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Abstract: The objective of this study is to use the geopolymer technique to solidify/stabilize heavy
metal contaminated soil. There are over 739,700 square meters of heavy-metal-contaminated sites in
Taiwan; most sites are soil farmlands. These heavy metal contaminants in soil can also infiltrate into
groundwater and cause more serious pollution problems. This study explores the possibility of using
the geopolymer technique to solidify heavy metal contaminated soil (CS), stabilize heavy metal, and
produce good mechanical and physical properties. The ground granulated blast furnace slag (GGBFS)
was activated by an alkali solution to form a geopolymer binder that can be used to solidify CS and
stabilize the heavy metal. The effect of GGBFS and CS mixing ratio on the mechanical and physical
properties and the TCLP test was investigated. The test results show that the compressive strength
of specimens made with a 1.5 CS/GGBFS ratio can reach 46.61 MPa and 47.66 MPa after curing for
14 and 28 days, respectively. TCLP tests show only 2 ppm Cu was detected from a geopolymer-
treated contaminated soil sample. The influence of alkali solution, such as the molarity of the NaOH,
SiO2/Na2O, and SiO2/Al2O3 molar ratio, were also evaluated. The specimens prepared with 8 M
NaOH, 0.96 SiO2/Na2O, and 1.28 SiO2/Al2O3 molar ratio alkali solution have a compressive strength
of 51.74 MPa and 58.63 MPa after 14 and 28 days of curing. The TCLP tests show no heavy metal ions
leached from the sample.

Keywords: contaminated soil; ground granulated blast furnace slag; geopolymer; heavy metal

1. Introduction

According to the Taiwan EPA investigation, over 739,700 square meters of soil are
contaminated by heavy metals, and most are soil-contaminated farmlands. These sites
present a challenge to land reclaimers and the government with the presence of potentially
toxic heavy metals in the environment. These contaminants, As, Cd, Cr, Hg, Pb, Cu, Ni,
and Zn, in the soil can also infiltrate into groundwater and cause more serious pollution
problems.

Many in situ and ex situ remediation techniques have been developed to rectify the
heavy metal contaminated sites [1,2]. In situ means in the original place, while ex situ
means outside the original place. While in situ methods are applicable for large populations,
ex situ methods are applicable for small populations. Ex situ remediation is more expensive
than in situ ways. Among these techniques, Ex situ solidification is a well-established
soil remediation technology that has been implemented in 200 soil remediation projects
at a treatment cost ranging from USD120 to USD220 per cubic meter of soil in the U.S. [3].
However, it is timely and efficient, but the scale-up operation has a noticeable drawback of
significantly increasing waste volume.

In the past few years, some research has been conducted to encapsulate heavy metal
ions using the geopolymer technique. These studies show promising results of solidifying
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heavy metal ions into a geopolymer matrix through physical encapsulating and chemical
bonding. In order to solve the above-mentioned problem, the geopolymer technique was
used in this study to solidify heavy metal contaminated soil in a more cost-effective way.
The geopolymer specimens fabricated with good physical and mechanical properties can
be used for further engineering applications.

Amorphous to semi-crystalline three-dimensional aluminum–silicate materials called
geopolymer was first named by Joseph Davidovits in 1978. Geopolymerization involves
a chemical reaction between various aluminum–silicate oxides _Al3q in IV–V fold coor-
dination, with silicates under highly alkaline conditions, yielding polymeric Si–O–Al–O
bonds [4–8].

Geopolymer materials have the advantages of high compressive strength, fire re-
sistance, low CO2 emission, and chemical resistance [9,10]. In the process of preparing
geopolymer, aluminum–silicate material is readily dissolved in the alkaline solution to form
AlO4 and SiO4 tetrahedral units [11]. These tetrahedral frameworks are linked to yield
polymeric precursors (–SiO4–AlO4–, or –SiO4–AlO4–SiO4–, or –SiO4–AlO4–SiO4–SiO4–)
by sharing all oxygen atoms between two tetrahedral units, while water molecules are
released [12–14].

