF6N10-3, the frequencies at 3422.46 cm ™' have experienced
a drop compared to that observed in the untreated clay, refer-
ring to the limited transformation of water into binding agents
(Madejova and Komadel 2001). The FTIR results confirm the
observations obtained for the batch experiments, where the
reduction in the formation of aluminosilicate gels was compen-
sated by the breakage of soil particles, as presented in Fig. 5b.

Specific surface area and pore features

The experimental results show that specific surface area and
mean pore diameter of CF6N10 cured for 7 days are 17.88 m*/
g and 32.24 nm, respectively, while these values for the un-
treated clay are considerably lower, i.e., 6.047 m%/g and 12.29
nm, respectively. This justifies the higher sorption capacity of
CF6N10. The total pore volume of CF6N10 (0.0491 cm?/g) is
slightly lower than that of the untreated clay (0.0544 cm’/g).
The results also show that CF6N10 contains a lower portion of
macro-pore volumes > 50 nm (0.0126) as compared to that of
the untreated clay (0.0133), referring to the lower pore space
for water flow and consequently smaller hydraulic
conductivity.
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Fig. 7 FTIR spectra of the
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Concluding remarks

This study aimed at taking the best advantage of
geopolymerization so as to propose a clay-fly ash
geopolymer as a sustainable active-passive liner materi-
al. To this end, the sorption capacity, mechanical
strength, durability, and permeability of the untreated
clay and clay-fly ash geopolymer were rigorously exam-
ined and compared. The observations not only corrobo-
rate the performance of the clay-fly ash geopolymers to
fulfill the minimum requirements of a landfill liner ma-
terial but also can guarantee their long-term serviceabil-
ity due to the proportionate, profound consequential
changes in the fabric and mechanical response of the
treated clay. Indeed, geopolymerization converts the
clayey soil to a non-plastic silt-like material due to the
very fact that clay particles are covered by
geopolymeric gels, hence forming coagulated particles,
with a considerably lower likelihood of swelling, con-
solidation, and drying shrinkage. The higher maximum
ITS value associated with the larger failure tensile strain
of the clay-fly ash geopolymers could remarkably de-
crease the cracking likelihood related to the differential
settlement. Furthermore, barely affected by either the
moisture condition or freeze-thaw cycles, the proposed
liner material exhibited higher sorption capacity as com-
pared to the untreated clay. Regarding environmental
factors, the clay-fly ash geopolymer showed a lower
loss in weight due to the stronger bonds existing among
its constituents induced by binding agents. Additionally,
the prolonged curing time positively affected the me-
chanical properties and sorption capacity of the clay-
fly ash geopolymer owing to the lower porosity and
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more aluminosilicate gels formed by alkaline activation
process, thus making it a sustainable candidate to be
employed as the landfill liner in future.
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