The excellent performances of geopolymers could be achieved in the immobilization
of certain chemical species [15]. In order to use geopolymer binders for heavy metal
stabilization and solidification, geopolymers might capture hazardous elements within the
three-dimensional framework of the geopolymeric matrix and convert semi-solid waste
into an adhesive solid (Sefiu et al. 2019) [16]. Zheng et al. 2010 also suggested that heavy
metals might be immobilized through three general steps (Zheng et al. 2010) [17]:

1. Metal ions are taken into the geopolymer network;
2. Metal ions are bound into the structure for charge balancing roles, and
3. A precipitate containing heavy metals is physically encapsulated.

Bassam et al. (2012) indicated that the adsorption of Cu(II) and Pb(II) onto geopolymers
did not decrease with the competition with other metal ions [18]. However, these matrices
exhibited different compressive strengths and leaching behavior. These results implied that
these metals might be taken into the geopolymer network as roles for charge balancing
and possibly bound into the structure of amorphous regions of geopolymer matrices [19].
Palacios and Palomo (2004) also found that the Pb compound formed in the fly ash matrix
is a highly insoluble silicate Pb3SiO5, identified by XRD, implying that the immobilization
of Pb in fly-ash-based geopolymers is mainly by encapsulation of Pb3SiO5 [20].

For ground granulated blast furnace slag (GGBFS)-based geopolymer, the composition
of GGBFS is essentially an over-charge-balanced calcium aluminosilicate framework. The
GGBFS-based geopolymer contains at least two-thirds by mass of glassy slag and possesses
hydraulic properties when suitably activated [21]. Its chemical composition is mainly
a CaO-SiO2-MgO-Al2O3 system. The key glass network forming cations are Si4+ and
Al3+, and the divalent Ca2+ and Mg2+ act as network modifiers along with any alkalis
present [22,23].

This study explores the possibility of using the geopolymer technique to solidify heavy
metal contaminated soil (CS). The GGBFS was activated by an alkali solution to form a
geopolymer binder that can be used to solidify CS and stabilize the heavy metals. Two CS
were prepared in this study; one is acquired from the contaminated site that contains Zn
3855 ppm, Cu 2062 ppm, and Pb 1545 ppm. Because of its low heavy metal concentrations,
the second sample was prepared by adding heavy metal ions Zn, Cu, and Ni into the soil to
increase its concentration to 10,000 ppm. Several operating parameters, such as GGBFS/CS
mixing ratio, NaOH molarity, solid/liquid ratio, SiO2/Na2O, and SiO2/Al2O3 ratio of
alkali solutions were investigated to optimize the process for better performance of the
specimens prepared.
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2. Materials and Methods
2.1. Materials

The ground granulated blast furnace slag (GGBFS) used in this study was collected
from the CHC Resources Corporation located in central Taiwan. The GGBFS obtained has
been ground to fine powder form, and no further treatment was needed. The contaminated
soil (CS) was obtained from a pollution control site announced by the government in
eastern Taiwan. The chemical compositions of CS and GGBFS were analyzed and listed in
Table 1. The CS mainly contains SiO2, Al2O3, and CaO. The GGBFS contains 57.62% CaO.
The concentration of heavy metals in soil is listed in Table 2. It includes EPA announced
value and soil samples excavated on site. The difference is due to the sampling by this
study being about two years after EPA announcement. The particle size analysis shows
the d50s (mean particle size) of CS and GGBFS are 224.0 µm and 13.17 µm, as shown in
Figure 1. The phase analyses of spectrum of CS and GGBFS are shown in Figure 2. The
amorphous phase and particle size of GGBFS can be clearly identified in Figures 2 and 3.

Table 1. The XRF chemical composition analysis of CS and GGBFS.

Chemical Composition (wt%) SiO2 Al2O3 CaO Fe2O3 Others

CS 60.09 4.84 2.53 8.39 24.15
GGBFS 27.56 10.85 57.62 0.57 3.40

Table 2. The heavy metal analysis of CS.

Elements (ppm) Zn Cu Pb As Cd Cr Ni

EPA
announced 4580 2240 <2000 <60 <20 <250 <200

Site
sample 3855 2062 1545 0 15 413 117
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2.2. Preparation of Alkali Solution

In order to investigate the influence of alkali solution on the stabilization of heavy
metal ions, NaOH solutions with 4, 6, and 8 molarity were prepared based on previous
research works. The alkali solution was made by mixing Sodium Hydroxide, Sodium
Silicate, and Sodium Aluminate at various. The molar ratio of SiO2/Na2O varied from 0.96
to 1.28, and SiO2/Al2O3 varied from 0 to 70, as shown in Table 3.

Table 3. The experimental design for geopolymer specimen preparation.

CS
(wt%)

GGBFS
(wt%)

Molarity
of NaOH

SiO2/Na2O
Molar Ratio

SiO2/Al2O3
Molar Ratio

L/S
Ratio

Na04
60 40

4 M
1.28 50 0.35Na06 6 M

Na08 8 M

SiNa096
60 40 4 M

0.96
50 0.35SiNa128 1.28

SiNa191 1.91

SiAl00
60 40 4 M 1.28

0
0.35SiAl50 50

SiAl70 70

2.3. Preparation of Geopolymer Materials

From previous studies, the optimal mixing ratio of CS and GGBFS is 60:40 [24]. The
Geopolymer Materials were prepared in this study by mixing contaminated Soil (CS) and
ground granulated blast furnace slag (GGBFS) at 1.5 ratio. These mixtures were then
activated by alkali solutions prepared with different NaOH molarity, as given in Table 3.
The liquid–solid ratio (L/S) was fixed at 0.35. As shown in Table 3, the first group is
prepared by changing the molarity of NaOH. The second group changes SiO2/Na2O molar
ratio, and the third group vary the SiO2/Al2O3 molar ratio.

The Cs, GGBFS, and alkali solutions were poured into mortar mixer and thoroughly
mixed for 5 min; the geopolymer paste was then cast into a φ50 × 100 mm acrylic mold.
The specimens can be stored at ambient temperature.

The cast geopolymer specimens were demolded after 3 days of curing. These spec-
imens were then kept in ambient environment for the following tests. The physical and
mechanical properties of the geopolymer specimens were tested on different curing days
(3, 7, 14, and 28 days). The test results are the average value of three specimens tested.

2.4. Apparatus and Testing
2.4.1. Apparatus

* XRD (X-ray diffractometer)
D2 PHASER X-ray diffractometer was used in this study for phase analysis of Ground

granulate blast furnace slag (GGBFS) and heavy metal contaminated soil (CS).
* XRF (X-ray Fluorescence)
The chemical composition of the GGBFS and soil samples used in this study was

analyzed using X-ray Fluorescence Spectrometer (X-MET 5100, OXFORD INSTRUMENTS
Company).

* Compression Tester
Semi-Automatic compression tester (WIZARD2: 50-A22A03) with maximum load of

200 metric tons was used to measure the compressive strength of geopolymer specimens
prepared.
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* Mortar mixer
Mortar mixer with 25 L capacity, model KOM-01, from Ke-Zao Company in Taiwan

was used for the mixing of GGBFS, CS and alkali solution.
* SEM (Scanning Electron Microscope)
JEOL Scanning Electron Microscope, model JSM-6510LV, is used to analyze the mor-

phology of the geopolymer specimen.
* Particle size analysis
Bettersizer S2 is used to analyze the particle size distribution of GGBFS and heavy

metal contaminated soil.

2.4.2. Testing

* Mechanical property testing
According to CNS 1232 “Method of test for compressive strength of cylindrical concrete

specimens” [25,26], compressive strength test was conducted on the geopolymer after 3, 7,
14, and 28 days of curing at ambient temperature. The size of specimen is φ50 × 100 mm.
The pressurization rate of compression tester was set to 1 mm/min. The load is applied
until the specimen fails.

* Physical properties testing
The physical properties of geopolymer, such as bulk density, apparent specific gravity,

porosity, and water adsorption, were measured according to the CNS619/R3013 “Method of
Test for Apparent Porosity, Water Absorption and Specific Gravity of Refractory Bricks” [27].
The equations are listed as follows:

Bulk Density, B (g/cm3) = D/V
Apparent Specific Gravity, T = D/(D − S)
Porosity, P (%) = (W − D)/V
Water Absorption, A (%) = (W − D)/D
Where D is dry weight, S is Suspended Weight in water, W is Saturated Weight.
* SEM (Scanning Electron Microscope) analysis
SEM analysis is to examine and compare the degree of geopolymerization of the

specimens prepared with different alkali solutions by identifying the fissures, geopolymer
matrix and dense/loose structure on the specimen surface. The solidifying of CS in the
geopolymer gel can also be visualized through SEM morphologies. The fragment obtained
from the compressive strength tests were used for this analysis because it can reveal the
inner structure of geopolymer but the surface of cylindrical specimen [28,29]. The sample
size is about 5 mm. It was dried in the oven and then Au sputter coating for conductivity.
The magnitude is at 1000 time. The accelerating voltage is set at 15 KV.

* TCLP Test (Toxicity characteristic leaching procedure)
TCLP is a chemical analysis procedure to determine the leachability of hazardous

elements present in waste. In this study, the encapsulation capability of geopolymer on
the heavy metal contaminated soil is tested using TCLP. The TCLP procedure includes
(1) Separation of liquid wastes; (2) Particle size reduction; (3) Extraction of solid material;
(4) Extraction of solid material; (5) Elemental analysis in ppm.

3. Results and Discussion
3.1. Effect of the Molarity of NaOH on the Physical and Mechanical Characteristics of
Geopolymer Materials

According to the previous studies, the molarity of NaOH can determine the dissolution
of Si and Al ions from GGBFS and the geopolymerization process. The more the Si and Al
ions dissolved from GGBFS, the higher the degree of Si–O–Al 3D structure can be formed.
The alkali solutions used in this study were prepared with NaOH solution of 4 M, 6 M to
8 M, and mixed with sodium silicate and sodium aluminate. These solutions were then
used to activate GGBFS and form a geopolymer precursor. The geopolymer specimens
were made with a 1.5 CS/GGBFS ratio. The liquid (alkali solution)-solid ratio was fixed
at 0.35. From previous experience, a 0.35 L/S ratio may result in better workability of
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the mixing paste. The influence of the molarity of NaOH solutions on the characteristics
of geopolymer specimens is then determined based on their physical and mechanical
properties test results.

3.1.1. The Physical Properties of Different Molarity of NaOH Geopolymer Materials

The physical properties of geopolymer prepared with 4 M, 6 M to 8 M NaOH were
tested after 3 days of curing. The molar ratios of SiO2/Na2O and SiO2/Al2O3 of the
solution were adjusted to 1.28 and 50, respectively. As shown in Table 4, the bulk density
of Na04, Na06, and Na08 specimens are in the ranges of 1.64 g/cm3~1.71 g/cm3. The
apparent specific gravity of the specimens increases from 2.48 to 2.73 as the molarity of
NaOH increases from 4 M to 8 M. This is because more Si, Al, and Ca ions were dissolved
from the GGBFS surface to facilitate the geopolymerization process. The higher degree of
geopolymerization can form a more dense 3D structure that leads to higher sp.gr. [30–32].

Table 4. The physical properties of different molarity of NaOH geopolymer materials.

Specimens Curing Days
(day)

Bulk Density
(g/cm3)

Apparent
Specific
Gravity

Porosity (%)
Water

Absorption
(%)

Na04

3 1.64 2.48 34 21
7 1.63 2.48 34 20

14 1.64 2.48 32 20
28 1.66 2.49 32 19

Na06

3 1.71 2.62 35 21
7 1.71 2.62 34 20

14 1.73 2.61 34 20
28 1.74 2.63 31 18

Na08

3 1.65 2.73 39 24
7 1.67 2.73 37 22

14 1.68 2.75 34 21
28 1.69 2.77 31 18

The porosity of the specimens increases from 34% to 39% as the NaOH concentration
increases from 4 M to 8 M after 3 days of curing. This is probably due to the specimens
prepared with higher alkali solution also hardening faster and hindering the evaporation
of water existing in the structure. The porosity of specimens prepared with 8 M NaOH
decrease from 39% to 31% as the curing day increases from 3 to 28 days. This is probably
due to the slower hardening process of the remaining geopolymer gel that reduces the size
of the pore. The water absorption of all specimens tested is between 21% to 24 %. These
results are in accordance with the porosity measurement, i.e., the higher the porosity, the
higher the water absorption.

The physical properties of Na04, Na06, and Na08 specimens were also measured after
7, 14, and 28 days of curing. The test results show the physical properties of specimens
slightly improve as the curing day increases from 3 to 28 days and NaOH molarity increases
from 4 M to 8 M.

3.1.2. The Mechanical Strength of Different Molarity of NaOH Geopolymer Materials

The compressive strength of specimens of Na04, Na06, and Na08 specimens are shown
in Figure 4. The measurements were conducted after specimens were cured after 3, 7, 14,
and 28 days of curing. After 3 days of curing, the compressive strength of all specimens
is between 38.90 MPa~40.19 MPa. It demonstrates the molarity of NaOH has no obvious
influence on the strength of geopolymer at the early curing stage. After 7 days of curing,
the specimens prepared with higher molarity of NaOH have higher strength than those
prepared with lower NaOH solutions. The strength of Na04 increases from 38.90 MPa to
43.48 MPa as curing time increases from 3 to 14 days. After being cured for 3, 7, and 14 days,
Na04 and Na06 have similar strengths. This is probably due to both specimens having
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the same speed of geopolymerization process in the early curing stage. After 28 days of
curing, NA06 develops a more dense C-A-S-H structure and results in higher strength than
that of Na04. For the Na04 specimen, its strength only slightly increases from 46.6 MPa
to 47.66 MPa. It can be attributed to the fewer Si and Al ions being dissolved from GGBF,
thus hindering its strength development. For the Na08 specimen, its strength can reach up
to 58.63 MPa after 28 days of curing. This is believed to be due to the higher molarity of
NaOH can lead to more Si and Al ions dissolved from GGBFS and form more precursors
that is required for geopolymerization [33–35].
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The SEM morphologies of Na04, Na06, and Na08 are shown in Figure 5. For Na04, its
microstructure shows more fissures than Na06 and Na08. For the sample prepared with
higher molarity of NaOH solutions (Figure 5b,c), a more dense structure can be clearly
identified. The higher the molarity of NaOH, the more geopolymeric gel was formed [36].
This can be attributed to the more C-A-S-H structure presented in geopolymer gel, which
results in its higher strength, as shown in Figure 4.
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3.1.3. TCLP Test of Different Molarity of NaOH Geopolymer Materials

Table 5 shows the TCLP test results of Na04, Na06, and Na08 specimens after 7 days of
curing. The original CS contains 1987 ppm of Zn, 1267 ppm of Cu, and 629 ppm of Pb. After
the geopolymer solidification process, no heavy metal can be detected in all specimens. For
specimens prepared with low molarity of NaOH (Na04), it still demonstrates very good
heavy metal encapsulation capability. For Na06 and Na08, they not only can encapsulate
heavy metal but also present good physical and mechanical properties, as discussed above.

Table 5. The TCLP analysis of different molarity of NaOH geopolymer materials curing 7 days.

(ppm) Zn Cu Pb As Cd Cr Ni

CS100
(original soil sample) 987 631 455 N.D. 5.3 11.2 N.D.

Na04 N.D. N.D. N.D. N.D. N.D. N.D. N.D.
Na06 N.D. N.D. N.D. N.D. N.D. N.D. N.D.
Na08 N.D. N.D. N.D. N.D. N.D. N.D. N.D.

N.D. = Not Detected (<0.001 ppm).
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3.2. Effect of SiO2/Na2O Molar Ratio on the Physical and Mechanical Characteristics of
Geopolymer Materials

Table 6 shows the physical properties of geopolymer prepared with 4 M NaOH solution
but varying the SiO2/Na2O molar ratio to 0.96, 1.28, and 1.91, as listed in Table 3. The
bulk density of all specimens measured is in the range of 1.64 g/cm3~1.65 g/cm3. There
is also only a slight difference in apparent specific gravity was found in all three samples.
However, the porosity of the specimen decreases to 35% (SiNa096) as the SiO2/Na2O molar
ratio increases from 0.96 to 1.28 and 1.91. The SiNa096 also have higher water absorption
characteristic as comparing with SiNa128 and SiNa191.

Table 6. The physical properties of different SiO2/Na2O molar ratio geopolymer materials.

Specimens Bulk Density
(g/cm3)

Apparent
Specific Gravity Porosity (%) Water

Absorption (%)

SiNa096 1.64 2.68 39 24
SiNa128 1.64 2.48 34 21
SiNa191 1.65 2.56 35 22

3.2.1. The Mechanical Strength of Different SiO2/Na2O Molar Ratio Geopolymer Materials

The effect of the SiO2/Na2O molar ratio in the alkali solution on the compressive
strength of specimens is shown in Figure 6. The SiNa096 and SiNa128 have almost the
same strength in the early 3 days curing stage. After 14 days of curing, it was found that
SiNa096 has much higher strength than SiNa1.28 and SiNa1.91. After 28 days of curing,
the strength of SiNa096 and SiNa128 can reach 49.80 MPa and 47.66 MPa. For SiNa191, its
strength is generally about 10 MPa lower than SiNa096 and SiNa128 at each curing stage.
This is because too many Si ions exist in the geopolymer gel at a high SiO2/Na2O molar
ratio and then quickly form short Si–O bonds or ring-type Si–O–Al bonds. These bonding
cannot link to geopolymer 3D structure and thus reduce its strength [37].
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Figure 6. Effect of SiO2/Na2O Molar ratio on the compressive strength (The molar ratios of
SiO2/Al2O3 is 50).

Figure 7 shows the SEM morphologies of SiNa096 and SiNa191. For the SiNa096
specimen, Figure 7a, a dense geopolymer matrix can be clearly seen, and CS particles
are tightly encapsulated. On the contrary, SiNa191 has a sheet- or flake-like surface and
relatively loose structure. These findings can also be related to the compressive strength
results shown in Figure 6.
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3.2.2. The TCLP of Different SiO2/Na2O Molar Ratio Geopolymer Materials

After 7 days of curing, the TCLP test of SiNa096, SiNa128, and SiNa191 specimens
show no heavy metal dissolved from the geopolymer matrix. These results indicate the
heavy metal in contaminated soil can be effectively encapsulated and not affected by the
SiO2/Na2O molar ratio of the alkali solution (Table 7). However, the SiNa096and SiNa128
specimens have higher strength and may also provide better engineering applications.

Table 7. The TCLP analysis of different SiO2/Na2O molar ratio geopolymer materials curing 7 days.

(ppm) Zn Cu Pb As Cd Cr Ni

CS100
(original soil sample) 987 631 455 N.D. 5.3 11.2 N.D.

SiNa096 N.D. N.D. N.D. N.D. N.D. N.D. N.D.
SiNa128 N.D. N.D. N.D. N.D. N.D. N.D. N.D.
SiNa191 N.D. N.D. N.D. N.D. N.D. N.D. N.D.

N.D. = Not Detected (<0.001 ppm).

3.3. Effect of SiO2/Al2O3 Molar Ratio on Physical and Mechanical Characteristics of
Geopolymer Materials

Apart from the SiO2/Na2O molar ratio, the influence of the SiO2/Al2O3 molar ratio of
the alkali solution on the properties of geopolymer is also evaluated. The alkali solutions
were prepared with 4 M NaOH and 1.28 SiO2/Al2O3 molar ratio but varying SiO2/Al2O3
molar ratio to 0, 50, and 70, as shown in Table 4.

The physical properties of SiAl00, SiAl50, and SiAl70 specimens are listed in Table 8.
SiAl50 and SiAl70 specimens have very similar bulk density, apparent specific gravity,
porosity, and water absorption characteristics. SiAl00, prepared without aluminum sil-
icate addition, has a lower density (1.56 g/cm3) and higher porosity (41%) than SiAl50
and SiAl70.

Table 8. The physical properties of different SiO2/Al2O3 molar ratio geopolymer materials.

Specimens Bulk Density
(g/cm3)

Apparent
Specific Gravity Porosity (%) Water

Absorption (%)

SiAl00 1.56 2.64 41 26
SiAl50 1.64 2.48 34 21
SiAl70 1.69 2.58 35 21
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The compressive strength test results of SiAl00, SiAl50, and SiAl70 specimens are
shown in Figure 8. After 3 days of curing, the compressive strength of SiAl00 is 28.54 MPa,
but SiAl50 and SiAl70 can reach 38.9 MPa and 39.53 MPa, respectively. At every curing
stage, SiAl00 also has much lower strength than SiAl50 and SiAl70. This is probably due
to the low Al2O3 content (10%) of GGBFS that cannot provide sufficient Al ions to form
Si–O–Al frame structure during geopolymerization reaction. Therefore, more Si–O–Si
frame structure is formed but is not favorable for developing their strength [37]. For SiAl70,
after 7 days of curing, its strength reduces from 44.08 MPa to 43.17 MPa at 14 days and
39.97 MPa at 28 days.

Crystals 2022, 12, x FOR PEER REVIEW 13 of 16 
 

 

 

Figure 8. Effect of SiO2/Al2O3 Molar ratio on the compressive strength (The molar ratios of 

SiO2/Na2O is 1.28.). 

The TCLP of Different SiO2/Al2O3 Molar Ratio Geopolymer Materials 

The TCLP tests were also conducted on SiAl00, SiAl50, and SiAl70 samples after 7 

days of curing. The same results were found as in previous tests. There is no heavy metal 

detected (Table 9). It is believed that the heavy metal ions can bond to the Si–O–Al and 

Si–O–Si frame structure and not be leached from the geopolymer matrix. 

Table 9. The TCLP analysis of different SiO2/Al2O3 molar ratio geopolymer materials curing 7 days. 

(ppm) Zn Cu Pb As Cd Cr Ni 

CS100 

(original 

soil sam-

ple) 

987 631 455 N.D. 5.3 11.2 N.D. 

SiAl00 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 

SiAl50 N.D. 2 N.D. N.D. N.D. N.D. N.D. 

SiAl70 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 

N.D. = Not Detected (<0.001 ppm). 

3.4. TCLP of High Heavy Metal Content Geopolymer 

The original contaminated soil samples only contented 1987 ppm Zn and 1267 ppm 

Cu. In order to evaluate the encapsulation capability, both Cu and Zn concentrations of 

the soil were adjusted to 10,000 ppm. The soil was then used to prepare geopolymer, as 

shown in Table 10. The TCLP test results are listed in Table 11. The Zn concentration of 

CS-6 (1.5 CS/GGBFS ratio) and CS-5 (50/50 CS/GGBFS ratio) were reduced to 10 ppm 

and6.77 ppm after 3 days of curing. After 7 days of curing, no Zn ion was detected. The 

Cu concentration of CS-6 and CS-5 reduced to 56.18 ppm and 32.71 ppm, respectively, 

after 7 days of curing. No Cu ion was detected after 14 days of curing for both CS-6 and 

CS-5. These test results indicate the higher GGBFS in the geopolymer mixture (50/50 

CS/GGBFS ratio) can encapsulate metal ions during its early curing stage because more Si, 

Ca, and Al ions were dissolved from GGBFS and form more geopolymer gel [38]. How-

ever, CS-6 also has good heavy metal encapsulation characteristics at an extended long 

curing period. The TCLP results also proved that the geopolymer technique is capable of 

treating contaminated soil with high heavy metal content [15]. 

Figure 8. Effect of SiO2/Al2O3 Molar ratio on the compressive strength (The molar ratios of
SiO2/Na2O is 1.28).

The TCLP of Different SiO2/Al2O3 Molar Ratio Geopolymer Materials

The TCLP tests were also conducted on SiAl00, SiAl50, and SiAl70 samples after
7 days of curing. The same results were found as in previous tests. There is no heavy metal
detected (Table 9). It is believed that the heavy metal ions can bond to the Si–O–Al and
Si–O–Si frame structure and not be leached from the geopolymer matrix.

Table 9. The TCLP analysis of different SiO2/Al2O3 molar ratio geopolymer materials curing 7 days.

(ppm) Zn Cu Pb As Cd Cr Ni

CS100
(original soil sample) 987 631 455 N.D. 5.3 11.2 N.D.

SiAl00 N.D. N.D. N.D. N.D. N.D. N.D. N.D.
SiAl50 N.D. 2 N.D. N.D. N.D. N.D. N.D.
SiAl70 N.D. N.D. N.D. N.D. N.D. N.D. N.D.

N.D. = Not Detected (<0.001 ppm).

3.4. TCLP of High Heavy Metal Content Geopolymer

The original contaminated soil samples only contented 1987 ppm Zn and 1267 ppm
Cu. In order to evaluate the encapsulation capability, both Cu and Zn concentrations of
the soil were adjusted to 10,000 ppm. The soil was then used to prepare geopolymer, as
shown in Table 10. The TCLP test results are listed in Table 11. The Zn concentration of
CS-6 (1.5 CS/GGBFS ratio) and CS-5 (50/50 CS/GGBFS ratio) were reduced to 10 ppm
and6.77 ppm after 3 days of curing. After 7 days of curing, no Zn ion was detected. The Cu
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concentration of CS-6 and CS-5 reduced to 56.18 ppm and 32.71 ppm, respectively, after
7 days of curing. No Cu ion was detected after 14 days of curing for both CS-6 and CS-5.
These test results indicate the higher GGBFS in the geopolymer mixture (50/50 CS/GGBFS
ratio) can encapsulate metal ions during its early curing stage because more Si, Ca, and Al
ions were dissolved from GGBFS and form more geopolymer gel [38]. However, CS-6 also
has good heavy metal encapsulation characteristics at an extended long curing period. The
TCLP results also proved that the geopolymer technique is capable of treating contaminated
soil with high heavy metal content [15].

Table 10. The parameters of soil-based geopolymer.

CS
(wt%)

GGBFS
(wt%)

The Molarity
of NaOH

SiO2/Na2O
Molar Ratio

SiO2/Al2O3
Molar Ratio

L/S
Ratio

CS-6 60 40 4 M 1.28 50 0.35
CS-5 50 50 4 M 1.28 50 0.35

Table 11. The TCLP analysis of geopolymer.

Elements (ppm) 3 Days 7 Days 14 Days 28 Days

CS-6
Zn 10.02 N.D. N.D. N.D.
Cu 108.26 56.18 N.D. N.D.

CS-5
Zn 6.77 N.D. N.D. N.D.
Cu 89.77 32.71 N.D. N.D.

N.D. = Not Detected (<0.001 ppm).

4. Conclusions

1. It was found that geopolymer specimens prepared with 8 M NaOH have higher
strength (58.63 MPa) when compared with those prepared with 4 M (43.11 MPa) and
6 M (47.66 MPa) NaOH alkali solution. This is because higher molarity of NaOH can
dissolve more Si and Al ions for a geopolymerization reaction. The SEM morphologies
8 M specimens also exhibit more CASH gel matrix

2. The strength of specimens prepared with an alkali solution of 0.96 and 1.29 SiO2/Na2O
molar ratio have a strength of about 49 MPa after 28 days of curing. However, the
specimen prepared with 1.91 SiO2/Na2O molar ratio alkali solution only has a strength
of 38 MPa. This can be attributed to the higher Si ion in the solution may form a Si–O
bond instead of Si–O–Si and Si–O–Al bonds.

3. By varying SiO2/Al2O3 molar ratios of alkali solution, it was found the specimens
prepared with 50 SiO2/Al2O3 molar ratios have better physical and mechanical
properties when compared with those prepared with 0 SiO2/Al2O3 molar solution.
This is because extra Al ions are needed to form a Si–O–Al structure when insufficient
Al ions are dissolved from GGBFS.

4. TCLP tests show 7 days curing specimens prepared with heavy metal contaminated
soil have on only 2 ppm Cu ion and no Zn ion can be detected. Adding an extra
10,000 ppm of heavy metal ions in the geopolymer process also shows no heavy metal
ions were found after 14 days of curing.

5. According to the test results obtained from this study, the solidification/stabilization
of heavy metal contaminated soil can be successfully achieved using the geopolymer
technique. It is also possible to use the solidified geopolymer product for further
engineering applications due to its good physical and mechanical properties.
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